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H I G H L I G H T S

A great Stokes shift (ca. 70 nm) is re-
ported for a natural drug.
The solvent effects are available for lin-
ear and nonlinear optical properties.
Improved hyperpolarizabilities in com-
parison to other standard NLO materi-
als.
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A B S T R A C T

The linear and nonlinear optical (NLO) properties of 1-nitro-2-phenylethane were studied with Density
Functional Theory, and the solvent effect was included with a sequential Monte Carlo/Quantum Mechanics
procedure. The analysis shows that the first and second hyperpolarizabilities are respectively twice and thirty-
five times larger than those reported for urea, which is a standard NLO material. The results also indicate
that the lowest 𝑛− 𝜋∗ excitation suffers a pronounced Stokes shift (ca. 70 nm) which is mildly affected by the
solvent. Moreover, the title compound presents a low refractive index (1.46 − 1.80). Thus, the results signalize
optoelectronic usages in solar cells or biological probes.
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Fig. 1. The 1-nitro-2-phenylethane (NPE) molecule obtained from the Aniba canelilla
extraction.

1. Introduction

The 1-nitro-2-phenylethane (NPE, see Fig. 1) molecule is the ac-
tive principle extracted from Aniba canelilla, a endemic plant found
in the Amazon biome. Along the years, this natural compound has
been used against several human diseases like antinociceptive [1],
antimicrobial [2], and the recently discovered use as an antifungal [3]
drug, but perhaps, the most relevant NPE utilization would be its
use in cardiovascular [4] and vasorelaxant [5] therapies. However,
although the NPE pharmacological use is well established, many of its
chemical–physical properties remain obscured.

The Stokes shift is one of the properties mentioned above. The
difference between the maximum of emission and absorption spectra
(𝛥𝜆 = 𝜆𝑒𝑚−𝜆𝑎𝑏𝑠) is called Stokes shift and has great importance for tech-
nological applications. For instance, chromophores with pronounced
Stokes shift (𝛥𝜆 > 30 nm) are helpful to build sensors and biological
probes to be used as markers in human cancer cells [6,7]. Moreover,
although 𝑛 − 𝜋∗ lines are less intense than strong 𝜋 − 𝜋∗ transitions,
these states demand less energy. Due to such properties, the behavior
of 𝑛 − 𝜋∗ transitions is highlighted [8–11].

The nonlinear optical (NLO) behavior of organic chromophores also
is the focus of great attention in materials science. This is because, com-
pared to traditional inorganic chromophores, organic molecules have
high rupture limits when exposed to a high-power laser, in addition to
facilitating the miniaturization of optoelectronic circuits [12].

For the first time, a careful analysis was performed on the linear and
nonlinear optical response of the NPE molecule, paying attention to the
solute polarization due to solvent and specific solute–solvent interac-
tions. To include the polarization effect we used the sequential Monte
Carlo/Quantum Mechanics (s-MC/QM) [10,11], where the classical
Monte Carlo simulations are used to generate the liquid configurations
for subsequent treatment with Density Functional Theory (DFT) [13,
14]. With such formalism, in addition to a discussion on the liquid
structure surrounding the solute molecule, we discuss how the solvent
impacts linear properties like the dipole moment (𝜇), dipole polariz-
ability (𝛼), and even the refractive index (𝑛). Moreover, under static
and frequency-dependent regimes, we also investigate the impacts of
the environment on the first (𝛽) and second (𝛾) hyperpolarizabilities,
which are responsible for the second and third harmonic generation
processes [15].

The results reveal that the lowest-lying 𝑛 − 𝜋∗ excitation the NPE
chromophore presents a pronounced Stokes shift in an aqueous solvent,
which motivates its use in the designing of solar cells and biological
sensors. In addition, the system presents a lower refractive index.
Finally, the NPE molecule shows first and second hyperpolarizability
higher than urea, which is a standard NLO material. The results suggest
that NPE derivatives can be useful for a series of NLO devices.

2. Theoretical details

Under a gaseous environment, the molecular geometry of the NPE
was obtained with Density Functional Theory (DFT) using CAM-B3LYP
[16] functional and 6-311++G(d,p) [17,18] basis set. Both the func-
tional and the base set are well established in the quantum chemistry.
2

The posterior analysis of the Infrared (IR) spectra attested only positive
vibrational frequencies, which indicate that the molecular geometry is
at a global minimum of energy. The same level was used in the excited
state calculation, with the time dependent DFT (TD-DFT).

