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ABSTRACT
The application of nonlinear optical effects in optoelectronic devices is still scarce because the irradiance threshold necessary to induce a
specific effect is very high. In this context, knowing the frequency-resolved first order molecular hyperpolarizability (β) is essential to identi-
fying regions where this response is intense enough to allow for applications in commercial devices. Thus, herein, we have determined the β
spectral dependence of five new push–pull cinnamylidene acetophenone derivatives using femtosecond laser-induced Hyper-Rayleigh Scat-
tering (HRS). A considerable increase in β values was observed in molecules. We found remarkable β values in regions near the two-photon
resonance, which are mediated by electron withdrawing and donating groups. This effect was mapped using wavelength-tunable femtosec-
ond Z-scan technique. Furthermore, it was modeled in light of the sum-over-states approach for the second- and third-order nonlinearities.
Finally, our outcomes suggest a strategy to obtain large β values mediated by the 2PA transition.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0151622

I. INTRODUCTION
First-order molecular hyperpolarizability spectral dependence

[β(λ)] in organic molecules is essential for designing new pho-
tonics, optoelectronics, and nonlinear optical devices.1–8 Neverthe-
less, the dispersion of β has been rarely explored in the literature
from an experimental and theoretical point of view.9–11 Theoret-
ical studies are important to preview β(λ) values and support the
experimental data.12–14 Most of the experimental studies employing
Hyper-Rayleigh Scattering (HRS) technique15–17 were performed
only for one excitation wavelength.15,16,18,19 However, some papers
report the spectral dependence with a nanosecond pulsed laser,
which tends to induce spurious effects.20–22 From these, Zhu et al.22

were among the few who studied the spectral dependence of β in
azobenzene (push–pull derivatives) and described the enhancement

concerning the molecular shape performed by a nanosecond pulsed
laser. In other words, β(λ) values obtained from femtosecond laser-
induced HRS are still scarcer. Theoretical–experimental studies aim
to understand and predict molecular structure–property relation-
ships, specifically regarding β values that could be used to develop
new molecular structures.23,24 Furthermore, a significant increase in
β values has been observed in chromophores with asymmetric struc-
tures and systems with long conjugated chains, for instance, aro-
matic and heteroaromatic rings (π–bridge) with electron-donating
(ED) and electron-withdrawing (EW) groups grafted to them (D-
π-A structures). More complex architectures, such as quadruple or
octopolar branched structures25,26 and non-centrosymmetric semi-
conductor nanocrystals,27 are promising materials to present high
values of β.
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Cinnamylidene acetophenone (CA) derivatives are precursors
in synthesizing molecules with potential biological activity. Their
molecular structure is similar to curcumin, which is a natural
polyphenol considered a safe phytochemical. Curcumin presents
several pharmacological properties, such as anti-inflammatory, anti-
cancer, and antioxidant activities.28–36 Furthermore, this type of
molecular structure may be of great interest for nonlinear opti-
cal applications due to its high synthesis flexibility in terms of
π-conjugation length and addition of electron-withdrawing (EW)
and electron-donating (ED) groups,37,38 which may increase its non-
linear optical response. However, there is a lack of literature on the
nonlinear optical features of CA derivatives.

Therefore, this work represents a significant advancement in
understanding the relationship between molecular structure and
its potential for new nonlinear optical applications. In this con-
text, spectral-resolved HRS technique was implemented to describe
the β dispersion for five CA derivatives. From the experimental
spectra of β, we observed a two-photon transition enhanced HRS
signal (around 700 nm) for all molecules. Theoretically, the β sig-
nal presents one-photon (1PA) and two-photon absorption (2PA)
allowed resonances.39 In several studies, the 1PA resonances have
been used as a strategy to obtain large nonlinear optical effects.25,40

However, 2PA-allowed resonances are little explored because there
is a lack of information in the literature on the β dispersion. Herein,
we noticed that 2PA enhanced β values are one order of magni-
tude larger than in the region far from the two-photon resonance
(1200 nm). In addition, our outcomes show as the strength of
EW and ED groups played a fundamental role in the first-order
molecular hyperpolarizability magnitude of the studied molecules.
Consequently, the scattered molecular second harmonic spectra
have a global linear increasing tendency with the charge group
strengths.41

As complementary analyses for β, a modeling approach based
on the Sum-Over-States (SOS) model was used. In this case, we con-
nect molecular photophysical parameters obtained from the 1PA
and 2PA spectra to describe the β dispersion and the enhancement
effect caused by the 2PA resonance. Moreover, the experimental data
obtained by wavelength-resolved HRS technique (β values spectra)
and the 2PA cross-sectional values showed excellent agreement with
the phenomenological models applied.

