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Abstract

The geometrical structures, relative Z-E energies, and second-order nonlinear re-
sponses of a collection of azobenzene molecules symmetrically substituted in meta-
position with functional groups of different bulkiness are investigated using various ab
initio and DFT levels of approximation. We show that RI-MP2 and RI-CC2 approxi-
mations provide very similar geometries and relative energies and evidence that London
dispersion interactions existing between bulky meta-substituents stabilize the Z con-
former. The wB97-X-D exchange-correlation functional provides an accurate descrip-
tion of these effects and gives a good account of the nonlinear optical response of the
molecules. We show that density functional approximations should include no less than
50% of Hartree-Fock exchange to provide accurate hyperpolarizabilities. A property-

structure analysis of the azobenzene derivatives reveals that the main contribution to



the first hyperpolarizability comes from the azo bond, but phenyl meso-substituents

can enhance it.

Introduction

Materials and molecules that exhibit large second-order nonlinear optical properties (NLOPs),
i.e., whose dielectric polarization responds quadratically to the electric-field component of
light, find applications in laser components, optical communications, data processing, and
storage!? as well as in bioimaging and therapy.®® In addition to the quest for materials able
to deliver high second harmonic generation (SHG) responses, an important research topic
in the field is the design of new molecular systems with commutable second-order NLOPs.
Indeed, such systems that can isomerize between two (or more) stable and reversibly inter-
convertible forms with a large difference in their first hyperpolarizabilities (3) present high
interest for exploitation in optoelectronic and photonic devices, such as high-density optical
memories with multiple storages and nondestructive readout capacity.®®

Since light is a fast, non-invasive, and low-cost way to trigger the interconversion be-
tween the different isomeric forms, photochromic molecules constitute the most prominent
class of candidates for eventual exploitation in NLO devices. One of the most studied fami-
lies of photochromes that exhibit large [ contrasts is that of double-bond isomer derivatives,
which undergo a reversible isomerization between a stable trans (E) and a metastable cis (Z)
form upon illumination in the UV range. Among them, azobenzene derivatives have been
the subject of many theoretical and experimental investigations, mostly due to the high
first hyperpolarizabilities obtained when adding donor and acceptor groups to both ends
of the azobenzene core.1® Reversible SHG switching in solid-state structures incorporating

azobenzenes as NLO functional units was also demonstrated, whether in poled polymers, 178

19,20

LB films,” liquid-crystalline polymers, or self-assembled monolayers.?'2* Recent theo-

retical works also highlighted that azobenzene NLO switches could be exploited as versatile



probes for phase recognition in biological environments. 2526

At the molecular level, it is well known that the nature of the chemical substituents
determines the relative thermodynamic stability of the trans and cis forms of azobenzene
derivatives and thus plays a critical role in their photo-isomerization process. In particular,
chemical functionalization in the meta-position with bulky substituents has been shown
to lower the cis — trans thermal reaction rates due to the attractive London dispersion
forces that stabilize the cis isomer.?” In addition to their key role in the structure and
photochemical processes of molecular switches, Van der Waals interactions are also expected
to impact their NLO properties. However, although the impact of London dispersion forces
on molecular properties has recently received some attention,?®3% their influence on the
NLOPs of molecular switches has been overlooked thus far.

In this work, we report a comprehensive theoretical study of the structural and NLO
properties of a collection of azobenzene molecules symmetrically substituted in meta-position
with functional groups of different bulkiness (Figure 1). In the first part, we address the
performance of a large set of density functional approximations (DFAs) for calculating the ge-
ometries and relative energies of the E and Z isomers by using the second-order approximate
coupled-cluster singles and doubles (CC2) results as the theoretical reference. Computational
results are also compared to previously reported data.?” In the second part, we investigate
the accuracy of the different DFAs for reproducing the static first hyperpolarizability of the
cis forms compared to ab initio second-order Mgller—Plesset (MP2) and CC2 calculations.
Finally, we use the partition of NLOPs in terms of orbital contributions (PNOC)3! to de-
cipher the individual role of the meta-substituents on the NLO responses of this series of

compounds.
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Figure 1: Substituted azobenzene derivatives investigated in this study (Cy = cyclohexyl,
Ad = adamantyl) and geometrical parameters used to characterize the cis conformers.