Concerning the solvent effects, a sequential Monte Carlo/Quantum
Mechanics (s-MC/QM) procedure [10,11] was used to account for
such properties. In such a protocol, liquid structures are generated
and sampled by classical simulations for subsequent treatment with
quantum mechanics. Thus, classical simulations have been performed
in the NpT, with one solute surrounded by 1000 water molecules at
𝑝 = 1.0 atm, and 𝑇 = 298.15 K.

The solute geometry used during the MC simulations was obtained
considering a previous polarization due to solvent using the conductor-
like polarizable continuum model (C-PCM) [19,20]. Concerning the
intermolecular interactions were mediated by the standard Lennard-
Jones (LJ) plus the Coulomb potential. While the water parameters
were totally represented for the TIP3P potential [21], for the solute
molecule, only the LJ parameters were obtained from the all-atom
optimized potentials for liquid simulations (OPLS-AA) force field [22].
However, the initial solute charges were extracted in the C-PCM envi-
ronment, performing the CHELPG fitting of the quantum potential [23]
at the CAM-B3LYP/6-311++G(d,p) level of quantum mechanics.

The classical simulations were portioned in two stage. In the first
one, a thermalization, 7 × 109 MC steps were carried out to reach
the thermodynamic equilibrium. Thus, more 9 × 1010 MC steps were
performed to obtain liquid structures sampled for subsequent treat-
ment with quantum mechanics. The MC step is the application of the
Metropolis MC algorithm to each solvent molecule. The large number
of MC steps are necessary to obtain 100 uncorrelated configurations,
using as a parameter the maximum value of 15% of autocorrelation
between the configurations. The maximum value of step size for the
change in molecule position is self-adjusted to maintain the acceptance
rate around 50%. The QM calculations were performed considering the
following solvent models:

• C-PCM: The solvent is modeled as a Conducting version of the
Polarizable-Continuum Model [19,20], which is accepted as the
most appropriate for NLO calculations between the continuum
model family [24].

• ASEC: The solvent is represented as an Electrostatic Configu-
ration [25] superposing 100 MC structures composed by one
explicit solute molecule surrounded by the 300 nearest water
molecules represented by its normalized point charges. This ex-
plicit representation of the solvent has been used with success to
describe diverse NLO properties [26,27].

• HB+PC: This model averages over 100 MC configurations com-
posed by solute–solvent hydrogen-bonded structure embedded in
the electrostatic field of the remaining 300 water molecules rep-
resented as point charges, and accounts for specific solute–solvent
interactions like Keeson, Debye, and London forces present in the
hydrogen bonds, as well as the long-range electrostatic effects
coming from the bulk molecules. Consequently, this approach is
more precise than pure electrostatic models [28,29].

Concerning the NLO properties, these effects arise when the light
interacts with the matter. In such a case, the energy of the system can
be expanded in Taylor series like

𝐸(𝐹 ) =𝐸(0) − 𝜇𝑖𝐹𝑖 −
1
2!
𝛼𝑖𝑗𝐹𝑖𝐹𝑗 −

1
3!
𝛽𝑖𝑗𝑘𝐹𝑖𝐹𝑗𝐹𝑘

− 1
4!
𝛽𝑖𝑗𝑘𝑙𝐹𝑖𝐹𝑗𝐹𝑘𝐹𝑙 −⋯

(1)

In such equation, 𝛼 is the dipolar polarizability, 𝛽 and 𝛾 are the first
and second hyperpolarizabilities, while 𝐹 is the applied electric field.

The dipolar polarizability is a tensor (3 × 3) with nine components
that can be combined to give the isotropic contribution

⟨𝛼⟩ = 1 (𝛼 + 𝛼 + 𝛼 ). (2)

3 𝑥𝑥 𝑦𝑦 𝑧𝑧
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The isotropic polarizability can be used to infer the refractive index
(𝑛) using the Lorentz–Lorenz equation

𝑛2 − 1
𝑛2 + 2

=
4𝜋⟨𝛼⟩
3𝑉mol

, (3)

where 𝑉mol is the molecular volume.
On the other hand, 𝛽 is a cubic (3 × 3 × 3) tensor with twenty-

seven components. However, the Kleinman symmetry rules [30] allow
reducing this number to only ten distinct elements, which can be
manipulated to give the static first-hyperpolarizability