II. EXPERIMENTAL DETAILS
Details of the synthesis can be found in Refs. 42 and

43. The nomenclature of the five CA molecules stud-
ied here, see Fig. 1, is (E,E)-cinnamylidene acetophenones
(C1), (E,E)-4′-fluorocinnamylidene acetophenones (C2),
(E,E)-4′-bromocinnamylidene acetophenones (C3), (E,E)-4′-
cyanocinnamylidene acetophenones (C4), and (E,E)-4′ methyl
cinnamylidene acetophenones (C5).

All samples used in this work were dissolved in pure dimethyl
sulfoxide (DMSO—P.A). The difference between CA derivatives is
related to the elements of peripheral groups. The main molecular
structure of CA derivatives can be described as two aromatic rings
joined by a carbonyl α,β,γ,δ unsaturated five-carbon. Beyond the
π-conjugated bridge, which leads to an increase in the nonlinear
optical response, the molecules C2, C3, and C4 all have EW atoms

FIG. 1. CA derivatives of a chemical molecular structure. The five molecules differ
by the peripheral groups attached to the left side of the phenyl group.

(F, Br, and CN), with only C5 having an ED group (CH3) bound in
the phenyl group in the para position. As a result, these molecules
can be treated as dipolar structures of the A-π-D and D-π-D types,
respectively.

A. One- and two-photon absorption measurements
For 1PA measurements, a commercial SHIMADZU UV-1800

spectrometer was used. All samples were dissolved in DMSO at
∼10−4 mol/L concentrations. A quartz cuvette with an optical path of
1 mm was used to measure the linear absorption spectrum. No fluo-
rescence was observed for all the CA derivatives using a commercial
HITACHI F-7000 fluorimeter and concentrations on the order of
10−5 mol/L. For 2PA measurements, frequency-resolved femtosec-
ond open aperture Z-scan technique was carried out (experimental
details are presented in the supplementary material, Sec. 1). 1PA
and 2PA measurements were performed to determine the photo-
physical parameters in order to simulate the first order molecular
hyperpolarizability dispersion.

B. Tunable femtosecond HRS technique
Femtosecond tunable HRS technique implemented employs an

optical parametric amplifier (Orpheus—Light Conversion) pumped
by an amplified femtosecond laser system (Pharos—Light Conver-
sion, 1030 nm, 190 fs, 7.5 kHz) as tunable laser excitation, allowing
for tuning from visible to near-infrared. A schematic figure of the
experimental setup used to perform HRS measurements is illus-
trated in Fig. 2. An automated rotation stage controls the λ/2 broad-
band waveplate that, combined with two polarizers, provides beam
power control while keeping the vertical polarization of the light
electric field. A λ/2 beam splitter separates a portion (<4%) of the
beam to a silicon or germanium reference photodetector. A cylindri-
cal lens was used to increase the irradiation area and, consequently,
the number of scattering centers.

Due to the very low intensity of the HRS signal,44 a photomul-
tiplier (PMT) is employed, combined with a lens telescope and a
concave spherical mirror. A long-pass filter was used at the entrance
of a dark box, allowing only the incident wavelength beam to pass
through. As a result of one measurement of HRS, a typical curve of
the scattered molecular second harmonic signal [I(2ω)] is obtained
as a function of incident beam intensity [I(ω)] for each frequency
ω. Each experimental point of the curve is averaged over ∼10k laser
pulses using two lock-in amplifiers, one for the reference detector
and the other for the PMT signal, increasing the signal-to-noise
ratio.
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FIG. 2. Schematic of the experimental optical setup of the tunable hyper-Rayleigh scattering for the measurement of the first order molecular hyperpolarizability β.