Computational methodology

Reference geometries were optimized at the CC2 level®? using the Resolution of Identity
(RI)3* and frozen core approximations. In Table S1, based on the results of the Diet-
GMTKNS55 benchmark set,3* we show that CC2 and MP2 offer very similar performance for
intramolecular noncovalent interactions (MAE below 2 kcal /mol and RMSE below 1.5 kcal /mol
for both methods). The cc-pVDZ basis set 35 was used in all calculations and employed as the
auxiliary basis for RI computations.®® This basis set guarantees a good compromise between
accuracy and computational cost because it provides very similar geometrical structures and
energy differences between Z and E isomers as those obtained using the more extended
cc-pVTZ basis set (see Tables 52 and 53). The energy convergence threshold in both single-
point SCF and CC calculations has been set to 107¢ a.u. RI-MP2, a wide range of DFAs
(see Table 51), and the Hartree-Fock (HF) method were tested to address their ability to
reproduce reference RI-CC2 structures. HF completely neglects electron correlation and thus
is expected to perform poorly in the systems affected by dispersion. It is included here as
a means to quantify the amount of electron correlation (and dispersion) introduced by the
other methods. The selected DFAs involve two different dispersion correction schemes: the

Grimme’s D3 scheme3™ 40

and the nonlocal Van Der Waals density functional (VV) scheme
developed by Vydrov and Van Voorhis.*' To size up the impact of these corrections on the
molecular structures, calculations were also performed using the uncorrected counterparts of

the DFAs.



In order to confirm the single-reference nature of the title molecules, we have performed
the D1 diagnostics*? on the CC2 wavefunctions. In all cases, D1 values are close to the
threshold value of 0.05, indicating the partial multireference character of these wavefunctions

4344 obtained from the range-separation

(see ). We have also computed the Iyp index
partition of the Coulomb hole.**4% [ is proportional to the deviation from idempotency of
the first-order reduced density matrix.*"*® In all cases, Iyp values are rather small compared
to other multireference molecules®® (see ). All in all, we can conclude that these
molecules present a rather mild multireference character and they can be reasonably well
described with single-reference methods such as MP2 and CC2.

The selected set of DFAs was then employed to evaluate the static components of the first

hyperpolarizability tensor (i.e., in the zero frequency limit) of the azobenzene derivatives,

as well as the total first hyperpolarizability defined as follows:

5(0:0,0) = 5= ¢\ [ + 53 + 52 (1

where

Bi = Z (Bijj + Bjij + Biji) (2)

J=r,Y,2
and i=z,y,2. Since trans forms have a centrosymmetric shape with no second-order NLO
responses, 3 values were calculated for cis forms only. Reference values were computed using
a finite field (FF) differentiation procedure of the CC2 and MP2 electronic energies. For the
compound with the adamantyl substituent, NLOP calculations were performed only at the
CAM-B3LYP level due to computational limitations. A Romberg scheme®’®! was employed
to control and improve the accuracy of the numerical derivatives, employing field amplitudes
starting from +0.001 a.u. with a multiplicative step of 1.4142. All first hyperpolarizability
calculations were performed using the aug-cc-pVTZ basis set. The pertinent integrals re-
sulting from the electronic energy calculation using DFAs were done numerically using the

”Ultrafine” integration grid involving 99 radial shells around each atom and 590 angular



points per shell. RI-CC2 and RI-MP2 calculations were performed with TURBOMOLE, 2
where the RIJK approximation was employed in addition to the RI approximation for some of
the largest molecules (d-Z, e-Z, and f-Z) since it has been shown to reduce the computational
cost without affecting the accuracy of the energies.?® Calculations using DFAs involving the
VV approximation were performed with Qchem,®® whereas calculations involving all other
DFAs were performed with Gaussian 16.%° The root mean square deviation (RMSD) of dis-
tances between equivalent atoms of the two molecules has been calculated to quantify the
structural differences of two optimized geometries. The RMSD of two structures was calcu-
lated using the software provided in Ref. 56. This program calculates the RMSD between
two Cartesian geometries using the Kabsch algorithm (1976)°7 or Quaternion algorithm®® if
rotation is needed before calculating RMSD. Following the authors recommendation, we have
excluded the hydrogen atoms in the calculation of the RMSD. For the sake of completeness,

the RMSD values including all the atoms in the molecules are given in Tables

Results and discussion

Structure and relative energies of the conformers
Reference ab initio calculations

Table 1 reports selected structural parameters of the cis isomers calculated at the HF, RI-
MP2, and RI-CC2 levels with the cc-pVDZ basis set, namely, the N=N and C-N bond lengths
(dny and dey), the N=N-C bond angles (Oyn¢), the torsional angles around the N=N and
C-N bonds (¢pcnne and ¢ynee), as well as the distance dpppp, between the centroids of
the two phenyl rings (see Figure 1). As expected, geometries calculated using HF, which
does not account for dispersion effects, significantly differ from the MP2 and CC2 ones. In
particular, HF N=N distances are shorter, while the Oyyc and ¢nynycc angles are larger,

resulting in larger dpppp, distances between the lateral phenyl rings.