𝛽total =
√

𝛽2𝑥 + 𝛽2𝑦 + 𝛽2𝑧 , (4)

where each component 𝛽𝑖 is given as

𝛽𝑖 = 𝛽𝑖𝑖𝑖 +
1
3
∑

𝑗
(𝛽𝑖𝑗𝑗 + 𝛽𝑗𝑖𝑗 + 𝛽𝑗𝑗𝑖). (5)

In the presence of frequency-dependent light, this quantity is better
described by the hyper-Rayleigh scattering apparatus (𝛽HRS) [15] as

𝛽HRS(−2𝜔;𝜔,𝜔) = 𝛽HRS =
√

⟨

𝛽2𝑍𝑍𝑍
⟩

+
⟨

𝛽2𝑍𝑋𝑋
⟩

. (6)

n such an equation,

𝛽2𝑍𝑍𝑍
⟩

= 1
7

𝑥,𝑦,𝑧
∑

𝑖
𝛽2𝑖𝑖𝑖 +

1
35

𝑥,𝑦,𝑧
∑

𝑖≠𝑗

(

𝛽2𝑖𝑖𝑗 + 4𝛽2𝑗𝑖𝑖
)

+ 2
35

𝑥,𝑦,𝑧
∑

𝑖≠𝑗

(

𝛽𝑖𝑖𝑖𝛽𝑖𝑗𝑗 + 4𝛽𝑗𝑖𝑖𝛽𝑖𝑖𝑗 + 4𝛽𝑖𝑖𝑖𝛽𝑗𝑗𝑖
)

+ 1
105

𝑥,𝑦,𝑧
∑

𝑖≠𝑗≠𝑘

(

𝛽𝑖𝑖𝑗𝛽𝑗𝑘𝑘 + 𝛽𝑖𝑖𝑗𝛽𝑗𝑘𝑘 + 𝛽𝑖𝑗𝑘𝛽𝑗𝑖𝑘
)

+ 4
105

𝑥,𝑦,𝑧
∑

𝑖≠𝑗≠𝑘

(

𝛽𝑗𝑖𝑖𝛽𝑗𝑘𝑘 + 2𝛽2𝑖𝑗𝑘
)

(7)

and
⟨

𝛽2𝑍𝑋𝑋
⟩

= 1
35

𝑥,𝑦,𝑧
∑

𝑖
𝛽2𝑖𝑖𝑖 +

4
105

𝑥,𝑦,𝑧
∑

𝑖≠𝑗

(

𝛽𝑖𝑖𝑖𝛽𝑖𝑗𝑗 + 2𝛽2𝑖𝑖𝑗
)

+ 1
35

𝑥,𝑦,𝑧
∑

𝑖≠𝑗

(

3𝛽2𝑖𝑗𝑗 − 2𝛽𝑖𝑖𝑖𝛽𝑗𝑗𝑖 − 2𝛽𝑖𝑖𝑗𝛽𝑗𝑖𝑖
)

− 2
105

𝑥,𝑦,𝑧
∑

𝑖≠𝑗≠𝑘

(

𝛽𝑖𝑖𝑘𝛽𝑗𝑗𝑘 + 𝛽𝑖𝑖𝑗𝛽𝑗𝑘𝑘 + 𝛽𝑖𝑗𝑘𝛽𝑗𝑖𝑘
)

+ 1
105

𝑥,𝑦,𝑧
∑

𝑖≠𝑗≠𝑘

(

2𝛽2𝑖𝑗𝑘 + 𝛽𝑖𝑗𝑗𝛽𝑗𝑘𝑘
)

(8)

Finally,
⟨

𝛽2𝑍𝑍𝑍
⟩

and
⟨

𝛽2𝑍𝑋𝑋
⟩

give the polarization ratio

𝑅HRS =

⟨

𝛽2𝑍𝑍𝑍
⟩

⟨

𝛽2𝑍𝑋𝑋
⟩ . (9)

The second hyperpolarizability (𝛾) is a fourth-rank tensor (3×3×3×3)
with 81 components. For the all static case, it is possible to use again
the Kleinman rules and work only with six components. Thus, the
average second hyperpolarizability is given as [15]

⟨𝛾⟩ = 1
5
[

𝛾𝑥𝑥𝑥𝑥 + 𝛾𝑦𝑦𝑦𝑦 + 𝛾𝑧𝑧𝑧𝑧 + 2
(

𝛾𝑥𝑥𝑦𝑦 + 𝛾𝑥𝑥𝑧𝑧 + 𝛾𝑦𝑦𝑧𝑧
)]