C. Determining the dispersion of first-order
hyperpolarizability by external reference
method (ERM)

Employing the ERM to determine the magnitude of the first-
order hyperpolarizability45,46 (see more details about the method-
ology in the supplementary material, Sec. 2), several measurements
were performed considering the reference sample and CA deriva-
tives, both dissolved in pure DMSO. As an example of typical HRS
experimental curves, in Fig. 3(a), one can see the quadratic depen-
dence of I(2ω) with I(ω) for several C3 concentrations, measured
with an incident laser beam at 850 nm. In addition, in Fig. 3(b), the
quadratic coefficients [I(2ω)/I2(ω)] are plotted as a function of the
C3, C4, and pNA concentration, showing a linear behavior expected
for this measurement. The linear fits (solid lines) return the slopes
with para-nitroaniline (pNA) as the reference sample. The measure-
ments were performed over a range from 750 to 1200 nm with 50 nm
intervals, and the values of β(λ) for pNA were obtained from the
work of Sciuti et al.47

III. RESULTS AND DISCUSSIONS
Figure 4 shows the 1PA (solid lines) and β(λ) (symbols, mea-

sured from 750 nm up to 1200 nm with steps of 50 nm for all five
cinnamaldehyde derivatives). The 1PA spectra show that all samples
are transparent for wavelengths longer than 420 nm, demonstrating
that there is not any 1PA in the region in which the HRS experiments
were performed. In addition, one can see a lower energy absorption
band located at 350 nm for all derivatives, which is related to the
longer molecular conjugated part of the derivatives, in this case the
cinnamylidene. Disregarding C1, the other samples present an extra
absorption band at c.a. 270 nm, which is caused by the presence of
the EW and ED on the acetophenone side. The maximum molar
absorption coefficient (ε) is around 30 000 M−1 cm−1 for the lowest
energy absorption band, observed in all molecules. For the second

absorption band, ε ranges from ∼9000 to 18 000 M−1 cm−1, accord-
ing to the strength of the ED or EW groups. As mentioned before,
all samples do not show any presence of fluorescence emission.

Furthermore, the β(λ) values tend to increase as the wave-
length of the laser becomes closer to the absorption of the molecule.
Indeed, a monotonic growth in β magnitude is observed from the
IR going into the visible region for all samples. One can note that
for wavelengths shorter than 850 nm, β increases considerably when
compared to the rest. These wavelengths are twice the 1PA wave-
lengths, which may indicate that the second harmonic generated is
being enhanced by a two-photon allowed transition at this region.

The largest β values for all molecules are observed at 750 nm.
It is possible to note that the molecules containing the ED or EW
groups also have higher values when compared to the C1 molecule
without any group. The largest value observed in C4 is approxi-
mately two times greater than C1. In addition, when excited around
1200 nm, all molecules slightly increase the β magnitude when
compared to C1. Both features are further explained based on the
sample’s energy-essential electronic states.

The increase in β values for all derivatives compared to C1
can be understood by the presence of the two 1PA bands. C1 has
only one 1PA band at the same region and the lowest β mag-
nitudes. Regarding C2, C3, C4, and C5, the enhancement of the
molecular second harmonic scattering may be attributed to the
higher energy band magnitude, which depends on the EW or ED
groups bound to phenyl. The presence of the higher energy band is
directly related to a decrease in the charge symmetry at the acetophe-
none molecule, originating an extra coupling between the radiation
and the molecules. This effect will be visualized by using the SOS
approach.

To shed more light on the results, we have employed the sum
over essential states approach to describe the experimental first-
order hyperpolarizability spectra37 considering two- (fundamental
state and one excited state—2LM) and three-level systems (one fun-
damental state and two excited states—3LM),47–50 respectively, for
C1 and the other molecules. Whereas all studied molecules present
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FIG. 3. (a) One example of the measurements of I(2ω) vs I(ω) and their respective quadratic fits for molecule C3 as a function of concentration, measured at 850 nm, in
which C1 is the most concentrated solution. (b) The linear dependence of the quadratic coefficient with sample concentration for pNA, C3, and C4 at the same wavelength.
Both error bars were estimated at 10%.

