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ARTICLE INFO ABSTRACT

Keywords: Organic molecules exhibiting second and third-order nonlinear optical properties (NLOP) allow several appli-

Z-Scan teCh.“ique cations in optics and photonics. Among the class of organic compounds, terpenoid-like chalcones derivatives

Iggplerp(’lamablhty constitute a suitable choice as nonlinear optical materials, given the possibility of obtaining a wide range of
alcone

compounds that can be used in biophotonic applications. In this way, here we present a study of the first-order
molecular hyperpolarizability and the two-photon absorption (2PA) cross-section of several terpenoid-like
chalcones derivatives, aiming for applications in the therapeutic window. The 2PA spectra were evaluated
employing the femtosecond tunable Z-Scan technique from 480 nm to 850 nm, and the first hyperpolarizability
was determined at 1064 nm using the Hyper-Rayleigh scattering (HRS) technique. Moreover, the first-order
molecular hyperpolarizability and the 2PA spectra were modeled by the sum-over-states (SOS) approach and
undamped phenomenological model, respectively, providing new insights into the properties and compounds
structure relationship. Results showed that substituent features, such as electron-donating or withdrawing
ability, were associated with the 2PA cross-section magnitude. Regarding HRS results, it was possible to compare
the difference of state dipole moment from both approaches, combining two experimental routes to determine
photophysical parameters of non-fluorescent compounds, revealing the structure-relationship aiming the in-
crease of the NLOP at the near-infrared region.

Nonlinear optics

1. Introduction strategically modified are the research target for developing nonlinear

organic materials.

Organic molecules exhibiting second and third-order optical non-
linearities are of foremost importance for developing applications in
optics and photonics. Such properties can be exploited in optical power
limiting [1], two-photon fluorescence imaging [2], 3D microfabrication
[3,4], optical data storage [5,6], photodynamic therapy [7], and other
photonic applications[8-14]. As it is known, the nonlinear optical
properties depend on the molecular structure; the z-bridges allow an
electronic delocalization leading to high odd nonlinearities [15], which
can be further increased by adding withdrawing-electron or/and donor-
electrons groups [16,17]. In this way, molecular frameworks that can be
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Specifically, the chalcone backbone consists of two aromatic rings
linked through a three-carbon «a,f — unsaturated carbonyl system [18]
that provides high z-electron delocalization owing to the double-bond
between the rings. Owing to their intrinsic electron mobility, they are
excellent candidates for nonlinear optical materials. Besides, chalcones
are a well-known molecular class, which are naturally found in plants
but are also synthesized in laboratories, with large biological applica-
tions as antibacterial [19] and anticancer [20]. In recent years, however,
studies have shown that these molecules exhibit a high trend to crys-
tallize [21], intense absorption in the UV/Vis region, and, most
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Fig. 1. The molecular structures of terpenoid-like chalcone derivatives.

importantly, high optical nonlinearities, including two-photon absorp-
tion (2PA) [22]. Because chalcones can be easily synthesized, they
constitute a suitable choice as nonlinear optical materials, given the
possibility of obtaining a wide range of compounds bearing the same
molecular backbone. Therefore, studies on the nonlinear optical prop-
erties of chalcone derivatives provide insights on how changes in the
molecular structures can enhance the optical nonlinearities towards the
design of novel functional materials.

Terpenoids are hydrocarbons constituted by isoprene units (CH2 = C
(CH3)-CH = CH2) which are found in plants, fungus, marine organisms,
animals, oils, and other [23,24] While terpenes are simple hydrocarbons
compounds, terpenoids are modified terpenes containing different
functional groups and oxidized methyl groups. These changes provided
diverse properties and functionalities such as biological activity and can
be used for the treatment of many diseases, including cancer [25,26].
Besides, terpenoid-like molecules, such as carotenoids, present intense
nonlinear optical properties with potential application in photonic de-
vices[27-30]. Terpenes and terpenoids can be considered building
blocks to develop new compounds for different applications.

Recently, new terpenoid-like chalcone derivatives with
donor-acceptor (DA)-type structures were synthesized [31]. The struc-
ture of terpenoid-like chalcones is a hybrid compound with both struc-
tural frameworks, chalcone and ionone. f-ionone is a cyclic terpenoid
compound, is the basic nucleus of retinoic acid, retinol, p-carotene, and
vitamin A. Ionone derivatives occur in fruits, vegetables, and grains
containing p-carotene [31]. Terpenoid-like structure raises the conju-
gation of chalcone frameworks and may be responsible for the increase
of the structural stability of these compounds, which contribute to the
development of crystals for nonlinear optical devices. Although these
compounds have presented biological activity against tumor cells [32],
linear and nonlinear optical properties of these compounds were not
studied yet.

