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Abstract: Experimental nonlinear optics (NLO) is usually expensive due to the high-end photonics
and electronic devices needed to perform experiments such as incoherent second harmonic generation
in liquid phase, multi-photon absorption, and excitation. Nevertheless, exploring NLO responses
of organic and inorganic compounds has already opened a world of new possibilities. For example,
NLO switches, NLO frequency converters, and a new way to obtain biological images through the
incoherent second harmonic generation (SHG) originate from first-order molecular hyperpolariz-
ability (). The microscopic effect of the coherent or incoherent SHG is, in fact, the 3. Therefore,
estimating 3 without using expensive photonic facilities will optimize time- and cost-efficiency to
predict if a specific molecular structure can generate light with double its incident frequency. In this
work, we have simulated the 3 values of 27 organic compounds applying density functional theory
(PBEO, TPSSh, wB97XD, B3LYP, CAM-B3LYP, and M06-2X) and Hartree-Fock methods using the
Gaussian software package. The predicted 3 was compared with the experimental analogs obtained
by the well-known Hyper—Rayleigh Scattering (HRS) technique. The most reliable functionals were
CAM-B3LYP and M06-2X, with an unsigned average error of around 25%. Moreover, we have
developed post-processing software—Hyper-QCC, providing an effortless, fast, and reliable way to
analyze the Gaussian output files.

Keywords: first-order molecular hyperpolarizability; nonlinear optics; incoherent second harmonic
generation; optical frequency converters; quantum chemical calculations; post-processing software;
organic compounds

1. Introduction

Nonlinear optics (NLO) requires comprehensive and expensive pieces of equipment,
such as high-sensitivity—optoelectronics, and of course, coherent, monochromatic, and
high-intensity light sources—LASERS. For example, a fully operational and complete
infrastructure to determine the second- and third-order NLO phenomena, such as second
harmonic generation (SHG) and two-photon absorption (TPA) with ultra-short pulses,
should apport an investment of around a half-million dollars. Despite this, the first reported
experiment that confirmed the SHG of light [1] of a quartz crystal used a ruby laser, a
few optomechanical parts, and a photographic plate, which cost only a fraction of the
investment mentioned above. However, a bulk compound is not always available to
determine the SHG. The compounds are usually available in their raw state, e.g., powder-
synthesized materials to be dissolved in a solvent medium. Therefore, if one is interested
in finding the potential of raw materials to be used for optical frequency conversion,
the first-order molecular hyperpolarizability in solution must be quantified. For example,
suppose a solute—solvent medium is able to generate SHG. In that case, it should be called an
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incoherent second harmonic generation (ISHG) phenomenon because of the non-directional
emission of light. The ISHG can be quantified by evaluating the dynamic first-order
molecular hyperpolarizability (Bgrs), wherein the HRS in the subscript is due to the Hyper—
Rayleigh Scattering (HRS) [2] technique. This technique requires a sophisticated photonics
facility with the above investment value, mainly if ultra-short pulses are employed.

The massive number of yearly publications on organic and organometallic molec-
ular structures [3-12] indicates the existence of thousands of new materials available to
be characterized with NLO experiments. As mentioned before, NLO experiments are
expensive, unfortunately, making them undoable for many research groups. Still, there
is an inexpensive solution to estimate the fprs both in gas and liquid phase. Such a solu-
tion is based on quantum chemical calculations (QCC), which require only computational
resources, comprising a good equilibrium between hardware and software. Until now,
Moore’s law has correctly predicted that a central processing unit’s (CPU) processing power
will double every two years [13]. The consequence of Moore’s law was the commercial-
ization of powerful CPUs with accessible prices for the public in general, allowing easy
access to a particular type of simulation in physics. Therefore, combining the Gaussian
software package [14] with powerful CPUs to perform QCC is a valid option to predict
the first-order molecular hyperpolarizability [15-17] without the need for an expensive
photonics facility. One of the significant advantages of using computational simulations
instead of conducting experiments to estimate NLO properties is that besides using the
already-existent synthesized compound, its novel derivatives, not yet synthesized, can
also be investigated. Therefore, such a procedure will benefit chemists in optimizing the
cost associated with the production of new materials, particularly those used in photonic
devices and techniques.

The investment level needed to run QCC to estimate the first-order molecular hy-
perpolarizability of organic molecules depends mainly on the molecule’s size and how
fast the QCC need to be acquired. For example, in previous works, we used a desktop
(nonserver) system with 8 cores and 16 GB of RAM to calculate molecules with less than
50 atoms [7,18,19]. However, to perform QCC in large molecules (~100 atoms), a minimum
setup of 32 cores and 128 GB RAM will be recommended. In addition, the Gaussian soft-
ware package is also an investment that must be considered. Nevertheless, the investment
to predict first-order molecular hyperpolarizability is a fraction of the necessary investment
to acquire the experimental values. Still, the reliability of theoretical results will depend on
the method used in the calculations, as one will verify in this work.