The geometries calculated using MP2 and CC2 are quite similar (largest RMSD=0.08
A, see Table ), dnn, den, Onne, and ¢ponne barely changing from one compound to an-
other. In contrast, dp,p, and ¢nynyce, which are directly linked to the relative orientation
of the meta-substituents, show slight variations. These two geometrical parameters reflect
the interplay between attractive dispersion interactions and repulsive steric hindrance. For
MP2 and CC2, the dp,py distance mostly decreases when increasing the size of the R groups
as a consequence of the increase of the dispersion interactions. However, the size of the
substituents is not the only factor controlling the strength of the noncovalent interaction.
Compound e (R = Ph) exhibits the smallest dyy value within the series, owing to the
planar shape of the phenyl substituents that allows larger spatial overlap and hence larger
attractive London dispersion forces, together with the possibility to adopt a relative spatial
orientation minimizing the steric hindrance (e also has the smallest ¢ yycc and the largest
¢onne). Taken as a whole, the geometrical parameters of the cis conformer computed at
the CC2 and MP2 levels clearly evidence the balance between repulsive steric hindrance and
attractive VAW interactions: increasing the bulkiness of the substituents in meta position
both enhances steric repulsion and dispersion attraction, resulting in slight changes in the
geometry of the central part of the compounds. The enhancement of attractive non-covalent
interactions (NCI) as the bulkiness of meta-substituents increases is further illustrated in
Figure 2, where the surface area of the NCI isosurface clearly increases with the size of R.
In Table 56, we collect the geometrical data of the trans conformers, which are far less af-
fected by electron correlation. Indeed, only dyy is stretched upon the inclusion of electron

correlation, the differences between CC2 and MP2 being insignificant.

As demonstrated recently,?” the existence of these attractive VAW interactions has a
crucial impact on the thermodynamics of the isomerization reaction by stabilizing the cis
form relative to the trans one. As shown in Figure 3 and Table , HF' calculations do not

reproduce these effects correctly and provide very similar energy differences between the two
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Figure 2: Isosurfaces indicating the regions of weakly attractive intramolecular noncovalent
interactions (NCI) in the different molecules, generated using the NCI software®®® with the
promolecular density obtained from the CC2 geometries.



Table 1: Characteristic distances and angles of the cis isomers of compounds a-g (see Figure
1), as calculated at the RI-CC2/cc-pVDZ level (see also Table 56 for trans isomers).

Molecule dyn [A] dye [A] dpren [A] Onne [°] donne 7] dnnee [°]
HF /cc-pVDZ

a (R = H) 1215 1.43 4.60 123.9 5.0 158.2
b (R = Me) 1.215 1.44 4.59 123.8 -4.9 -60.3
c (R =iPr) 1.215 1.44 4.58 123.8 -5.0 -60.0
d (R = tBu) 1.215 1.44 4.60 124.0 -5.2 -59.7
e (R = Ph) 1215 1.44 4.58 123.6 4.7 158.9
f (R = Cy) 1215 144 4.58 123.8 5.0 159.8
g (R = Ad) 1.215 1.44 4.60 124.0 -5.2 -59.0
RI-MP2/cc-pVDZ

a (R =H) 1.271 1.44 4.42 120.7 -6.8 -53.9
b (R = Me) 1.272 1.44 4.43 121.0 -6.6 -52.5
c (R =iPr) 1.275 1.44 4.15 119.1 -6.2 -56.9
d (R = tBu) 1.276 1.44 4.12 119.1 -6.8 -55.1
e (R = Ph) 1.277 1.45 3.91 117.8 -4.7 -60.2
f (R = Cy) 1.276 1.44 4.14 119.0 -6.7 -56.9
g (R = Ad) 1.277 1.44 4.05 118.6 -6.9 -59.8
RI-CC2/cc-pVDZ

a (R =H) 1.269 1.43 4.40 121.0 -7.6 -52.7
b (R = Me) 1.279 1.45 4.40 120.9 -5.9 -51.1
c (R = iPr) 1282 145 4.16 119.1 6.5 56.2
d (R = tBu) 1.283 1.45 4.12 119.0 -6.8 -55.0
e (R = Ph) 1284 145 3.92 117.8 5.3 59,6
f (R = Cy) 1.282 1.45 4.14 119.0 -7.0 -56.4
g (R = Ad) 1.284 1.45 4.07 118.9 -5.7 -54.1