Here we studied the one-photon absorption (1PA), 2PA spectra, and
the first-order molecular hyperpolarizability of several terpenoid-like
chalcones with a common central molecular structure, differing from
each other by the distinct substituents (Cl, Br, CH3, OCH2CHgs or NO3)
placed at different positions of the main chalcone backbone. The 2PA
cross-section spectrum was determined by the open-aperture Z-Scan
technique [33,34] with excitation wavelength ranging from 480 nm to
850 nm, aiming, in specific, the determination of the 2PA magnitudes at
the therapeutic window. The results were modeled by the sum-over-
states approach that allowed determining photophysical parameters,
such as transition dipole moments and the dipole moment difference
between electronic states. It was observed a relationship of chalcones
with groups Cl, Br, CHs and OCH,CHj3 (electron donor substituents)
linked to its core, displaying a higher 2PA cross-section than the ones
with NO,, in agreement with molecular orbitals calculations. Moreover,
the Hyper-Rayleigh scattering (HRS) technique was used to determine
the first-order molecular hyperpolarizability of the samples, which was
phenomenologically modeled to determine the dipole moment

difference. As a result of these approaches, excellent agreement between
the dipole moments difference was obtained combining second- and
third-order optical nonlinearities, indicating a new path to experimen-
tally determine photophysical parameters for non-fluorescent com-
pounds, which generally is a challenging task. Moreover, regarding NO2
derivatives it was observed an increase of the dipole moments states
difference from ortho, meta, and para-position leading to a considerable
increase of the first hyperpolarizability.

2. Experimental section

Details about the synthesis of the seven terpenoid-like chalcone de-
rivatives studied in this work, whose molecular structures are displayed
in Fig. 1, can be found in Ref. [35]. The nomenclature used for the
compounds is: ChCl ((1E,4E)-1-(4-chlorophenyl)-5-(2,6,6-trimethylci-
clohex-1-en-1-yl)penta-1,4-dien-3-one), ChBr ((1E,4E)-1-(4-bromo-
phenyl)-5-(2,6,6-trimethylciclohex-1-en-1-yl)penta-1,4-dien-3-one),
ChCH3 ((1E,4E)-1-(p-tolyl)-5-(2,6,6-trimethylciclohex-1-en-1-yl)penta-
1,4-dien-3-one), ChOCH2CH3 ((1E,4E)-1-(4-methoxyphenyl)-5-(2,6,6-
trimethylciclohex-1-en-1-yl)penta-1,4-dien-3-one), ChNO2o ((1E,4E)-
1-(2-nitrophenyl)-5-(2,6,6-trimethylciclohex-1-en-1-yl)penta-1,4-dien-
3-one), ChNO2m ((1E,4E)-1-(3-nitrophenyl)-5-(2,6,6-trimethylciclo-
hex-1-en-1-yl)penta-1,4-dien-3-one, ChNO2p  ((1E,4E)-1-(4-nitro-
phenyl)-5-(2,6,6-trimethylciclohex-1-en-1-yl)penta-1,4-dien-3-one.
Such compounds were divided in two groups to clarify the results pre-
sentation. Group 1 is composed of ChCl, ChBr, ChCH3 and ChOCH3, in
which different peripherical groups (Cl, Br, Ch3 and OCH3) are linked at
para-position of terpenoid-like chalcone backbone (Cl, Br, Chs and
OCH3s). The second one, Group 2, consists of ChNO20, ChNO2m and
ChNO2p with a nitro (NO2) in orto, meta and para positions, respectively
(Fig. 1). It should be mentioned that group 1 and 2 may exhibit a D-n-A-
n-A and D-n-A-n-D, respectively. Therefore, group 1 and group 2 may
have a charge distribution with dipolar-like and quadrupolar-like
character, respectively.