Due to the evolution of optical communication networks, the search and development
of novel compounds with NLO performance have significant importance in improving this
field [8,20,21]. For example, frequency optical converters are one of the main components
of optical multiplexing [22-24]. Another area taking advantage of the optical frequency
conversion is the biological field, in which incoherent SHG and third harmonic generation
(THG) are being used to improve imaging diagnostics [25-28]. Therefore, the Byrs estima-
tion is essential to discover and improve raw materials with the potential to be used in
optical communications or biological fields. As mentioned before, the Gaussian software
package and the hardware type will improve the readiness of the QCC. Still, to compute
the final value of the first-order molecular hyperpolarizability in a solvent medium, one
must consider the components of the first-order tensor retrieved by the Gaussian software.
Therefore, post-processing calculations will improve the time efficiency and the error-free
association with the Byrs final result. Moreover, if a fyrs spectrum is necessary to under-
stand better the Brs magnitude behavior as a function of the wavelength, post-processing
software will drastically improve the final analysis readiness.

In this work, we have used QCC via the Gaussian software package to predict Brrs
values of 27 compounds in solvent media from different organic families. The equivalent
BHRrs tensor components, third-order rank tensors, were obtained by density functional
theory [29] and Hartree—Fock [30] methods. The theoretical results were compared with
their experimental analogs, retrieved from the literature, using the HRS technique. Such a
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comparison allows us to determine the most reliable level of theory to predict the fyrs val-
ues for these types of molecular structures. Moreover, we have developed and introduced
a homemade post-processing software developed in Python—Hyper-QCC, that analyzes
the output files from the QCC employed with the Gaussian software in a reliable and fast
way. Finally, we wish to stress that Hyper-QCC alone does not perform QCC, but it can
help in achieving the final Bgrs values in an effortless, fast, and reliable way.

2. Materials and Methods
2.1. Investigated Compounds

All the samples investigated in this work have experimental Byrs values reported
in the literature. For a better reader experience, the 27 compounds were designated as
Ai, Bi, and Ci, with “i” varying from 1 to 9. The A compounds, which have the lowest
experimental Byrs (<30 x 1073 cm* statVolt 1) reported are Al (dibenzoylmethane) [31];
A2 (nitrobenzyl pyridine derivative) [32]; A3 and A4 (s-aniline derivatives) [33]; A5 and
A6 (diethylamino derivatives) [34]; and A7, A8, and A9 (indolinooxazolidine deriva-
tives) [35]. The B compounds have the second-highest experimental fyrs (>30 and
<80 x 10730 cm* statVolt™1) reported: Bl and B2 (imidazole derivatives); B3 (triazine
derivative) [33]; B4, B5, B6, and B7 (dibenzylideneacetone derivatives) [36,37]; B8 (oxazoles
derivative) [38]; and B9 (chalcones derivative) [39]. Finally, the C compounds are the ones
with the highest experimental Bprs (>80 x 10730 cm* statVolt—!) values: C1, C3, and C5
(dimethylamino derivatives); C2 (sulfone phthalein); C4 (diethylamino derivative) [34];
C6 (azulenic-barbituric) [40]; C7 (nitrobenzyl pyridine derivative) [32]; and C8 and C9
(thiophene-incorporated polyene) [41]. All molecular structures mentioned above are
depicted in Figure 1.

2.2. First-Order Hyperpolarizability and Quantum Chemical Calculations

As previously mentioned, the HRS is one of the experimental techniques used to
measure the intensity of the incoherently scattered frequency-doubled light generated
after the laser beam interaction with a chromophore in an isotropic solution. The relation
between scattered optical intensity at double frequency (I5,,) and the optical intensity of
the incident beam (I,) is given by Equation (1), in which G is a parameter that includes
experimental factors such as the scattering geometry, local field factors at w and 2w, and
photon collection efficiency [42]. N represents the molar concentration of the used samples,
while (%) is the orientational average first molecular electronic hyperpolarizability
squared. The subscripts s and c refer to the solvent and chromophore, respectively.

Ly =G [NS<:8%-IRS>S + NC<ﬁ%—IRS>J I;, (1)

Although, in this work, the fyrs values were determined theoretically, the reader
needs to understand, in general terms, how to experimentally calculate Syrs once the
concept of the orientational average is essential to achieve the full result of the estimated
Burs via QCC. Thus, let us consider a plane-polarized incident light beam at w frequency,
while the observation of the 2w frequency is made perpendicular to the propagation plane.
The full HRS intensity could be described by Equation (2), in which (p%,,) and (%)
correspond to the orientationally averaged tensor components.