C2v-like symmetry (depolarization ratio ρ = ⟨β
2
XZZ⟩
⟨β2

ZZZ⟩
= 1

5 ), in which the
most uniaxial dipolar molecules with the z axis being the molec-
ular dipole axis and, consequently, the βzzz component is much
larger than βzxx.51,52 As the experimental HRS for all molecules was
obtained from 1200 to 750 nm, a simplified equation considering the
complete model described in Ref. 37 was used for the 2LM approach,

β2LM(ω, ω01, Γ01) = [
3μ01

2Δμ01

2(h̵ω01)
2 ][(

1
3

ω01

[(ω01 − ω) − iΓ01]

×
ω01

[(ω01 − 2ω) − iΓ01]
)]

= [
3μ01

2Δμ01

2(h̵ω01)
2 ][(

1
3

R1PAR2PA)], (1)

in which the quantities in the first square brackets define the static
first-order molecular hyperpolarizability β0, while the second rep-
resents the dynamical one that presents 1PA and 2PA allowed
resonances (R1PA and R2PA). In Eq. (1), μ01 is the transition dipole
moment from the ground state to the first excited state, Δμ01 is the
difference between the permanent ground state dipole moment and
the first excited state one, h is Planck’s constant divided by 2π, ω01
is the transition frequency related to the ground state (0) to the first
excited state (1), Γ01 is the half-width at half-maximum of the first
excited state absorption band, and ω is the laser incident frequency.
For the 3LM, the modeling equation is similar to Eq. (1), but with
an extra term added related to the second absorption band.37 Again,
in this case, the dynamic microscopic first-order hyperpolarizabil-
ity, from 1200 to 750 nm, is given by simplified 3LM considering
only two components of the sum-over-essential states.37 All details
of simplification were described in Sec. 5 of the supplementary
material, so:

β3LM(ω, ω01, Γ01, ω02, Γ02) = β2LM(ω, ω01, Γ01) +
3μ01μ02μ12

2(h̵ω01)(h̵ω02)

× [
1
3
(R2PA

(ω02)

(ω02 − ω − iΓ02)
)], (2)

in which the extra term brings additional photophysical parameters
associated with the second absorption band: μ02 is the transition
dipole moment from the ground state to the second excited state,
μ12 is the transition dipole moment from the first state to the sec-
ond excited state, ω02 is the transition frequency related to the
ground state (0) to the second excited state (2), and Γ02 is the
half-width at half-maximum referred to as the electronic transition
(0 → 2). As can be seen in Eqs. (1) and (2), it is necessary to know
some photophysical parameters to simulate the first-order molecular
hyperpolarizability dispersion.

In this manner, most of the input photophysical parameters
are obtained by carefully analyzing 1PA and 2PA spectroscopies:
the transition dipole moments (μ01, μ02), defined by the absorp-
tion bands according to Eq. (SI6); the central transition frequencies
(ω01 and ω02), obtained from the maximum absorption value of the
respective bands; and the line broadenings determined by FWHM
of the first and second excited states of absorption bands, respec-
tively (ranging from 0.3 to 0.5 eV). All these parameters were
determined from 1PA spectroscopy. More details are found in the
supplementary material, Sec. 3. As can be noted in Eq. (1), Δμ01
is known not only from 1PA measurements but can be from 2PA
spectroscopy. We used open-aperture Z-scan technique to measure
the 2PA cross-sectional spectra [σ2PA (λ)], shown as open circles in
Fig. 5 and Fig. SI-2. More details can be found in the supplementary
material.

Regarding the 2PA spectra, C1 depicts only one 2PA band, and
all the other ones have two 2PA bands, all mirroring the same posi-
tion of the 1PA bands (red dashed lines), an indication that the 1PA
bands are also 2PA-allowed for all molecules. The maximum value
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FIG. 4. The red circles represent the dispersion of the first-order hyperpolarizability β for the five CA derivatives obtained by HRS femtosecond technique with a red solid
line only to guide. The black solid lines show the 1PA spectra.
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of the 2PA related to the lower energy band (∼350 nm) is around 30
GM for all samples, which is in accordance with the ones observed in
similar molecular structures.45,53,54 Concerning the second 2PA state
(∼270 nm), the maximum 2PA cross-sectional values are slightly
higher than the ones observed in the first excited state. It can be seen
by comparing the 1PA and 2PA in Fig. 5, for the C4 molecule, for
example. In addition, between C1 and C4 molecules, only one 1PA
and 2PA bands are observed for C1; it can be understood due to the
lack of peripheral groups.