isomers (AEgz) for all compounds, as a result of the neglect of dispersion interactions. On
the contrary, both CC2 and MP2 calculations confirm the lowering of A Fp; when increasing
the bulkiness of the R groups. Although CC2 provides slightly smaller AEgy; values than
MP2, we note the good agreement between these two levels of approximation, with differences
in the AEgz values smaller than 1.0 kcal/mol for compounds a-e and equal to 1.25 kcal/mol

for f. A larger deviation (1.87 kcal/mol) is obtained for the largest compound g (R = Ad).
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Figure 3: Difference in the energy of the trans (E) and cis (Z) forms, AEgy; = E; — Eg, as
calculated at the HF, RI-MP2, and RI-CC2 levels with the cc-pVDZ basis set.
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DFT calculations

Using the CC2 results as a reference, we now analyze the performance of different DFAs
in reproducing the geometrical structures and relative energies of the trans and cis forms
of the investigated series of azobenzenes. As above, the similarity between DFT and CC2
geometries is measured for both the trans and cis isomers forms using the RMSD of atomic
positions.

In the Supporting Information, we report the differences in the geometries provided by
the DFAs including D3 or VV dispersion corrections and their uncorrected counterparts.
As expected, the RMSD values reported in Table 57 and Figures 51 and 52 show that
structural differences are small for trans isomers and large for cis isomers (in particular for
compounds incorporating bulky substituents). The RMSD values calculated for cis isomers
using wB97X-D and, especially, M06-2X-D3 are much smaller than those calculated using the
other selected DFAs, which confirms that these functionals already include some dispersion

corrections in their native form.61:62
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Geometries of the cis isomers optimized using dispersion-corrected DFAs are compared to
CC2 geometries in Figure 4. The results clearly show that adding dispersion corrections using
either the D3 or VV scheme largely improves the matching with the reference geometries.
Although acceptable results are obtained with all the tested dispersion-corrected functionals,
wB97-X-D shows the smallest average RMSD (0.10 A), followed by M06-2X-D3 (0.13 A),
LC-wPBE0S-VV (0.14 A), B3LYP-D3 (0.16 A), PBE0-D3 and CAM-B3LYP-D3 (both at
0.17 A). The values of all the RMSD averaged over the total number of compounds are

collected in Table
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Figure 4: RMSD excluding hydrogen atoms between DFAs and CC2 geometries for cis
isomers. RI-MP2 results are also shown for comparison.

We now analyze the performance of the selected DFAs in reproducing the energy differ-
ence between the two isomers optimized at the corresponding level of theory (Figure 5 and
Table ). The best agreement with CC2 AEp values is obtained with the LC-wPBE-D3
and wB97-X-D functionals, which display average errors of 1.40 and 1.57 kcal/mol, respec-

tively, for the molecular series. Interestingly, among the studied DFAs, wB97-X-D was

11



already the best functional to obtain accurate geometries. On the other hand, notice that
the molecule with R = Ph gives rise to errors of at least 3 kcal/mol for all the functionals
considered. As we can check in Table 514, it is not due to a wrong estimation of the geometry
with these DFAs. Finally, for the sake of completeness, we also calculated the differences
in the Gibbs free energies (Table 513). In general, AG g follows the same trend as AFEzg,
showing a strong reduction upon addition of dispersion corrections to compounds bearing

bulky meta-substituents.
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Figure 5: Differences in the Z-F isomerization energies calculated at the CC2 level and at the
DFT level using DFAs with dispersion corrections (AAEzr = AEzp(DFT)— AEzp(CC2),
in keal/mol).

Second-order NLO properties
Reference ab initio calculations

Hereafter, all the calculations will be performed using the geometries optimized at RI-
CC2/cc-pVDZ level of theory. The total static first hyperpolarizabilities (Eq. 1) of the

cis isomers, calculated at the HF, MP2, and CC2 ab initio levels are reported in Table 2.
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Comparison of MP2 and CC2 S values with HF ones provides a direct assessment of the
magnitude of electron correlation effects. The first hyperpolarizability increases from HF
to MP2, as expected from the localized nature of HF densities. Going from MP2 to CC2
further increases the 3 values. An excellent linear correlation is obtained between MP2 and
CC2 B values (see Figure 6), with a very small intercept, suggesting that MP2 values are
systematically 64% smaller than CC2 ones. Hence, the trends among different compounds
are perfectly reproduced using either MP2 or CC2, and it thus indifferent which method we
employ for benchmarking. We will choose MP2 values as the reference ones because their
absolute values provide a better agreement with most DFAs (vide infra). Notice also that
despite the complete neglect of electron correlation, for the first five molecules of the series,
HF static polarizabilities also show a very good linear correlation with the MP2 counter-
parts (see Figure 6). Compound e (R = Ph) is not shown in the latter figure and it will be

discussed in detail in the following section.