Linear absorption measurements were carried out in dimethyl-
sulfoxide (DMSO) solutions of the compounds with a concentration of
approximately 5 x 10> mol/L, placed in a 1 mm optical path length
quartz cuvette. A Shimadzu UV-Vis 1800 spectrometer was used to ac-
quire the absorption spectrum at the UV-Vis-NIR spectral region. Two-
photon absorption measurements were performed through the Z-Scan
technique, in which the sample is translated around the laser’s focus
while its normalized transmittance (NT) is acquired. From such an
experiment, the nonlinear absorption coefficient (%) is determined,
and subsequently the 2PA cross-section (o2p4) by using o2pa = hyf/N, in
which N is the density of molecules per cm® and hv the photon energy.
For the Z-scan measurements, we used a Ti: Sapphire chirped-pulse
amplifier (CPA-2001, Clark-MXR Inc), centered at 775 nm with a
repetition rate of 1 kHz and pulses of 150 fs. Such laser was employed as
a pump source for an optical parametric amplifier (TOPAS, Light Con-
version) producing 120 fs pulses with wavelengths between 470 and
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Fig. 2. The molar absorptivity of terpenoid-like chalcone derivatives in DMSO
for a) group 1 and b) group 2.

Table 1

Spectral positions of the lower and higher energy transition of the chalcone
derivatives in DMSO and gas-phase (G-P), oscillator strength of lower and higher
energy band (fo; and fo2) in DMSO, determined with functional CAM-B3LYP/cc-
pVTZ.

CAM-B3LYP/cc-pVTZ

Compound 2577 (nm) JPMSO (nm) JPMSO (nm) for foz
ChCl 312 334 - 1.05 -
ChBr 313 334 - 1.08 -
ChCH3 310 335 - 1.08 -
ChOCH2CH3 298 346 - 0.83 -
ChNO2o0 306 331 268 0.83 0.24
ChNO2m 309 332 288 0.81 0.41
ChNO2p 320 344 - 0.96 -

2200 nm, allowing investigation of the 2PA in a wide spectral range.
2PA cross-section spectrum was measured for the studied compounds
from 480 nm to 850 nm, with a 10 nm step. A spatial filter consisting of a
60 pm pinhole was employed to obtain a Gaussian profile for the exci-
tation beam. A silicon photodetector is connected to a lock-in amplifier
to collect and average (1000 laser shots) the NT of the sample for each z
position.

To determine the first hyperpolarizability () the hyper-Rayleigh
scattering (HRS) technique [36] was used. The experimental setup
consists of an Nd:YAG Q-Switched mode-locked laser at 1064 nm
working at 300 Hz. The laser pulse is composed of an envelope

Journal of Photochemistry & Photobiology, A: Chemistry 429 (2022) 113898

containing about 30 pulses (100 ps) separated by 13.2 ns. The laser is
focalized in the sample with an intensity I(w), and the nonlinear scat-
tering intensity I(20) is acquired by a photomultiplier tube positioned
perpendicularly to the laser beam. A bandpass filter at 532 nm is placed
at the photomultiplier window to guarantee that the collected signal is
from the nonlinear scattering. HRS experiments’ signal is collected at
90° in relation to laser excitation. In such geometry and regarding the
laboratory’s coordinates (X,Y,Z) and molecular’s coordinates (x,y,z), if
the laser propagates in the X-direction and is vertically polarized in the

Z-direction, the HRS signal can be written as () = \/{f%;;) + (#2;;), in

which (6%,,) and (#2,,) are macroscopic averages in which the first sub-
index (Z or X) is related to the state of polarization of the HRS signal. It is
possible to rewrite () as a function of molecular first-order hyper-
polarizability (molecular system reference) [22]. More details about the
technique can be found in Ref [37]. The intensities relationship is given
by:.

120) =Gy NP (o) )

in which N; is the molecular concentration, M is the number of com-
ponents that could contribute to the HRS signal, is this case, M = 2
(DMSO and terpenoid-like chalcone derivative). However, experiments
employing just the solvent (DMSO) were performed, and the HRS signal
of DMSO can be neglected compared with the chalcone ones. Addi-
tionally, G is an instrumental factor that depends on the experimental
setup. This constant can be determined using a sample with known fRS;
in this work, we used as a reference para-nitroaniline (pNA) in DMSO
(8 = 25.3 x 103%su) [37]. Hence ghalone s determined using

2
:6 PNA Qchalcone

ﬂchah’one — (2)

QApNA

in which @chqicone and apna are the angular coefficient of I(2w) vs N; plot,
and they are given by dchatcone = GBehgicone A0 tpna = Gfay,- f values are
usually presented in esu and the conversion factor from SI and atomic
units to esu are given by 2.693 x 10%° cm® esu! and 8.641 x 10”3 cm®
esu'l, respectively [38,39]

Finally, TD-DFT calculations have been performed using the
Gaussian09 program. The optimized geometries were obtained at the
B3LYP/cc-pVTZ level in the gas phase and DMSO by using the polariz-
able continuum model (PCM) solvation model [40]. The vertical exci-
tation energies at the optimized structures were obtained at the CAM-
B3LYP/cc-pVTZ level.