(10)

On the other side, for nonzero frequencies, the Kleinman symmetry
cannot be applied, and a free permutation of the indexes is not allowed.
However, within the Electric-Field-Induced Second-Harmonic Genera-
tion setup, the middle indexes can be interchanged 𝛾𝑖𝑗𝑘𝑙 = 𝛾𝑖𝑘𝑗𝑙. Such
implification allows us to work with only 15 components, and the third
armonic generation 𝛾(−3𝜔;𝜔,𝜔, 0) = ⟨𝛾⟩THG is given as [15]

𝛾⟩THG = 1
5
[

𝛾𝑥𝑥𝑥𝑥 + 𝛾𝑦𝑦𝑦𝑦 + 𝛾𝑧𝑧𝑧𝑧 + 2
(

𝛾𝑥𝑥𝑦𝑦 + 𝛾𝑥𝑥𝑧𝑧 + 𝛾𝑦𝑦𝑧𝑧
)]

(11)

Finally, all MC simulations and electronic structure calculations
ere carried out using respectively the DICE [31] and Gaussian 09 [32]
ackages. However, the entire NLO analysis was carried out using the
ultiwfn code [33].
3

Table 1
The quantum mechanical and CHELPG values calculated for the molecular
dipole moment using the CAM-B3LYP/6-311++G(d,p) level of theory and different
environments:

Ground State Excited State

Environment QM CHELPG QM CHELPG

Vacuum 4.34 4.44 5.33 5.27
C-PCM 4.89 4.98 6.29 6.24
ASEC 5.16 5.24 6.68 6.70

3. Results

3.1. Dipole moment and solute polarization

Maybe the most relevant environmental effect is the solute polar-
ization mediated by the solvent molecules which can affect structural
properties like nuclear magnetic parameters [28], vibrational frequen-
cies [29,34], and a variety of optical processes [8,27]. Table 1 allows
analyzing these effects for molecular dipole moment in the ground (𝜇𝑔)
and first excited (𝜇𝑒) states. The results are calculated considering the
electrostatic solvent models C-PCM and ASEC using the CAM-B3LYP/6-
311++G(d,p) level of quantum mechanics. As can be seen, the quantum

echanical value of the dipole moment and its electrostatic adjustment
CHELPG) are very close for all situations. Thus, we shall keep the
iscussion on the CHELPG values, which were implemented in the
lassical MC simulations.

For several polar molecules like formamide [35] and uracil [36,37],
he polarization due to solvent can increase the molecular dipole mo-
ent over 60% of the vacuum value. However, the NPE molecule is

ess susceptible to these effects. For the isolated molecule in a vacuum,
he CHELPG scheme predicts a ground state dipole moment of 4.44 D.
owever, when the system is embedded in an aqueous environment,
𝑔 increases to 4.94 D, according to the C-PCM estimative. This means
weak polarization effect of almost 12.26% regarding the vacuum. On

he other hand, the iterative procedure and the ASEC indicate a greater
ffect of 18%, which increases the ground state dipole moment to 5.25
.

On the other side, the first excited state is more sensible to polariza-
ion due to solvent. For instance, at vacuum conditions, the CAM-B3LYP
esult indicates a dipole moment of 5.27 D. However, when the system
s immersed in an aqueous environment, C-PCM and ASEC predict re-
pectively 6.24 and 6.70 D, which means a polarization effect between
8 and 27%, concerning the gas-phase value.

.2. Solute–solvent hydrogen bonds and the liquid structure

Since the excited and ground state geometries can differ struc-
urally, different polarizations can be obtained in solution and, con-
equently, different solvent organizations around the solute molecule.
or instance, the hydrogen bond formation is often affected in such
ases, leading to significant changes in optical properties of solute in
olution [8,10,38].

An understanding of the liquid structure can be performed by
nalyzing the minimal distance distribution function (MDDF) shown
n Fig. 2. This function gives a spherical perspective of the salvation
hell and shows how the solvent molecules are organized around the
olute [39]. For both structures, there is a small shoulder at ∼ 2 ∀,

related to water molecules in the micro-solvation shell likely forming
HB with the solute in its ground and first excited states. Integration of
this shoulder up to 2 Å encloses 1.7 and 1.9 water molecules around
the GS and ES structures, respectively. This result shows that the NPE
molecule in GS and ES contains low hydration in the micro-solvation
shell compared to other solutes studied before [26,27,40,41]. The first
peak that comprehends the limits between 2.0 and 4.0 Å defines

the first solvation shell, whereas the second peak between 4.0 and
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Fig. 2. Minimum distance distribution function (MDDF) for the NPE in the ground and
first excited state in aqueous solution.