(Brrs) = \/<5zzzz> +(B%xx) 2
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Figure 1. The first-order molecular hyperpolarizability values have been calculated for all depicted

molecular structures.
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In order to theoretically estimate Byrs, one should consider the relationship between
the average molecular positions and the molecular first-order hyperpolarizability tensor
components without assuming Kleinman’s conditions of symmetry [38,43,44]. Such a
relationship is given by Equations (3) and (4) in which the “ZZZ” and “ZXX" are the

so-called laboratory coordinates, and the “x”,”y”, and “z” are the molecular coordinates.
The indices g, #, and ¢ depict the molecular frame Cartesian axes x, y, and z.

, ,Z , ,Z
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The Bprs tensor (third-order rank tensor) can be calculated using two formalisms:
Cartesian [43] and mixed spherical-Cartesian [42]. The most significant difference be-
tween the formalisms usually appears when calculating the Byrs of compounds with
low-symmetry molecular structures, as reported in the literature [45]. For example, for
low-symmetry molecular structures, it is more accurate to calculate Byrs using mixed
spherical-Cartesian [15]. In addition, one of the drawbacks of Cartesian formalism is
related to the arbitrary orientation of the Cartesian axes invoked for theoretical calculations,
which could be a source of misfits with experimental data, leading to less accurate predicted
results [19,42].

The Gaussian 16 software package [14] provides all tensor components, which must
be carefully introduced in the above equations to correctly obtain the full HRS intensity,
described by Equation (2). In this work, we have used the rotational invariance concept
combined with the mixed spherical-Cartesian formalism [15] to estimate the Syrs once
we have a mix of high and low symmetry of the investigated molecular structures. In
this type of formalism, the orientationally averaged first-order hyperpolarizability is ex-
pressed by Equation (5), in which the molecular Syrs tensor is decomposed as the sum
of a dipolar (J = 1) and an octupolar (J = 3) tensorial form. The relationships between the
dipolar and octupolar components and the Cartesian components of Byrg are described in
Equations (6) and (7). Therefore, the post-processing software (Hyper-QCC) we developed,
which will be freely distributed, will use the mixed spherical-Cartesian formalism to esti-
mate the final theoretical values for the static and dynamic first-order hyperpolarizabilities.

2 2
piRs = 21,4 218y of ®

XY,z XY,z XY,z XY,z

1Bj=1|* = 2 5g§¢+ Z ﬁéggﬁénﬁ Z :BWCC+ Z ﬂéwﬁéco 6)
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The tensor components were obtained through QCC performed using the density
functional theory (DFT) [29] method and Hartree—Fock (HF) [30] method, totalizing seven
functionals: B3BLYP, CAM-B3LYP, M06-2X, PBEO, TPSSh, wB97XD, and HF. All function-
als were combined with a triple-zeta split valence Pople basis set [46] with two addi-
tional polarization functions for non-hydrogen atoms, two additional polarization func-
tions on hydrogen atoms, and diffuse functions on hydrogen and non-hydrogen atoms:
6-311++G(2d,2p).

The well-known exchange—correlation functional Becke, three-parameter, Lee-Yang—Parr
(B3LYP) [47] is, as far as we know, one of the most-used hybrid density functional in the
literature. Vosko, Wilk, and Nusair originally implemented it, and it was later refined by
Becke in 1993. The main reason for its wide use is associated with its accuracy in predicting
the electronic structure of a wide range of molecular systems. However, its long-range
corrected version, which includes the Coulomb-attenuating method (CAM-B3LYP) [48],
released in 2004 by Yanai, Tew, and Handy, revealed a better accuracy, particularly in
predicting optical spectroscopic parameters, such as first-order molecular hyperpolariz-
abilities [16,17,19,49]. Later, in 2006 a variation of a hybrid functional by Truhlar and Zhao
(M06-2X) [50] was released. M06-2X has not been widely used compared with the two
previously mentioned functionals, but it has been revealed to be one of the most suitable
functionals for studying non-covalent interactions. CAM-B3LYP and M06-2X have been con-
sidered the two most suitable functionals to calculate spectroscopic parameters related to
linear and nonlinear optical spectroscopy, such as one- and two-photon absorption [51-53]
and first- and second-hyperpolarizabilities [54-57].

The combination of the Perdew—-Burke-Ernzerhof (PBE) exchange—correlation func-
tional [58] with a fraction of the exact Hartree-Fock (HF) exchange allowed Adamo and
Barone to develop the extension of PBE, designated as PBEO [59]. While released nearly
simultaneously with B3LYP in 1996, PBEO is not as commonly applied as B3LYP but is still
a mainstay of DFT functionals. As such, PBEQ has certainly been and can be employed for
the computation of static polarizabilities and hyperpolarizabilities [60-63]. Henceforth, the
PBEO functional will be designated as PBE1PBE since the Gaussian keyword to run the
PBEO functional is PBE1PBE, as already mentioned elsewhere [64].