3. Results and discussion

As depicted in Fig. 2, compounds of Group 1 presented electronic
transitions between 300 and 350 nm, while the ones from Group 2
displayed two electronic transitions: for ChNO2o and ChNO2m, the
higher and lower energy electronic transition is at around 270 nm and
350 nm, respectively. On the other hand, for ChNO2m, the higher en-
ergy electronic transition is at about 350 nm, and the lower one is at
around 450 nm. Different features were observed at the lower energy
band for each compound, such as spectral position and magnitude of
molar absorptivity coefficient (¢) due to different withdrawing and
donor-electron groups linked on the chalcone backbone.

All the compounds presented magnitudes of molar absorptivities (¢)
around 2.0 x 10* L mol™! cm™, except for ChCH3 and ChNO20, which
displayed values of ¢ around 1.2 and 1.5 x 10* L mol™! em™}, respec-
tively. In fact, the chalcone backbone has attracted attention in 2PA.

studies due to its entirely conjugated moiety made up of alternated
single and double bonds [22]. Besides, for Group 1 (Fig. 2a) it was
observed only one absorption band, while for Group 2 (Fig. 2b), a
second electronic transition, possibly owing to the strong electron-
withdrawing character of NOy groups, was observed. The template
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Fig. 3. Experimental (black dashed lines) and simulated (red continuous line) oscillator strength for the chalcone studied here.

compounds of Groups 1 and 2 were those synthesized in high yields.

The considerable decrease of ¢ for compound ChCH3 may be related to
the weak donor-electron character of CHs when compared to the
stronger character of OCHs and the electron-withdrawing trend of Cl

and Br. Analyzing the maximum absorption bands, the presence of Cl,
Br, (acceptor-electron atoms), and CHs (weaker donor-electron group)

substituents slightly affect the peak position. However, changing these
substituents by OCHs (stronger donating-electron group) causes a

pronounced experimental redshift of 23 nm. Such observation could be
explained because the D-n-A (OCHs-n-C = O) molecular structure in-
creases the effective conjugation length (increase owing to the addi-
tional charge-transfer) compared to A-m-A, whose strong electron-
withdrawing groups decrease effective conjugation length. In addition,
a considerable shift of the lower energy band of ChNO2p (NO; at para-
position) was verified, with a shoulder around 440 nm.

Table 1 shows TD-CAM-B3LYP/cc-pVTZ results for the electronic
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transitions of the compounds in gas-phase (15;¥) and DMSO (A0¥50) as

well as the oscillator strength of the lower (fo;) and higher (fo2) energy
transition. For compounds of Group 1, the highest shift between gas-
phase and DMSO was observed for ChOCH2CH3 (48 nm), while the
lowest one was observed for ChBr (21 nm). On the other hand, in
compounds of Group 2, similar redshifts — ChNO20o, ChNO2p, and
ChNO2m presented 25 nm, 24 nm, and 23 nm, respectively — were
observed for all compounds, indicating that ortho, para, and meta sub-
stitution may have the same influence on it. The redshift observed in
DMSO media may be understood owing to the energy-losses of the
excited state to reach the stabilization of it (values of dielectric constant
and linear refractive index of DMSO are 46.7 [41] and 1.47 [42],
respectively.) Besides, the spectral width (considering a Lorentzian
spectral width) was around 60 nm for all compounds studied in this
work.

In Fig. 3, the normalized theoretical absorption spectra (red line) are
compared with the corresponding experimental ones (black dashed
lines) for the studied compounds. In such results, it was considered that
molecules are dissolved in DMSO. A better agreement between the
convoluted theoretical results with the experiment is achieved with a
half-width at half-maximum between 60 and 70 nm. It is important to
highlight that for Group 2 theoretical results displayed two excited
states closer to each other, while for Group 1 just one was verified,
which agrees with the experimental results.