The magnitude of the 2PA cross section for the higher
energy band significantly increases depending on the peripheral
atom attached to the phenyl group. This variation is due to the
strength of the EW or ED groups, which optimizes nonlinear opti-
cal responses.55 It results in a considerable increment in the value of
the higher energy state’s transition dipole moment (μ02). Therefore,
our result shows the maximum magnitude of the 2PA cross section
for the higher energy band as follows: σCN

2PA > σBr
2PA > σF

2PA > σCH3
2PA in

accordance with the strength of EW/ED groups.
On the 2PA experimental spectra, we employ the SOS approach

to extract the values of the difference between the permanent dipole
moments of the ground and first excited states, the ground and
second excited states, and the transition dipole moment between
the first and second excited states, respectively, Δμ01, Δμ02, and μ12
for all molecules. The 2PA cross-sectional spectrum, for a non-
centrosymmetric charge distribution, can be described (blue solid
lines in Fig. 5 and Fig. SI-2) by using the following equation:56

σ2PA(ω) =
2
5
(2π)4

(chn)2 L4 1
π
[

Δμ2
01μ2

01Γ01

(ω01 − 2ω)2
+ Γ2

01
+

Δμ2
02μ2

02Γ02

(ω02 − 2ω)2
+ Γ2

02

+
ω2

(ω01 − ω)2
+ Γ2

01

μ2
12μ2

01Γ02

(ω02 − 2ω)2
+ Γ2

02

+
Δμ02μ02μ01μ12Γ02

(ω02 − 2ω)2
+ Γ2

02
], (3)

in which c is the speed of light, n is the DMSO linear refractive
index (n = 1.4793), and L is Onsager’s local field factor given by
L = 3n2

/(2n2
+ 1). All the terms inside of the square brackets were

used to describe the first 2PA band (first term), the second 2PA
(second term), the 1PA enhancement effect (third term), and the
interference term between both excited states (fourth term). This
complete equation was used to model all molecules except for C1,
for which only the first term was employed due to the presence of
only one 2PA band.

The photophysical parameters determined by 1PA and 2PA
are displayed in Table I. For all molecules, μ01 shows similar val-
ues, which is expected because they were all determined from the
first excited state band, which, according to the 1PA, has approxi-
mately the same molar absorptivity. The same can be seen for Δμ01
and Δμ02 values, which, respectively, are explained by the first and
second 2PA bands, which present similar 2PA cross-sectional val-
ues for all molecules. For μ02, which describes the transition dipole
moment from the ground to the second excited state, it is possible to
note, as cited before, an increase in the magnitude according to the
strength of ED or EW groups. The lowest value is determined for
C5, followed by C2, C3, and, finally, C4. This result demonstrates
that both the magnitude of first-order molecular hyperpolarizability
and the 2PA spectra have the same tendency.

With the photophysical parameters shown in Table I, we used
Eqs. (1) and (2) to simulate the dispersion of β(λ) for all molecules
from 600 up to 1300 nm. It is possible to see in Fig. 6 and
Fig. SI3 good agreement between the simulated results (red solid
lines) and the experimental ones (circles) obtained by femtosec-
ond wavelength-tunable HRS technique. For molecule C1, as can
be noted in Table I, only two photophysical parameters were essen-
tial to be used in Eq. (1) because only one excited state influences
the incoherent second harmonic generated at the measured spec-
tral region. For C4, and also C2, C3, and C5 molecules, besides μ01
and Δμ01, μ02 and μ12 were needed in Eq. (2), being μ12 the only free
parameter.

FIG. 5. Molar absorptivity spectra (red dashed lines), 2PA cross section (open circles), and the blue solid lines represent the adjustment using the SOS approach for C1 and
C4 molecules.
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TABLE I. Dipole moments (μ and Δμ) and resonance enhancement factors (R1PA and R2PA) were obtained from 1PA and
2PA and employed in the SOS approach.