The extension of the Tao—Perdew-Staroverov-Scuseria (TPSS) functional is designated
as TPSSh [65] and is also an exchange—correlation functional. TPSSh is one of the most recent
functionals used in this work, released in 2008, and is known to improve the accuracy of the
method for describing electronic properties such as ionization potentials and charge transfer
excitations. TPSSh uses a fraction of the exact exchange from the PBE functional, and few
theoretical works have used this method to calculate hyperpolarizabilities [66]. Still, to the
best of our knowledge, we did not find any comparison with the experimental dynamic first-
order molecular hyperpolarizability. Therefore, in this work, we will have the opportunity
to compare the theoretical values obtained with TPSSh with the experimental ones.

wB97XD is a dispersion-corrected density functional theory [67,68], an extension
of B97, and a hybrid density functional developed by Adrian Becke [69], released in
2008. The wB97XD functional includes a dispersion correction to account for the long-
range van der Waals interactions between molecules, with an empirical scaling factor to
improve the method’s accuracy. Therefore, wB97XD is considered a functional suitable
for predicting properties related to non-covalent interactions, such as molecular binding
energies and intermolecular distances [70-72]. In addition, some works in the literature
use this functional to predict linear and nonlinear optical properties [73-76]. However, to
the best of our knowledge, there is no direct comparison with experimental results with
dynamic first-order molecular hyperpolarizabilities.
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Because all the previously described functionals use the DFT method with an exact
exchange of the Hartree-Fock (HF) method, we have also decided to include HF in our
calculations. Since the primordial years of QCC, HF has been widely used in several fields.
Even though it has several limitations, e.g., not taking into account the effects of electron
correlation, HF is still used to predict optical spectroscopic parameters [77-80]. Neglecting
the effects of electron correlation could be a drawback regarding reliability, but it is an
advantage in terms of computational cost when compared with hybrid functionals.

The computational methodology consists of two steps: the molecular structure ge-
ometry optimization and computing the tensor components of the first-order molecular
hyperpolarizability. The first computational step is the geometry optimization calculation
in solvent medium. All Cartesian coordinates obtained with the geometry optimization
can be found in the Supplementary Materials (SM) in Table S1. The solvation effect was
obtained by employing a polarizable continuum model (PCM) using the integral equation
formalism variant (IEF-PCM) [81]. The level of theory CAM-B3LYP was the only method
used to calculate the energy minima of all compounds. The second step is to calculate the
static (w = 0 a.u.) and dynamic (w # 0 a.u.) tensor components, i.e., Bz,z. The Gaussian
output files provided in the second step are post-processed by Hyper-QCC to achieve
Bo and Byrs. All static and dynamic first-order molecular hyperpolarizability values in
solvent medium are available in the SM, Tables S2-S5.

Regarding the solvent media, we would like to emphasize that the objective of the
presented work is to compare the experimental first-order molecular hyperpolarizabilities
with the theoretical ones. Thus, the solvents used in IEF-PCM were the ones used in
the Hyper—Rayleigh scattering technique: ethanol, dioxane, dichloromethane, toluene,
chloroform, and acetonitrile. In addition, we would like to point out that compound
C5 comprises a cationic-conjugated molecule and anionic counterion. In this particular
case, we have calculated C5 in both forms, i.e., the cationic-conjugated molecule with its
counterion and the cationic-conjugated molecule separated from its counterion. Moreover,
there are countless possibilities for the geometry starting point. In Section 4 of the SM, one
can find detailed information regarding the C5 results in both forms and the strategy used
to define the geometry starting point.

To understand how accurate the functionals used in this work are to predict the Byrs,
firstly, we calculated the relative error (RE) for each compound, expressed by Equation (8),
in which ,Bﬁf’ﬁgs and ﬁgﬁs are the theoretical and experimental first-order molecular hyper-
polarizabilities, respectively. Secondly, we calculated the mean error for each functional
considering the RE for each compound, expressed by Equation (9) and henceforth des-
ignated as unsigned average error (UAE), in which # is the total number of compounds.
The smaller the UAE, the higher the accuracy performance of a specific functional for the
investigated compounds in this work.