The experimental 2PA cross-section values were determined through
the tunable femtosecond Z-Scan technique. Typical signals for excitation
wavelengths are displayed in Fig. 4. For all other compounds and
wavelengths, the same behavior was observed.

The 2PA cross-section (2PACS) results displayed in Fig. 5 (open
circles) revealed that all compounds presented a non-centrosymmetric
charge distribution character, as the 1PA state is also accessed by 2PA.
Besides, molecules of group 1 presented one 2PA allowed band at the
near infrared region. For this group, ChCl compound displayed the
largest 2PACS, with 32 GM. Compounds ChBr, ChCH3, and
ChOCH2CHS3 presented similar 2PACS values of approximately 25 GM.
In the case of terpenoid-like chalcone derivatives of Group 2, it was
observed a particular behavior related to the -NO, group position. Two
allowed 2PA bands were observed for -NO» at ortho and meta position, in

1287° | (Au545,) Gor (Apiottty) Goo @’

Journal of Photochemistry & Photobiology, A: Chemistry 429 (2022) 113898

which the highest energetic ones show approximately two folds of
magnitude compared to the lowest ones. However, when -NOy is at para
position, only one 2PA allowed band was obtained with the smallest
2PACS of all compounds. The absence of a 2PA lower energy band may
be explained by the largest split of the states in comparison with ortho
and meta derivatives, shifting the 2PA lower energy band to higher
wavelengths. In the last years, nonlinear properties of diverse chalcones
derivates have been evaluated [43], and the obtained values in the
present work are close to the best values previously found [43].

To better understand the 2PACS spectra, we used quantum chemistry
calculations (QCC) to determine the frontier molecular orbitals of the
terpenoid-like chalcone derivatives studied here. Results showed that
the lowest energy band originates mainly from the excitation of the
lowest occupied molecular orbital (HOMO) to the highest unoccupied
molecular orbital (LUMO), which correspond to a n-n* excited state. The
frontier molecular orbitals are shown in Fig. 6. For terpenoid-like
chalcone derivatives with Cl, Br, CHs and OCH,CHjs substituents
(Group 1), the HOMO orbitals are mainly localized on the central
conjugated open-chain and the aromatic ring; upon excitation, the
LUMO orbitals also exhibit a similar distribution, but with a higher
localization on the central moiety. In contrast, for the nitro derivatives
(Group 2), the HOMO orbital is localized on cyclohexene, whereas the
LUMO is localized on the nitrobenzene moiety, indicating an efficient
intramolecular charge transfer. It is essential to mention that the NO,
group has a more effective electron-accepting character than C=0,
which may explain the unexpected decrease of 2PACS for compounds of
Group 2. Also, based on the frontier molecular orbitals, the compounds
can be separated into two parts, considering the carbonyl groups as the
center: (i) the cyclohexene ring, which is the same for all compounds,
and (ii) the para-substituted phenyl ring. The methyl radicals appended
on cyclohexene are electron donors (D), while the C—=O group is an
acceptor (A) such that a D-z-A path comes from this six-membered ring.
On the other side of the molecules, there is also a similar D-z-(A or D)
structure, depending on the substituent (electron acceptor or donor
group). For the compounds studied here, the incorporation of donor
substituents rather than acceptor ones gives rise to a D-r-A-n-D struc-
ture, which can enhance nonlinear response resulting in improved 2PA
cross-section. In other words, the D-n-A-n-D structure is more promising
in terms of 2PA in our compounds due to cooperative electron donation
to the central acceptor group, rather than a D-n-A-n-A structure where
there are two acceptor groups competing for just one electron donor.

We have also modeled the 2PACS spectra of the studied compounds
using the SOS approach (red lines — Fig. 5). Such a model considers the
essential electronic energy levels which mainly contribute to nonlinear
optical processes. For the compounds studied here, the energy diagram
used in the SOS model is displayed in Fig. 7. Because for compounds of
Group 1 we verified only one electronic transition (So — S1), the 2PA
cross-section, in the context of the SOS model, is described by.

3

0(@)yps =

1287° (Mg ) Gon
5(hcn)® | (w0 — @)* + G,

in which h is the Planck’s constant, c is the light speed, n is the linear
refractive index of the solvent, and L is the Onsager’s field factor given
by 3n%/(2n? + 1).001, Apg; and pg; are the frequency transition, the
dipole moments difference, and the transition dipole moment from the
ground to the first excited state, respectively.