Table 2: Total static first hyperpolarizabilities (g, a.u.) calculated using different ab initio
levels of approximation together with the aug-cc-pV'TZ basis set.

Molecule HF MP2 CC2
a(@=H) 77 525 808
b (R=Me) 40.7 1193 161.7
c(R=iPr) 316 99.8 1485
d (R=1tBu) 329 841 136.1

e (R=Ph) 213 1524 2398
f(R=Cy) 507 127.7 1910
g(R=Ad) 602 - -

DFT calculations

We now address the performance of DFAs in reproducing the static first hyperpolarizability
of the azobenzene derivatives a-f. Since D3 corrections do not affect the electronic density,
D3-corrected functionals are excluded from the benchmark. DFAs incorporating dispersion

effects through the VV scheme are considered. The latter will be informative about the

13
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Figure 6: Correlation between static hyperpolarizabilities (5, a.u.) of the series of azoben-
zenes calculated at the MP2 level with respect to the values calculated using CC2 and HF.
The $ value calculated for compound e (R = Ph) is excluded from the fit in HF calculations.

effect of dispersion corrections in the calculation of nonlinear optical properties, beyond the
indirect effect of dispersion on the geometries.

In the last three columns of Table 3, we collect three different measures of the error
committed in the hyperpolarizability using a collection of DFAs and RI-CC2 with respect to
RI-MP2. These data are reported in Figure 6 for all molecules except g (R = Ad). The three
DFAs that provide the lowest mean absolute error (MAE), mean absolute percentage error
(MAPE), and root mean square deviation (RMSD) are CAM-B3LYP, M06-2X, and wB97X-
D (unlike other dispersion-corrected DFAs, wB97-X-D employs a different parameterization
than the native functional, wB97X). Hence, the latter functionals, which outperform RI-
CC2, provide the closest agreement to the RI-MP2 hyperpolarizability values. However,
these results would hide the fact that if we are only concerned about the relative magnitude
of hyperpolarizability among the compounds, many other methods work just fine. The

latter is even more relevant if we consider the difficulty in reproducing absolute values of
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nonlinear optical properties and the fact that we are using RI-MP2 values for comparison,
which are approximate too. Table 3 provides the results for the linear regression of RI-MP2
vs. other methods using all the molecules except for compounds e (R = Ph) and g (R
= Ad); we will use the former compound’s results to measure the ability of the methods
to provide a correct trend of the hyperpolarizability for this series of compounds. The
Pearson coefficient, R?, shows that 9 out of 20 methods (including RI-CC2, CAM-B3LYP,
and M06-2X) give excellent results (R* > 0.95) for the five smallest compounds of the
series. The difference between the value predicted by the linear regression and the MP2

— [Phmeth _ gPRMP2 11ovides an estimate of the predictability of

hyperpolarizability, A"
the linear regression for molecule e including phenyl meso-substituents. Despite the excellent
correlations found for the first five compounds, only six methods give an estimate of f¥MF2
with an error below 20 a.u. (RI-CC2, PBE, rPW86-PBE-VV, M06, MO6L, and M06-2X). It is
worth noticing that the data for MOGL does not include the results calculated for compound
¢ (R =1iPr), because it was not possible to obtain numerically stable energy calculations with
an external field. For many DFAs and RI-CC2, the value of the intercept (b) is rather small
(below 20 a.u.) and the Pearson coefficient is rather high. In these cases, the prediction of
is dominated by the slope, a, which determines whether the quantity is overestimated (a < 1)
or underestimated (a > 1) with respect to the RI-MP2 values. Our conjecture is that, in the
latter DFAs, the error on the hyperpolarizability is dominated by the delocalization error. In
Figure 7, we represent the % of HF exchange at long range (large r12) that is included in the
XCF against the value of a. The plot reflects clearly how DFAs with a small percentage of HF
exchange tend to overestimate the hyperpolarizability with respect to RI-MP2, whereas the
opposite occurs for DFAs with a large percentage of HF exchange (see also Tables ).
If we consider all the measures included in Table 3, the best performing DFA is M06-2X.
We also obtain quite good results using CAM-B3LYP, wB97-X-D, and Ta-LC-BLYP. All