Table 2
Structural information was obtained from RDF (radial distribution function) and HB
(hydrogen bond) analysis to the NPE in the ground state (GS) and excited state (ES)
both in water.

Water molecules

GS ES

Micro-solvation shell (up to 2.0 Å) 1.7 1.9
First shell (up to 4.0 Å) 40 40
Second shell (up to 7.5 Å) 161 158

HB average properties
⟨𝑁HB⟩N (nitrogen atom) 0.04 0.03
⟨𝑁HB⟩O (oxygen atom) 1.04 1.16
⟨𝑁HB⟩C (carbon atom) 0.05 0.04
⟨𝑁HB⟩total = ⟨𝑁HB⟩N + ⟨𝑁HB⟩O + ⟨𝑁HB⟩C 1.15 1.23
⟨𝑅N-Ow⟩ (Å) 3.18 3.20
⟨𝑅O-Ow⟩ (Å) 2.89 2.90
⟨𝑅C-Ow⟩ (Å) 3.14 3.14
⟨𝐸N-Ow⟩ (cal/mol) −2.15 −3.13
⟨𝐸O-Ow⟩ (cal/mol) −3.33 −3.73
⟨𝐸C-Ow⟩ (cal/mol) −1.43 −1.46

7.5 Å defines the second solvation shell. The integration of this first
peak up to 4.0 Å gives the same number of water molecules (40),
whereas the second peak up to 7.5 gives 161 and 158 water molecules
around GS and ES structures, respectively. The statistics data obtained
from the MDDF function for the NPE in both GS and ES are given in
Table 2. Interestingly, it is noted that the number of water molecules
around both NPE structures are very similar, but with the largest
number of water molecules around the ES structure. From the QM point
of view, it is expected that the number of water molecules in solvation
shells to be similar for both ground and excited states, given the slight
difference between its dipole moments.

The H-bonds between the NPE and water molecules were analyzed
using the geometric and energetic criteria [42,43]. In our analysis, we
consider that the NPE molecule has three types of H-bond acceptors:
one nitrogen (N) atom, two oxygen (O) atoms, and six-carbon (C)
atoms. These carbon atoms were considered H-bond acceptors because
they are electron-rich atoms and participate in H-bonding as a 𝜋-bond
with 𝑠𝑝2 and 𝑠𝑝 hybridization, donating electron density through the
double bond [44,45]. In this work, we consider an H-bond formation
when the distance between the acceptor (A) and donor (D) atoms,
𝑅D–A ≤ 3.25 ∀, and the angle between the vector defined by the
acceptor–donor atoms and the vector defined by the hydrogen-donor
bond, 𝜃 ≤ 40◦ and binding energy, 𝐸 ≤ −0.01 kcal/mol.
4

A-HD 𝑖𝑗
Fig. 3. The convolution of the ground (black line) and emission (red line) spectra of
NPE molecule at vacuum conditions. The electronic excitations were obtained at the
CAM-B3LYP/6-311++G(d,p) level of quantum mechanics.

After applying both criteria using the ORDER tool provided in DICE
package [31], the average number of water molecules H-bonded to the
oxygen atoms of GS and ES structures is 1.04 and 1.16 with a binding
energy of −3.33 and −3.73 kcal/mol, respectively. For the nitrogen and
carbon atoms, the average number of water molecules are very small,
and similar value in these cases ( 0,04), but with different binding
energy. In the case of the nitrogen atom, this energy is −2.15 kcal/mol
for the GS and −3.13 kcal/mol for the ES, whereas, for the carbon atoms
are −1.4 and −1.5 kcal/mol for the GS and ES structures, respectively.
The results are presented in Table 1. The values of the H-bond number
and energy in the carbon atoms are expected considering that from
the energetic point of view, these carbon atoms form hydrogen bonds
so much more weakly than nitrogen and oxygen atoms. In general,
an average number of 1.15 and 1.23 water molecules H-bonded with
an average energy of −3.5 and −4.2 kcal/mol was obtained to the
GS and ES structures, respectively. This slight difference in H-bond
number and energy, which also is reflected in the structural data, can
be attributed to 𝜋-electron delocalization in the ring group, which tends
to better stabilize the ES compared to the GS structure. Figure S1
shows the superposition of 600 MC configurations with water molecules
H-bonded to the GS and ES structures.