‘5%05 - ?—31(125‘
REcompound = ep 8
HRS
12
UAEfunctional = P Z REcompound )
i=1

2.3. Hyper-QCC: Post-Processing Software

Once again, we would like to emphasize that the post-processing software—Hyper-
QCC, developed and used in this work, requires the Gaussian software package to calculate
the components’ tensor. Therefore, only after the methodology described in the previous
section, Hyper-QCC can be used to achieve the final values of the static and dynamic
first-order molecular hyperpolarizability. The main objective of using Hyper-QCC is to
process the components of the second-order tensor from the first-order molecular hy-
perpolarizability obtained with the Gaussian program package in an effortless, fast, and
reliable way.
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Hyper-QCC was fully implemented using Python due to its ease when converting
to multiple operating systems. The framework also retains several native libraries for
graphical user interface (GUI) building and software compilation support. The GUI library
chosen was PyQt6, and Pyinstaller was used as the compiler. Hyper-QCC will be available
for MacOS and Windows users in its first version. Hyper-QCC was built to calculate the
final values of By and Brrs without complexity, requiring only a few technical parameters
from the user. The tensor components are calculated in the background, and the results are
displayed in seconds. A simplified diagram of interactions required when using Hyper-
QCC is shown in Figure 2, while an exemplification on how to use the Hyper-QCC can be
found in the SM—Figures S1-54. Hyper-QCC can be downloaded after a form submission
available at https://photonicsresearchgroup.org/hyper-qcc (accessed on 7 March 2023).

© Geometry Optimization eeesee UserInteraction
= (command file) feeeee., >
g | ———  “(g=-- - ¢ Software Process
%’ First-Order Hyperpolarizability |, eee***® 2 4
wn (command file)
c .
.G *
@ v
>
T | eeeses eessccssee
o ee® sbeot @
.-” Output File
o
.
> A
[ .
@ . ot > kS
E * o Output
-8 - Post-Processed
n Graphical User | | Extraction Data | | Full Tensor e Text-File
8 Interface Algorithm Calculation Algorithm ‘.
0
o ‘e,
: > &
Output
:|>:‘ Post-Processed
Screen-View mi

Figure 2. Schematic diagram of the working principle of the post-processing software used in this
work—Hyper-QCC.

3. Results and Discussion
3.1. First-Order Molecular Hyperpolarizability

The advances in theoretical models combined with the power evolution of CPUs
allow researchers to predict physical spectroscopy quantities through QCC without using
expensive experimental facilities. For example, estimating NLO properties, such as the first-
molecular hyperpolarizability and two-photon absorption of organic and organometallic
compounds, has become common in recent years [62,82-88]. However, to have a certain
level of reliability on the simulated results, one should compare if the level of theory and
the post-processing methods used can follow their experimental analogs. We have used the
UAE to evaluate the performance of each functional, i.e., we have calculated the relative
error between theoretical and experimental dynamic first-order molecular hyperpolariz-
ability for each investigated compound and then computed the average for all compounds
for each functional. The functionals with higher reliability, i.e., with higher performance in
terms of UAE, are the ones with UAE values within or close to the experimental uncertainty.
Moreover, the computational cost (CC) benchmark is also available.

A golden rule for non-theoretical researchers considers that the most accurate result
is the experimental one; therefore, a simulated physical quantity should be at least in the
same order of magnitude as its experimental analog. Still, one should be careful when
applying such a rule, especially when analyzing NLO effects, since some observed variables,
such as the pulse width and the intensity of the interaction light (w), could influence the
results. Besides the intrinsic properties of the incident light, particularly regarding the HRS
experimental technique, one of the most common mistakes is to evaluate the first-molecular
hyperpolarizability of compounds with fluorescence emission around the 2w spectral
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region, which could be triggered by two-photon excitation and lead to an overestimated
BHrs value. Conversely, a fyrs underestimated experimental value can be achieved if the
compound has non-zero absorbance in the spectral region of 2w.

The results and discussion are focused on Bpygg, i-e., the predicted values for the
dynamic first-order molecular hyperpolarizability using QCC, once they can be directly
compared with their experimental analogs. The experimental Syrs values used in this
work were obtained exclusively by the HRS technique. The static first-order molecular
hyperpolarizability (8y) can be derived through experimental methods, such as one- and
two-photon absorption. In a previous work [83], we calculated By by gathering experimen-
tal spectroscopic parameters from one- and two-photon absorption spectra. For example, in
a two-level energy system, those spectroscopic parameters are transition dipole moments
from the ground state to excited states (pn, #on), the energy needed to achieve them
(wWom, won), and the difference of the permanent dipole moment between these two excited
states (nm). All these spectroscopic parameters can be combined in the following equation,
Bo = %yOm yo,mnm(hwom)*l (ﬁwo,z)*l [89,90], to obtain the experimental static first-order
molecular hyperpolarizability. However, for the investigated compounds, we did not find
the experimental results on B for the majority of the compounds.