these functionals include at least 54% of HF exchange at long range. Hence, a percentage

of nearly 50% between DFT and HF exchange is the adequate balance for computing the
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NLO properties of these systems, as it was also concluded from previous works on smaller
molecules% and conjugated push-pull chromophores.%*% These results thus contribute to
the recent findings about the importance of the delocalization error in the calculation of
linear and nonlinear optical properties. %% Tt is worth noticing that the recent strategy®
of finding the optimal range-separation parameter to calculate v from the values of o works
quite well to calculate the value of 3 for these systems. Indeed, Ta-LC-BLYP and LC-
BLYP give a similar Pearson coefficient, whereas for the former a and b are closer to 1 and

0, respectively. As a result, Ta-LC-BLYP significantly improves MAE, MAPE, and RMSD.

Table 3: Results of the linear correlation between the MP2 hyperpolarizabilities and several
other methods, together with several error measures (see text). The linear regression function
is: gMP2 = gpmeth 1 b where ™™ is value of the hyperpolarizability for one the methods

listed in the table. ABFh = gPhmeth _ gPRMP2 g MOGL, compound ¢ (R = iPr) was
excluded from the analysis because its results suffer from large numerical instabilities.

Method a blau] ABM[auw] R? RMSD [au.] MAPE [%] MAE [a.u.]
RI-CC2 0.72  -6.98 -13.72 0.96 56.75 34 53.68
HF 1.81  37.29 76.48 0.93 80.18 318 75.15
PBE 0.52  4.57 10.23 0.84 90.69 45 86.87
rPW86-PBE 0.28 38.85 41.73 0.68 119.55 49 107.03
rPW86-PBE-VV  0.52  -0.87 -0.77 0.88 102.73 48 98.33
PBEO 091 -14.05 22.00 0.97 23.18 18 21.55
B3LYP 0.85 -18.98 22.37 0.96 37.21 27 36.14
BH&H 1.22  4.26 25.71 0.96 29.44 32 26.27
CAM-B3LYP 1.11 -7.42 49.61 0.96 22.22 13 13.24
wB97-X 1.12 3.78 54.46 0.91 31.32 27 22.52
wBI97X-D 097 -5.19 53.57 0.88 21.62 16 16.19
LC-BLYP 1.32  20.43 60.79 0.93 54.40 94 48.89
Ta-LC-BLYP .11 0.72 57.32 0.94 29.75 24 20.02
LC-wPBE 1.26  10.86 57.70 0.95 44.17 29 37.93
LC-wPBEOS 1.33  15.59 56.13 0.95 50.45 79 45.18
LC-wPBEO8-VV 1.30 17.54 48.07 0.95 48.37 75 43.99
MO06 0.73 -16.27 17.24 0.86 59.20 36 57.85
MO6L 0.60 -31.31 16.32 0.88 95.74 37 76.88
MO06-2X 1.15  -0.06 19.53 0.97 19.45 18 16.36
MO6-HF 1.27  47.23 59.12 0.86 71.55 693 67.37

Regarding the impact of dispersion corrections, 3 values computed using rPW86PBE-VV

show an improvement compared to those computed with its uncorrected parent. Although
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Figure 7: Results of the fit of the a parameter correlated with the % of Long Range HF
exchange for each functional included in the set.

some error measurements like RSMD, MAE, or MAPE are only marginally improved upon
including of VV dispersion corrections, A3"", a and the Pearson coefficient are much better
for rPWS6PBE-VV. Conversely, LC-wPBEOS-VV and LC-wPBEO8 show a similar perfor-
mance. Finally, going from wB97X to wB97X-D significantly improves the RSMD, MAE,
and MAPE, while only slightly modifies the linear regression plot; i.e., both functionals give
similar trends among the series of compounds but wB97X-D provide better estimates of the
MP2 hyperpolarizabilities. It is worth stressing that the differences in the g values computed
using the two latter functionals cannot be only ascribed to dispersion corrections since the

whole set of their parameters (including the range separation, w) is different.