Owing to the presence of two excited states (S; and Sp) for com-
pounds of Group 2, the 2PA cross-section is given by [44-47].

(ﬂ%z/‘%l ) G

0(@)yps =

5(hen)’ | (w01 —20)* + G2, (w0 —20)* + G2,

(o1 — w)* + G, (w0 —2w)* + G,

(Aptgatoobioittin) Go @
2 2
(w02 — 20)" + Gg,
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represent the model with SOS approach.

in which wo2, Apy, and pg, are the angular frequency transition, the
dipole moments difference, and the transition dipole moment from the
ground to the second excited state, respectively. However, for a three-
level-energy system, there is a three-state term (third term in brackets)
and an interference term (fourth term in brackets). The former is related
to the absorption of the first excited state to the second one, while the
latter is related to a mixing of all states involved in the molecular system,
which generates interference between them.

The parameters necessary to apply the SOS approach are y;, jig,
H12 Aoy and Apg,. The transition dipole moments y, are determined
from the linear absorption measurements applying [48,49].

> 3x10%n(10)hc n 1

f
(275)3NA L2 @op /g,

where n is the state of interest (n = 1,2), N, is the Avogadro’s number,
ffl’ &(w)dw corresponds to the integral of the lower energy band in ¢ units

e(w)dw )

—
On

and oy, is the angular frequency transition. The values obtained for i,
are listed in Table 3. Ay, Ay, and yi,, are obtained by fitting the SOS
model to the experimental data (red line in Fig. 5). The parameters
obtained from the SOS model are presented in Table 2.

The SOS results (Table 2) reveal high values ofAp;, which is a
characteristic of non-centrosymmetric compounds. Regarding Group 1,
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Fig. 6. The frontier molecular orbitals of terpenoid-like chalcone derivatives in DMSO.
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Fig. 7. The representative state diagram for two and three states considered in
the SOS approach and.
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it is observed that when electron-acceptor groups instead of electron-
donating ones are grafted at terpenoid-like chalcone backbone, lower
values of Ay, were observed (see Table 2), indicating that the charge
displacement in the first excited state is higher for all D-n-A-D-like ar-
chitecture. Considering Group 2, it is observed that Ay, scales from

Table 2
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ortho to para-position, with meta as intermediary value, which can be
related to structural changes caused by the distinct substitutions.

Hyper-Rayleigh scattering was used to explore the first hyper-
polarizability () of the terpenoid-like chalcone derivatives studied in
this work. Nonlinear scattering at 532 nm was measured upon sample
excitation at 1064 nm, i.e., two photons are destroyed to create a more
energetic one. Experimentally, the samples are excited at 1064 nm with
an intensity I(w), while the intensity of I(2w) of the light scattered at
532 nm is collected. The quadratic dependence between I(w) and I(2w),
as can be seen in the insets of Fig. 8, reveals the second-order nature of
the process. To determine f, the intensity I(2w) divided by () is
plotted as a function of the concentration of the compound for each
sample, as depicted in the inset of Fig. 8.

Results of HRS (see Table 3) shows that for ChCl and ChBr, which
present Cl and Br linked to the chalcone moiety, display similar values of
p at 1064 nm. These results agree with previously reported ones [50], in
which values of approximately 25 x 10° esu were determined for the
first hyperpolarizability for chlorine, and brome substituted chalcones.
Besides, the sample ChOCH2CHS3, displays a p value of 33.6 x 10" esu
[14], revealing that donor-electron groups can considerably increase the
nonlinear scattering owing to the A-n-D molecular arrangement. This
value is in the same order magnitude as the best results found for
chalcones derivates [11,22]. Regarding Group 2 compounds, see Fig. 8
(b), one can note an increase of the second-order molecular hyper-
polarizability magnitude when the NO, radical is changed from orto to
para position, indicating an increase of effective conjugation length. This
result was expected as SOS results displayed higher value of Ay, for
ChNO2p derivative.

The first hyperpolarizability can be modeled by applying a

Linear and nonlinear optical parameters determined. The superscript SOS on the dipole moments difference was placed to highlight such values were obtained from the

SOS fitting to the experimental data.