The theoretical fyrs values were estimated with seven types of functionals, such
as HF, B3LYP, TPSSh, PEB1PEB, wB97xD, CAM-B3LYP, and M06-2X, by using the same
basis set (6-311++G(2d,2p)). However, only two functionals (CAM-B3LYP and M06-2X)
achieved an acceptable performance in terms of UAE, i.e., these two functionals pre-
dicted the Byrs values within or close to the experimental relative mean error of all com-
pounds. All calculated results are presented in Tables S2-S5 in the SM. Figure 3a,b,c depicts
the theoretical dynamic first-order molecular hyperpolarizability values obtained with
CAM-B3LYP/6-311++G(2d,2p) (red circles) and M06-2X/6-311++G(2d,2p) (blue diamonds)
using a frequency of 1064 nm. The experimental data (black squares) with their associated
uncertainty are also depicted in the mentioned figures. The UAE can be verified for all
calculated functionals in Figure 3d.

50 100
o E i tal = O Experimental
~ 2.5 1064 i o CAMBALYP a ® = 1064 nm O CAM-B3LYP
= 40 o M06-2X = 80F O M06-2X
ps = 8
& 30 » 601
<
‘r £
g 20 s 40t e %
o é é o ; o
e
x = 20} 9 % g
Z 10 &
= 50§ oy =
O 0 1 1 1 1 1 1 1 1 1
A1 A2 A3 A4 A5 A6 A7 A8 A B1 B2 B3 B4 B5 B6 B7 B8 B
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(a) Low Byrs magnitude compounds (b) Intermediate fyrs magnitude compounds

Figure 3. Cont.
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Figure 3. Dynamic first-order molecular hyperpolarizability (Bgrs) comparison between experi-
mental (black squares) and theoretical CAM-B3LYP/6311++G(2d,2p) (red circles) and M06-2X/6-
311++G(2d,2p) (blue diamonds) for (a) low, (b) intermediate, and (c) high Byrs magnitude com-
pounds investigated in this work. The unsigned average error (UAE) values of all used functionals
are depicted in (d).

Both wB97XD and TPSSh are the functionals with higher UAE values (Figure 3d) than
all used functionals. The UAE values for both functionals represent a severe drawback
regarding performance reliability once the theoretical fyrs averaged values from 27 com-
pounds are 2 orders of magnitude separated from their experimental analogs. Regarding
the CC, wB97XD is one of the functionals with better performance, as shown in Figure 4 (red
bar). Contrary to this, TPSSh (yellow bar in Figure 4) has the worst CC general performance.
Therefore, for these types of molecule families, TPSSh presented the lowest Syrs prediction
accuracy, which could justify the lack of works in the literature using these functionals to
compare experimental and theoretical Byrs values.

On the other hand, CAM-B3LYP and M06-2X achieved the best UAE performance
as expected once these two functionals have been pointed out in previous works that are
more suitable to accurately predict dynamic hyperpolarizabilities on organic molecular
structures [54-57,93,99-101]. Regarding the CC, in most cases, CAM-B3LYP (magenta bars
in Figure 4) and M06-2X (blue bars in Figure 4) needed approximately the same time to
complete the Byrs calculations.

Having low values of UAE is crucial for QCC accuracy; however, a balance between
accuracy and CC is highly advantageous for obvious reasons. For example, changes in
the basis set could reduce the CC and keep approximately the same UAE. Therefore, we
performed QCC with a double-zeta split valence (6-31++G(2d,2p)) instead of the triple-zeta
split valence, combined with the CAM-B3LYP functional for all 27 investigated compounds.
As a result, an average reduction of 2.5 h per core was observed, with similar UAE values,
i.e., for most compounds, the relative error between the Brrs was less than 10%, indicating
that double-zeta split valence can be used in future works since its CC is significantly lower
and the UAE is approximately the same. All results are presented in Table S6 in the SM.
We also tested different polarization functions, such as (2df, 2pd) with all used functionals,
to understand how CC and UAE will behave. No UAE significant improvements were
observed, and worse, the CC increased. All results can be found in Tables S7-S9 in the
SM. In summary, we can conclude that for the investigated compounds, decreasing from a
triple-zeta to double-zeta split valence will keep approximately the same Byrs accuracy
with a lower CC, while increasing the polarization functions from (2d, 2p) to (2df, 2pd)
does not improve the Byrs accuracy and increases the CC.
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Figure 4. Computational cost (CC), per core, of all functionals used to investigate the first-order
molecular hyperpolarizabilities of all compounds in this work. The hardware to run Gaussian 16 was
under a high-performance computing center/Linux. A total of 64 cores (2.35 GHz) with 128 GB of
RAM were used to perform the QCC of this work.

The B3LYP functional is known to overestimate some of the nonlinear optical proper-
ties, particularly Byrs [91-93], and in this study, such behavior was also confirmed for most
of the simulated compounds. B3LYP recorded the third-highest UAE value and its CC (cyan
bar in Figure 4) was surprisingly higher than excepted. Usually, B3LYP has a CC lower
than CAM-B3LYP, which, in some compounds, was not observed, such as compounds
from groups B and C. However, B3LYP has been widely reported in the literature to sim-
ulate linear and nonlinear spectroscopic parameters [16,17,19,49,79,94-98], as mentioned
in Section 2.2. The fourth-highest UAE value belongs to PBE1PBE, which is a functional
with the second-best CC general performance along with wB97XD. The Bxrs prediction
accuracy when using PBE1PBE is still above one order of magnitude compared with the
experimental values.