3.3. Electronic excitations and Stokes shifts

Now we shall discuss the solvent effects on the electronic transitions
in the NPE molecule. The NPE chromophore presents a benzene ring
and an ethylene bond which are both hydrophobic groups. Therefore,
long-range interactions and van der Waals forces are relevant for the
photophysics description. For such a situation, the CAM-B3LYP DFT
method has given a reliable description [29]. Thus, Table 3 shows the
lowest-lying electronic absorption and emission considering different
environment models and the CAM-B3LYP/6-311++G(d,p).

Fig. 3 shows the convoluted absorption spectrum (black line) ob-
tained for NPE molecule in vacuum. Clearly, from this picture, it is
possible to observe an intense excitation in the lowest-lying region of
the spectrum. An analysis of the molecular orbitals involved in this
excitation indicates an 𝑛 → 𝜋∗ symmetry (see Fig. 4) and occurs
mainly on the ringside group, at 270.44 nm with an oscillator force of
0.0021. In an aqueous environment, according to electrostatic models,
this excitation suffers a small hypsochromic shift. For instance, the C-
PCM and ASEC methods indicate aspirations at 268.06 and 268.84 nm,
respectively. Besides, the presence of the solvent increases the intensity
of the transition to 0.0034 or 0.0042, depending on the solvent model
used.
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Table 3
The lowest-lying absorption (𝑛 → 𝜋∗) and emission (𝑛 ← 𝜋∗) excitation were calculated using the CAM-B3LYP/6-311++G(d,p)
for different environments and the corresponding Stokes shift:
Environment 𝜋 → 𝜋∗ (nm) 𝑓 𝜋 ← 𝜋∗ (nm) 𝑓 Stokes (nm)

Gas-phase 270.44 0.0021 346.33 0.0047 75.89
C-PCM 268.06 0.0034 333.33 0.0313 65.27
ASEC 268.84 0.0042 332.08 0.0525 63.24
HB+PC 273.87 ± 0.43 0.0077 ± 0.0004 337.78 ± 0.92 0.0065 ± 0.0002 63.91 ± 1.35
Fig. 4. The Kohn–Sham molecular orbitals involved in the lowest-lying 𝑛−𝜋∗ excitation
obtained with CAM-B3LYP/6-311++G(d,p) level of quantum mechanics for the ground
state in vacuum.

However, the HB+PC solvation model gives other interpretations of
the solvatochromism of NPE. Figure S2 shows the average of over one
hundred MC configurations composed by the solute–solvent hydrogen-
bonded structures embedded in the electrostatic field of the remaining
three hundred water molecules accounted as point charges. According
to this description, the lowest 𝑛 → 𝜋∗ should occur at 273.87 ± 0.43 nm
with an oscillator force of 0.0077. Thus, what actually occurs is a
bathochromic effect in relation to the molecule in a vacuum.

The HB+PC model goes beyond electrostatic models and includes
explicitly solute–solvent hydrogen-bond structures. Consequently, it
allows extending the wave function on the solvent molecules, which
gives a better description of the phenomena. The disagreement be-
tween HB+PC and electrostatic models indicate that the explicit inclu-
sion of solvent molecules is fundamental to understanding the solva-
tochromism of NPE.

Concerning the excited state energies, Fig. 3 also plots the emission
spectra (red line) obtained for the NPE molecule at vacuum. Our TD-
DFT analysis performed at gaseous conditions indicates that the lowest
𝑛 ← 𝜋∗ is shifted 346.33 nm with an oscillator strength of 0.0047.
After including the solvent contributions by the C-PCM and ASEC elec-
trostatic model, the emissions at 333.33 and 332.08 nm are obtained,
respectively, which means moderate blue shifts of 13 and 14.25 nm. On
the other side, the inclusion of explicit solute–solvent interaction using
the HB+PC model indicates an average value of 337.78±0.92 nm, which
is in good agreement with the electrostatic models. Furthermore, at
least for the electronic excitations of NPE molecule, simple electrostatic
models are enough to obtain a reliable understanding of the molecular
photophysics.