ChCl ChBr ChCH3 ChOCH3 ChNO2o ChNO2m ChNO2p
Aot (nm) 327 329 329 352 337 326 440
Aoz (nm) - - - - 280 292 330
Hor (D) 6.2 + 0.6 59+ 0.6 4.2+0.4 5.2 +0.5 3.6 £0.4 3.8+04 1.4+£0.1
Aﬂg?s(D) 12+ 2 9+2 15+3 12+£2 91+3 9.7+3 139+2
Ho2(D) - - - - 6.2+ 0.6 7.0 +£0.7 7.9 +0.8
Au3?s (D) - - - - 33+06 3.4+0.2 2.6 £0.3
#15(D) - - - - 6.5+ 1 5.9+ 0.4 7.0 £ 0.3
Table 3
Experimental first hyperpolarizability at 1064 nm () for all compounds studied in this work.
ChCl ChBr ChCH3 ChOCH3 ChNO2o0 ChNO2m ChNO2p
B(x 10Pesu) 22+ 4 20+ 4 22+ 4 33+6 21+4 28+6 39+8
10 10 — T T T T T T
(b)
9 E 9t 4
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Fig. 8. The linear fitting to obtain a@<o" of each sample for a) group 1 and b) group 2.

and I(o) for a) ChCl and b) ChNO2p, for instance.

L !
10 15 20
Concentration (mM/L)

25 30 35

Besides, the graphs’ inset displayed the quadratic relationship between I(20)



D.S. Manoel et al.

30 T T T T T T T
O Ay, (SOS)

25 L X Apy; (HRS) |

20 - .

Apg(D)
o

0 1
oG

1 1 1 ?’ 1 1 1
cner oho\g";’\o0H2°€‘“N02%m02“&m02"

Compound

Fig. 9. Comparison of Ay, values obtained through 2PA (SOS) and HRS
modeling of the experimental results for the compounds studied here.

phenomenological approach [51] that considers an undamped two-level
system, considering the resonant enhancement effect that appears when
the excitation energy approaches the first electronic transition. Ac-
cording to this model,.

P(—2w;0,0) = 6)

2
oy g |to: | |AP‘{)11RS‘
(05, — 40?) (@) — @?) |2 (flwm)2

in which f( —2w; w, w) is the dynamical scattering coefficient (dispersion
of the first hyperpolarizability), wo; is the transition frequency, w is the
excitation frequency, i, is the transition dipole moment, determined

RS

from the linear absorption spectrum, and }A,ugl | is the difference of

dipole moment between states. Therefore, we can model the experi-
mental results of § at 1064 nm, with AufRS as the only free parameter
and compare its values with the ones obtained from the SOS approach.
In Fig. 9 we plot the values of Ay, obtained by modeling the HRS data
(AptERS), as well as the ones found by fitting the 2PACS spectrum using
the SOS approach (Au$95).

As it can be seen in Fig. 9, the results of AufRS and Au$9S are in
excellent agreement considering the experimental error. Thus, the
analysis of HRS and 2PA measurements, supported by the models,
showed a good method to determine Ay ; of non-fluorescent compounds
(for fluorescent compounds, usually, Solvatochromism measurements
are performed), and consequently, more information about the photo-
physics can be clarified.

4. Conclusion

Here it a study was performed on the 2PA cross-section and first
hyperpolarizability of terpenoid-like chalcones derivatives with
different electron-donating and withdrawing groups. The 2PA cross-
section spectrum, determined through the Z-Scan technique, agrees
with the SOS approach. The addition of NO group in different positions
(Group 2) results in a considerable decrease in the 2PA cross-section
maximum compared to the other chalcone derivatives (Group 1). The
NO; group is a more effective electron-accepting moiety than C=O0, as
shown by the QCC. Regarding HRS studies, it was possible to determine
SRS at 1064 nm. Moreover, combining the experimental results with the
phenomenological approaches, it was possible to determine Ay, and
compare with the ones obtained through the SOS approach (2PA). Such
analysis showed low discrepancy among both results, hence elucidating

Journal of Photochemistry & Photobiology, A: Chemistry 429 (2022) 113898

an excellent route to determine this parameter for non-fluorescent
compounds. In conclusion, the present work clarifies the changes in
the linear and nonlinear optical properties owing to different periph-
erical groups on the chalcone backbone, providing a better under-
standing of this exciting class of organic materials.
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