The HF method presented the best CC performance (black bars in Figure 4), as ex-
pected, due to the absence of electron correlation effects, which implies fewer calculations
and less computational cost. Still, even with these significant limitations, the HF method
was able to present a better prediction accuracy performance compared to the PBE1PBE
functional, which is surprisingly positive for HE. In fact, HF UAE values are below 100%,
meaning that the fprs prediction accuracy is in the same order of magnitude as the ex-
perimental values. Therefore, we can conclude that it is more advantageous to choose
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HF instead of PBE1PBE, B3LYP, TPSSh, or wB97XD to perform this calculation once we
significantly reduce CC and have a higher prediction accuracy.

So far, the presented and discussed results concern a single wavelength, i.e., the Sxrs
was calculated using a constant incident light frequency, e.g., w = 1064 nm. However,
a spectral behavior of the first-order molecular hyperpolarizability could be interesting
to evaluate in which spectral region the compound will have the higher potential to
be used as a frequency optical converter. Therefore, the Hyper-QCC software was also
prepared to post-process multiple incident frequencies obtained from a single Gaussian .log
file. Figure 5 presents the comparison spectra of theoretical and experimental first-order
molecular hyperpolarizability of the azulenic-barbituric compound. Unfortunately, there
are not so many experimental works published exploring the Byrs spectrum, probably
due to the more complex experimental apparatus needed to obtain the faint light of the
incoherent second harmonic generation (ISGH). For this purpose, e.g., an optical parametric
oscillator will be needed to tune the incident light into different frequencies (w;). Moreover,
a set of laser line filters or a monochromator device will also be needed to collect the correct
emission of 2w;. As one could understand, it is much more inexpensive and faster to predict
Brrs by performing QCC combined with a post-processing software such as Hyper-QCC,
particularly when one wishes to understand the spectral behavior of Bgs.

2500 T 1 1 1 T T T 1 1 T
Compound: azulenic-barbituric O Experimental |
—~ o) O CAM-B3LYP
4 2000 | <& M06-2X 1
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Figure 5. Azulenic-barbituric (C6) dynamic first-order molecular hyperpolarizability (Byrs) spec-
tra comparison between experimental (black squares) and theoretical using the level of theory
CAM-B3LYP/6-311++G(2d,2p) (red circles) and M06-2X/6-311++G(2d,2p) (blue diamonds).

3.2. Applications

The ISHG is becoming an important tool in the field of bioimaging, without using any
injection dye, as reported by Hui Mingalone et. al. [25], in which they have used an incident
laser wavelength (1028 nm) on collagen cells to obtain an image formed by the second-
harmonic generated light emitted by collagen. Although, to obtain such images, expensive
equipment, such as a two-photon femtosecond microscope, is always needed. Still, before
trying the bioimaging acquisition of biological cells, one can, for example, simulate the
BHRrs response, using the methods described in this paper, in an easy and straightforward
way to evaluate or predict the ISHG, particularly by using the Hyper-QCC software.

The search for optical frequency converters [36-39,102-104] or optical switches [98,105,106]
is a hot topic for the lasers and optical communications field. Two of the most commercial
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crystals able to convert the frequency of light into its double are Beta Barium Borate (BBO)
and Lithium Triborate (LBO) [107-109]. Still, it is crucial to continue the search for new
organic/organometallic raw materials that will have better SHG efficiency compared with
the mentioned ones. Therefore, QCC combined with Hyper-QCC will give the ability
for chemists, physicists, and materials scientists to evaluate the Syrs of several raw com-
pounds before starting the expensive and time-costly processes of synthesis and optical
characterization, at least before the growing crystal process.

4. Conclusions

In summary, in this work, we searched the literature for experimental dynamic first-
order molecular hyperpolarizability values of organic compounds. We selected only the
experimental data acquired with sub-nanosecond laser pulses to have the most reliable
experimental nonlinear optical data, i.e., with less probability of having thermal effects
masking the electronic ones. Therefore, we were restricted to the organic compounds
available from the experimental data published in the literature. Consequently, we cat-
egorized the compounds as groups designated by A, B, and C. The molecules with the
lowest experimental dynamic first-order hyperpolarizabilities were assigned to Group A,
the intermediate experimental values to Group B, and the highest to Group C.

We used the Gaussian software package to perform quantum chemical calculations
using different levels of theory to simulate both static and dynamic first-order molecular
hyperpolarizabilities. We have chosen seven functionals, PBEO, TPSSh, wB97XD, B3LYP,
CAM-B3LYP, M06-2X, and HF, combined with one basis set, 6-311++G(2d,2p). We have
developed a post-processing software—Hyper-QCC, which will be freely distributed, to
process the components of the third-order tensor from the first-order molecular hyper-
polarizability obtained with the Gaussian program package in an effortless, fast, and
reliable way.