As mentioned in the introduction, organics chromophores with
strong Stokes shifts (𝛥𝜆 > 30 nm) are interesting for a variety of
linear and nonlinear optical applications like solar cells, sensors, and
5

Table 4
The static dipole polarizability components (𝛼) and refractive index 𝑛, components
(𝛽𝑥, 𝛽𝑦, and 𝛽𝑧) of the static first hyperpolarizability (𝛽total), the frequency-dependent
(𝜔 = 1059.61 nm) term (𝛽HRS), depolarization ratio (DR), the static and frequency-
dependent second hyperpolarizabilities, ⟨𝛾⟩ and ⟨𝛾⟩THG. All values were calculated using
the CAM-B3LYP/6-311++G(d,p) quantum mechanical model:

Property Gas-phase C-PCM ASEC

𝛼𝑥𝑥 21.12 23.08 20.49
𝛼𝑦𝑦 16.33 22.56 21.25
𝛼𝑧𝑧 11.80 12.71 3.01
⟨𝛼⟩ 15.66 20.90 15.58
𝑉mol 1543.38 1384.41 1171.39
𝑛 1.49 1.80 1.68
𝐸gap 7.91 7.48 7.21
𝛽total 0.62 0.14 0.46
𝛽HRS 0.37 0.52 0.61
DR 2.28 1.52 2.10
⟨𝛾⟩ 11.06 25.91 10.83
⟨𝛾⟩THG 13.39 21.89 13.57

Units: 𝐸gap/eV, 𝛼∕10−24 esu, 𝛽∕10−30 esu, 𝛾∕10−36 esu, and 𝑉mol/a.u.
The conversion units are: 𝛼 (1 a.u. = 1.4819 ×10−25) esu, 𝛽 (1 a.u. = 8.63922 ×10−33

esu), 𝛾 (1 a.u. = 5.03670 ×10−40 esu).

biological probes against human diseases [6,7]. For the molecule in
the gas phase, a displacement of 75.89 nm is obtained. However, in an
aqueous environment, this Stokes shift decreases smoothly, assuming
the values of 65.27 and 63.24 nm, according to the C-PCM and ASEC
solvations models. Finally, the HB+PC analysis follows the same trend
indicated by the electrostatic models and confirms a pronounced Stokes
shift of 63.91 ± 1.35 nm.

3.4. Nonlinear optical properties

Dipolar polarizability
Table 4 shows the results for the dipole polarizability, ⟨𝛼⟩, cal-

culated at vacuum and solvent using the CAM-B3LYP/6-311++G(d,p)
level of quantum mechanics, besides the C-PCM and ASEC solvation
models simulating the water solvent. For the isolated MPE molecule,
the results indicate the dipole polarizability of 21.12 × 10−24 esu. Con-
cerning the solvent contributions, there is a discrepancy between the
C-PCM and ASEC models. The first of then indicates a polarization
effect over 30%, increasing ⟨𝛼⟩ to 23.08×10−24 esu. On the other hand,
the ASEC suggests that the contribution of the solvent is not significant
for the dipole polarizability, indicating an average value of 20.49×10−24
esu.

The values obtained are considered superior to those reported for
urea, which is a standard NLO chromophore. For instance, while Adant
and co-workers have reported dipole polarizability of 5.40×10−24 esu us-
ing second and fourth-order of Moller–Plesset perturbation theory [46],
Pluta used coupled-cluster with single, double, and perturbative triple
excitations to report the value of 5.34 × 10−24 esu [47].

However, in comparison with other dyes designed especially for
NLO uses, the title compound presents lower dipole polarizability val-
ues. For instance, Raiol and collaborators have estimated values for the
varying from 50.86×10−24 to 77.23×10−24 esu, depending on the cis–trans
isomerization [26]. Unfortunately, according to the Lorentz–Lorenz
equation, great dipole polarizabilities can generate bigger refractive
indexes. For instance, the above-mentioned dyes present a refractive
index varying from 1.758 to 2.374 [26]. In a water environment, the
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MPE molecule presents a lower refractive index. According to the C-
PCM calculations 𝑛 = 1.80. However, the ASEC results indicate a value
f 𝑛 = 1.68. Thus, this chromophore can be useful in optical fibers and
ensors preparation.

irst hyperpolarizability and the second harmonic generation
Table 4 shows the results for the parameters related to the second-

armonic generation calculated for gas-phase and different solvation
odels. Concerning the static hyperpolarizability at vacuum condi-

ions, the CAM-B3LYP DFT indicates a value of 0.62 × 10−30 esu for
total.