C1 C2 C3 C4 C5

μ01 (D) 7.9 ± 0.7 7.7± 0.7 8.0± 0.8 7.8± 0.7 7.9± 0.8
μ02 (D) ⋅ ⋅ ⋅ 5.3± 0.6 5.8± 0.6 6.5± 0.7 4.7± 0.5
μ12 (D) ⋅ ⋅ ⋅ 2.8± 0.4 2.6± 0.4 2.6± 0.4 2.8± 0.4
Δμ01 (D) 7.7 ± 0.7 7.5± 0.7 7.5± 0.5 7.6± 0.7 7.6± 0.7
Δμ02 (D) ⋅ ⋅ ⋅ 8.6± 0.9 8.8± 0.9 9.5± 0.9 9.0± 0.9
R1PA (750 nm) 1.8 ± 0.2 1.9± 0.2 1.9± 0.2 1.9± 0.2 1.9± 0.2
R2PA (750nm) 10.8 ± 0.6 11.2± 0.6 12.4± 0.6 14.8± 0.8 10.1± 0.5

FIG. 6. Experimental dispersion of the first-order hyperpolarizability β (circles) with simulated results (red lines) and essential components (dashed lines) for C1 and C4
molecules.

For the C1 molecule, the first-order molecular hyper-
polarizability calculated at 1300 nm is close in value to the
experimental static first-order molecular hyperpolarizability,
β0 ∝ Δμ01μ2

01/(h̵ω01)
2, which is essentially determined by Δμ01 and

μ01 photophysical parameters. As the wavelengths get shorter, the
dynamical term, represented by the second squared brackets in
Eq. (1), starts to be relevant because the denominator shows two
resonance enhancement effects for the measured spectral region,
one at R1PA(ω01 − ω) and the other at R2PA(ω01 − 2ω). As can be
seen, the former, the one photon resonance term, is significant
when the incident laser frequency is approximately the same as the
transition frequency of the first excited state (ω01 ≅ ω), which, in our
case, is far from 750 nm. Thus, this term contributes as a minimal
value at the measured spectral region (see Table I). Therefore, the
latter becomes the more significant to describe the enhancement
of the first-order molecular hyperpolarizability at the 750 up
to 900 nm spectral region. In this case, when the incident laser
frequency is approximately half of the transition frequency of the
first excited state (a two-photon resonance term, ω ≅ ω01/2), R2PA
tends to ω01/Γ01(Γ01 ≪ ω01), enhancing the dynamical first-order

molecular hyperpolarizability. However, it only acts when the 1PA
transition is allowed by a 2PA as well, which is only expected in
non-centrosymmetric materials. Thus, the enhancement observed
in the C1 first-order molecular hyperpolarizability is triggered by a
2PA-allowed state, which imposes that Δμ01 is not null. The same
explanation applies to the other molecules as well. However, in this
case, in addition to having only one 1PA state, two 1PA states are
playing the role behind the first-order molecular hyperpolarizability.
Besides the two resonances described before, an extra 1PA reso-
nance, (ω02/(ω02 − ω − iΓ02)), emerges due to the 3LM approach.
In addition, this term is significant when the incident laser fre-
quency is approximately the same as the transition frequency of the
second excited state (ω02 ≅ ω), which, in our case, is far from
750 nm. Thus, this term also contributes as a minimal value at the
measured spectral region.

Another intriguing topic is understanding the effect of ED/EW
groups at β(λ) values. To support this explanation, two figures of
merit (FOM) were elaborated from an experimental point of view,
as shown in Fig. 7. Figure 7(a) brings up the values of β for 750 nm
(circles in blue), 850 nm (circles in green), 1000 nm (circles in red),
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FIG. 7. (a) Colored circles represent the experimental values of (β) as a function of η for wavelengths at 750, 850, 1000, and 1200 nm for all molecules studied. The
respective solid lines represent the linear fit that predicts the β values as a function of η. (b) dβ/dη as a function of pump wavelength. Black circles represent the values of
dβ/dη at the wavelength indicated in Fig. 7(a), and the red solid line is an eye guide for R2PA.