Partition of the hyperpolarizability into orbital contributions

To gain a deeper insight into the contribution of the meta-substituents to the total first
hyperpolarizability, we now examine in more detail the vector (f5;) and tensor (f;;;) com-
ponents of the total first hyperpolarizability (Eqgs. 1 and 2) of the investigated compounds.
A common Cartesian frame, in which the origin is placed at the center of the N=N bond,
the z axis is oriented along this bond, and the zz plane contains the two nitrogen atoms

and one of the adjacent carbon atom (see Figure 8) is used for all the molecules. CAM-
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B3LYP /aug-cc-pVTZ hyperpolarizabilities are considered in the analyses since, as discussed
in the previous section, they are in close agreement with the absolute MP2 reference values.
As shown in Table 4, the 3, component is one order of magnitude larger than 3, and S,
in all compounds, except for compound g (R = Ad) for which §,/8, = 3.55, the larger
contribution from the y being due to bulkiness of the adamantyl substituent. In turn, de-
composition of 3, in terms of tensor elements evidence that the dominant contribution to
the first hyperpolarizability arises from the transverse .., component. Note that, as shown
in SI (Table ), a very similar picture of the relative magnitude of the 5 components can
be drawn from CAM-B3LYP calculations carried out using the smaller 6-311++G** basis
set.

Table 4: Vector (f;) and tensor (f;;5) components of the total first hyperpolarizability,
as calculated at the CAM-B3LYP /aug-cc-pVTZ level. The Cartesian frame used for the
calculations is shown in Figure 8.

Molecule B Bx By  Be Baw Bay B
a(R=H) 52 0 -17 -261 -135 21 27

b(R=Me 115 0 -30 -576 -159 -14 -19
c(R=4iPr) 93 -4 -7 -463 -149 16 -22
d(R=1tBu) 91 -82 50 -447 -167 43 -25

e (R=Ph) 100 -1 22 -498 -122 -62 19
f(R=Cy) 119 60 28 -592 -144 -33 -20
g(R=Ad) 148 -9 -201 -714 -170 2 -69

To rationalize the role of molecular substituents in the value of the hyperpolarizability,
we use the PNOC scheme developed by Sitkiewicz and coworkers®' to decompose the NLO

responses into contributions of the molecular orbitals (MOs) of the unperturbed system:
Bijk =Y Bijrp = — > AGIME > " AU M), (3)
P p p#q

where M is the transition dipole matrix along the i direction, and AU® is the second-order
derivative of the one-particle reduced density matrix with respect to external fields oriented

along j and k axes. This expression is an exact decomposition of g based on the assumption
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that the terms that depend on two different MOs can be equally distributed between them.
In this framework, for an orthonormal set of orbitals, a real-space representation of the

largest f3.,, component can be obtained according to:

Bea(7) =D Brawpldp(F), (4)

P

where |¢,(7)|* is the square of the amplitude of molecular orbital p. The PNOC representa-
tions of f3,,.(7) in the Cartesian space are displayed in Figure 8 for the azobenzene series at
the CAM-B3LYP/6-3114++G** level. The main contribution to the first hyperpolarizability
arises from the N=N bond for all the molecules, although for bulkier substituents there are
also important contributions. Some contributions are due to ortho and para carbon atoms of
the adjacent phenyl rings, although, in general, the adjacent phenyl ring shows rather small
contributions to . Interestingly, the phenyl substituents in compound e (R = Ph) show an
important contribution to 5 from 7 orbitals. In compounds c, d, f, and g, ... (7) also show
contributions due to C-C o-bonds of the R alkyl groups, although larger contributions from
the substituents are obtained for bulkier substituents such as cyclohexyl and adamantyl.

Individual orbital contribution analysis reveals that the hyperpolarizibility of these com-
pounds cannot be qualitatively explained from the contribution of a few molecular orbitals.
Many MOs must be included in the summation of the Eq. 3 to obtain a good estimate of the
total f3,,, component (see Figure ), hampering a simple deconvolution of the total NLO
response in terms of individual MOs. However, for all compounds except e (R = Ph), the
highest occupied MO, which is mainly associated with the p orbitals of the nitrogen atoms
(the 7 orbitals and the lone pairs) and to the C-N o bonds, provides the largest contribution
to B... (Table ).

Finally, we have used the PNOC as a tool to analyze the delocalization errors committed
by some DFAs. As a measure of the extent of electron delocalization, we have computed the

Laplacian of the electron density, ° V?p(7), which attains large negative values in delocalized
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(g) R =Ad

Figure 8: Isosurfaces of f3,,.(7) for the azobenzene molecules obtained using the PNOC
partition at the CAM-B3LYP/6-311++4G** level. Isocontour values of £5 a.u. were used
for all compounds.
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regions. Table 5 gives PNOC and V?p(r) values for e (R = Ph) and ¢ (R = iPr) at the
PBE and CAM-B3LYP levels of theory. Since PBE suffers from larger delocalization errors
than CAM-B3LYP, it is expected that both the PNOC and -V?p(7) display regions with
larger values for PBE. In order to clearly visualize these differences, in Table 5, we have
also plotted the difference between these two DFAs. For both molecules, the main difference
in the distribution of the hyperpolarizability across the molecule comes from the lone pair
of the nitrogen atoms. AV?p(7) values are also larger around the nitrogen atoms. Hence,
one is deemed to conclude that the delocalization error is the main source of error in the
calculation of the hyperpolarizability and it comes mostly from a wrong description of the
electron density in the vicinity of the N=N bond (in particular, the p orbitals involved in

the 7 bond and the lone pairs).