Concerning the solvent effects, analyzing the HOMO-LUMO energy-
ap (𝐸gap), from gas-phase (𝐸gap = 7.91 eV) to solvent, both PCM and
SEC models indicate that the system becomes more like a semicon-
uctor when in an aqueous environment. In fact, the results indicate
alues of 7.48 and 7.21 eV respectively for PCM and ASEC. According
o Oldar and Chemla equation [48], in such a situation, the optical re-
ponse should increase. However, both solvation models predict optical
esponse lower than that obtained for the isolated molecule. The 𝛽total
he values are 0.14 × 10−30 and 0.46 × 10−30 esu, for PCM and ASEC
espectively.

However, the inclusion of the frequency of light solves the problem
entioned above. For instance, the hyper-Rayleigh scattering technique

ndicates an in vacuum frequency-dependent hyperpolarizability (𝛽HRS)
f 0.37 × 10−30 esu. In a solvent media, C-PCM indicates a value of
.52 × 10−30 esu, while the ASEC suggests a 0.61 × 10−30 esu. Thus,
he solvent improves between 24 and 26% of the NLO behavior of the
hromophore. The values obtained for MPE are in good competition
ith other materials, like the urea molecule, which presents the first
yperpolarizability around 0.37 × 10−30 esu [49]. However, once NLO
arameters are additive properties [50], molecular systems like urea
nd NPE, under their crystallized forms can be used for diverse NLO
pplications.

econd hyperpolarizability and the third harmonic generation
Concerning the third harmonic generation, the second hyperpolariz-

bility (𝛾) is the most relevant parameter. Table 4 presents the results
onsidering two situations. First, the low frequency or static case, in
hich the NLO parameter is written as a simple average ⟨𝛾⟩ mentioned
bove. However, for the frequency-dependent situation 𝛾(−3𝜔;𝜔,𝜔, 0),
he second hyperpolarizability, is usually written similarly as the ⟨𝛾⟩THG

lso discussed above. Starting from the simplest case, the static form at
acuum conditions, the CAM-B3LYP DFT calculations indicate a value
f 13.39 × 10−36 esu.

Concerning the solvent contribution, the continuum, and discrete
olvation models, C-PCM and ASEC, show some discrepancies. For
nstance, the C-PCM calculations indicate a solvent effect that increases
he second hyperpolarizability by 134.27% concerning the gas-phase
alue, indicating the value of 25.91 × 10−36 esu. However, the ASEC
odel indicates an almost imperceptible solvent contribution with
𝛾⟩ = 10.83 × 10−36 esu.

The inclusion of the frequency of light leads to similar observations.
or instance, for the gaseous conditions, ⟨𝛾⟩THG is 13.39 × 10−36 esu,
hich is quite close to the static value. This finding indicates that high-
ower light improves moderately the THG effect. Concerning again
he solvent contribution, the C-PCM calculations indicate a value of
1.89 × 10−36 esu, meaning great variation, ca. 63% with relation to
acuum.

Concerning other NLO materials, the NPE molecule presents an
nteresting THG behavior. For instance, Adant and collaborators have
eported static values of 0.39×10−36 and 0.45×10−36 esu for the second
yperpolarizability [46]. In other words, the MPE molecule presents
alues almost one hundred times major than that found for urea, which
s well stabilized NLO chromophore.
6

. Conclusions

For the first time, it has been performed a systematic discus-
ion on the linear and nonlinear optical properties of the 1-nitro-2-
henylethane molecule, which is the active principle found in the
xtract of Aniba canelilla, an Amazonian medicinal plant. This work
ays special attention to the solvent contributions, which are car-
ied by continuum and a sequential Monte Carlo/Quantum Mechanics
rocedure.

The analysis of the NLO properties is carried out considering the
ow frequency and frequency-dependent domain. The title molecule
resents a lower refractive index and concerning the second and in
articular the third harmonic generation the material presents promis-
ory use in NLO. The electronic absorption and emission spectra also
ere characterized. The lowest-lying region of the spectra presents a

trong 𝑛−𝜋∗ excitation which suffers a strong Stokes shift in an aqueous
nvironment. Consequently, the studied chromophore can be useful as
molecular probe or even in solar cells applications.
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