and 1200 nm (circles in orange) as a function of η parameter and
the respective linear fits. η is defined here as the parameter associ-
ated with the effective contribution of the magnitude of the dipole
moments (η = μ01

2Δμ01 + μ01μ02μ12) in β values and is implicitly
connected with the strength of peripheral groups.57–59 For all wave-
lengths, β(λ) grow linearly with η, with a stronger dependence for
wavelengths closer to the 1PA band, as shown by the rising slope of
the linear fits. This effect is relative to the proximity of the incident
laser wavelength to twice the energy band wavelengths, being both
states responsible, whereby this statement can be seen in Fig. 7(b).
For values between 1000 and 1200 nm, the value of slopes is approx-
imately the same. It can be explained by a majority contribution
from the static first-order molecular hyperpolarizability given by
β0 =

3
2(

μ01
2Δμ01

(h̵ω01)2 +
μ01μ02μ12

(h̵ω01)(h̵ω02)), where, for the 2LM, just the first term
in the brackets is computed. Additionally, a remarkable increase in
the values of β occurs at shorter wavelengths, which is connected
to the enhancement promoted by the dynamical term (R2PA). Con-
sequently, these results show that the insertion of EW/ED groups
enhances the incoherent second harmonic scattering in regions near
the 2PA resonance. In a mathematical idea, the slope ( dβ/dη) shows
how the value of β is incremented by an increase of one unit of η.
Therefore, with the FOM represented in Fig. 7(a), it is possible to
predict that, for this class of molecules, β values originated by the
inclusion of other peripheral atoms with different strengths of ED
or EW groups. Section IV of the supplementary material shows all
the fittings curves.

It is worth mentioning that the first-order molecular hyper-
polarizability spectrum also allows for the determination of pho-
tophysical parameters, such as those shown in Table I. After the
modeling, it was observed that the values for μ12 are equivalent to
those determined by the 2PA approach. Thus, the photophysical
parameters can be determined regardless of the nonlinear optical

constant modeled, i.e., via first-order hyperpolarizability disper-
sion β(λ) or via 2PA cross-sectional spectra (σ2PA), indicating the
consistency of experiments with the simulated data. Finally, these
nonfluorescent molecules combine satisfactory β values at the ther-
apeutic window (650–800 nm) and high biocompatibility ideal for
applications in exogenous probes to Second Harmonic Generation
(SHG) microscopy at biological tissues.60–63

IV. FINAL REMARKS
HRS measurements were performed on five samples from cin-

namylidene acetophenone derivatives in a broad spectral range of
750–1200 nm, in which modeling of β dispersion was used to cor-
roborate the experimental data. The β experimental dispersion near
1PA resonance showed a significant disparity depending on the EW
or ED in the peripheral structure. The molecule C4, which has
the highest β value at 750 nm (βC4 = 295 × 10−30 cm4 statV−1)
compared to C1 (βC1 = 148 × 10−30 cm4 statV−1), shows an approx-
imately twofold increase in its value, demonstrating the importance
of understanding the effects of adding ED and EW groups to the
molecular structure. In our study, we concluded that the addition
of ED and EW groups leads to the substantial contribution of the
higher energy electronic state on the increase of β. This effect was
quantified through FOM-β, which is implicitly connected with the
strength of ED or EW groups.

Furthermore, the β dispersion obtained through the modeling
has presented considerable agreement with the experimental ones.
It was shown that the photophysical parameters obtained separately
by the SOS approach for 2PA or β display the same values, con-
firming the reliability of our method. Finally, we show that the β
value is significantly enhanced by one order of magnitude due to the
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2PA resonance. Such interesting outcomes may guide the synthesis
of novel molecules with remarkable first-order hyperpolarizability
with potential applications in SHG microscopy.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of Z-scan tech-
nique and the experimental and phenomenological 2PA cross-
sectional spectra for C2, C3, and C5 molecules; description of the
External Reference Method (ERM) to calculate experimentally the
β(λ) values and the results for the dispersion of C2, C3, and C5
molecules; the linear absorption and Gaussian decomposition of
all molecules; the equation of FOM [Fig. 7(a)] to predict the β
values for other EW/ED groups; and, finally, the simplified equa-
tions to the SOS approach for a phenomenological determination of
β(λ) values.
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