Finally, CAM-B3LYP and M06-2X functionals are suitable to accurately predict dy-
namic hyperpolarizabilities on organic molecular structures, particularly those belonging
to the family of molecules investigated in this work. In addition, this work shows that
quantum chemical calculations with the proper post-processing software could optimize
time efficiency and cost and can be used, e.g., to establish the initial step of developing
nonlinear optical frequency conversion devices [110-112]. Moreover, collagen’s incoherent
second harmonic generation phenomenon has already been tested and used to achieve bio-
logical images [25]. Therefore, quantum chemical calculations using the Gaussian software
package combined with Hyper-QCC can also be used to predict the potential of biological
compounds to generate an incoherent second harmonic.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/photonics10050545/s1. Table S1: Optimized geometry in solvent
for compounds used to perform the calculation of the static (39) and dynamic (Byrg) first hyperpolar-
izability {3 (in 10730 cm* statvolt—1). The values below correspond to the functional CAM-B3LYP with
the basis set 6-311++G(2d,2p). Table S2: Theoretical values for static (3y9) and dynamic at 1064 nm
(Burs) first-order molecular hyperpolarizability (in 10730 cm? statvolt™1) in a solvent medium of
the investigated compounds. The computational cost (CC) is represented in terms of one single
core, and the units are in hours. However, 64 cores (2.35 GHz) with 128 GB of RAM were used
to perform the calculations. Table S3: Theoretical values for static (8g) and dynamic at 1064 nm
(Burs) first-order molecular hyperpolarizability (in 1073 cm* statvolt 1) in a solvent medium of
the investigated compounds. The computational cost (CC) is represented in terms of one single
core, and the units are in hours. However, 64 cores (2.35 GHz) with 128 GB of RAM were used
to perform the calculations. Table S4: Theoretical values for static (39) and dynamic at 1064 nm
(Burs) first-order molecular hyperpolarizability (in 10730 cm? statvolt—!) in a solvent medium of the
investigated compounds. The computational cost (CC) is represented in terms of one single core, and
the units are in hours. However, 64 cores (2.35 GHz) with 128 GB of RAM were used to perform the
calculations. Table S5: Theoretical values for static (3p) and dynamic at 1064 nm (B yRs) first-order
molecular hyperpolarizability (in 10730 cm* statvolt™!) in a solvent medium of the investigated
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compounds. The computational cost (CC) is represented in terms of one single core, and the units are
in hours. However, 64 cores (2.35 GHz) with 128 GB of RAM were used to perform the calculations.
Table S6: All fygs values are in 10730 ¢cm* statvolt—! units, and computational cost per core (CC) is in
hours. A total of 64 cores were used in the calculations. The relative error was calculated considering
the following equation: RE = | Bpz-B1z | /B1z. Table S7: The following data were obtained for
compound A7. All 3y and Byrs values are in 10730 cm? statvolt—! units, and computational cost
per core (CC) is in hours. A total of 64 cores were used in the calculations. The relative error was
calculated considering the following equation: RE = | Byrs-Burs-exp. | / Burs-exp- Table S8: The
following data were obtained for compound B6. All 3y and Byrs values are in 10739 ¢m* statvolt—!
units, and computational cost per core (CC) is in hours. A total of 64 cores were used in the calcula-
tions. The relative error was calculated considering the following equation: RE = | BHrs-BHRS-EXP.
| / BHrs-exp- Table S9: The following data were obtained for compound C8. All 3¢ and Byrs values
are in 10739 cm* statvolt—! units, and computational cost per core (CC) is in hours. A total of 64 cores
were used in the calculations. The relative error was calculated considering the following equation:
RE = | Burs-Brrs-exp. | / Pursexp. Table S10: All By and Bygrs values are in 10739 cm? statvolt—!
units. Figure S1. Hyper-QCC first section example. The solvent box is marked since the calculations
were carried out using dimethylformamide (DMF) as a medium. Hyper-QCC also offers support
to multiple wavelength calculations, but in this case, the single wavelength is coherent with our
logfile. Figure S2. Hyper-QCC second section example. In this section, it is possible to retrieve the
parameters chosen prior to the calculations. It is also possible to visualize the CPUs utilized and their
performance. Figure S3. Hyper-QCC results table. The column “Static” for By and the wavelength
column displaying Byrs. Figure S4. Hyper-QCC results table for multiple tensor logfile. The col-
umn “Static” for By and the multiple wavelengths are distributed in the columns displaying Byrs.
Figure S5. Optimized geometry used in the calculations of compound C5.
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