Conclusions

The reliability of a large selection of exchange-correlation density functional approximations
to predict the geometrical structure, relative Z-E energies (AEzg), and second-order nonlin-
ear responses of a series of azobenzene molecules has been assessed with respect to reference
correlated ab initio calculations carried out at the RI-MP2 and RI-CC2 levels. Our cal-
culations show that RI-MP2 and RI-CC2 approximations provide very similar performance
for intramolecular noncovalent interactions, based on the results of Diet-GMTKN55 and the
series of azobenzene molecules studied in this paper. Comparisons with Hartree-Fock results
show that electron correlation and, in particular, dispersion interactions are the driving forces
behind the stabilization of the cis conformer with respect to the trans one. Indeed, the cis
isomer stabilizes upon functionalization of the meta-position with bulky substituents that
develop mutual attractive London interactions.

Among the selected dispersion-corrected exchange-correlation functionals, wB97-X-D pro-

vides the closest agreement with reference RI-CC2 geometries and AFEzp values. CAM-
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Table 5: Comparison of f,,.(7) calculated through PNOC for the functionals PBE and
CAM-B3LYP evaluated for the molecules ¢ (R = iPr) and e (R = Ph). The isosurface
ALB,..(T) is calculated as: AB,..(7) = (PBE) _ ﬁiSﬁ M-BLYP) * Tsocontour values of £5 a.u.
were used for all the .., . For the Laplacian of the electronic density isocontour £0.7 was
used for the Laplacians, while 40.09 was used for the difference between the laplacian (AV?)
of the PBE and the CAM-B3LYP densities. Positive numbers are displayed in blue, negative

ones in purple.

Molecule Bzxx (F) (PBE) Bzmz (fj (CAM=B3LY P) Aﬁzxm (F)

R =Pr
R = Ph

Molecule V2p(7) (PBE) V2o(7) (CAM—B3LYP)
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B3LYP-D3 and LC-wPBE-D3 also provide reasonably good geometries, the latter giving
excellent AFE,r values too.

This study shows an excellent linear correlation between static first hyperpolarizabilities
computed at the RI-MP2 and RI-CC2 levels using RI-CC2 geometries. RI-MP2 provides 3
values systematically underestimated compared to RI-CC2. Despite density functional ap-
proximations do not give accurate first hyperpolarizabilities, many of the selected functionals
qualitatively reproduce the evolution of S along the series of azobenzene derivatives. The
most accurate functionals are CAM-B3LYP, wB97-X-D, and Ta-LC-BLYP. In general, the
best performing functionals include at least 50% of the exact HF exchange. wB97X-D seems
to be the best suited functional to describe all the relevant features of these compounds: the
geometry, the energy difference between the isomers, and the first hyperpolarizabilities.

Subsequently, we analyzed the property-structure relationship for the first hyperpolariz-
ability of azobenzene derivatives to identify the effect of the meta-substituents on the NLO
responses. For all molecules, the dominant contribution to 8 comes from the .., tensor
component. The PNOC decomposition analysis®' was employed to analyze the molecular
orbitals and the real-space contributions to the optical response. A simple inspection of the
orbital contributions shows that it is impossible to obtain a simple description of the total
first hyperpolarizability in terms of few orbital contributions. However, the PNOC real-space
analysis reveals that the main contribution to 5 comes mostly from N=N, followed by smaller
contributions from the adjacent phenyl rings. Interestingly, phenyl substituents attached in
meso of the adjacent phenyl rings also show important contributions from the 7 system to
the first hyperpolarizability.

Finally, we studied the relationship between the real-space PNOC analysis and the de-
localization error. We found a qualitative correlation between the electron delocalization
differences (measured through the Laplacian of the electron density) and the real-space
PNOC representations. Hence, it seems that the regions of the molecule most affected by

the delocalization error are, in turn, the ones responsible for the inaccuracy of the first
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hyperpolarizability.
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