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ABSTRACT

The first-order molecular hyperpolarizability (8) dispersion was measured in seven chalcone-based molecules utilizing the tunable femtosec-
ond hyper-Rayleigh scattering (tHRS) technique. Additionally, a theoretical model based on photophysical parameters was employed to better
understand f3 dispersion. Due to the distinct substitution patterns of the aryl/heteroaryl rings within the chalcone structure, varying profiles of
one- and two-photon absorption spectra and f3 dispersion were observed. The applied model highlighted two important factors contributing
to achieving high f8 values: (i) the presence of red-shifted one-photon and two-photon absorption bands; and (ii) the number of discernible
absorption bands. To contextualize these results with other molecular structures, we employed the HRS figure of merit (FOM). Remark-
ably, it was revealed that chemically engineered small chalcone molecules exhibit a FOM comparable to larger quadrupolar and octupolar
ones. This underscores the significance of tHRS scattering measurements and their correlation with absorptive parameters in the design and

characterization of nonlinear optical materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166036

I. INTRODUCTION

In a nonlinear optical medium, the induced dipole moment
is typically expressed using a series expansion in powers of the
applied electric field.! The response of the electron distribution
proportional to the squared electric field is denoted as the first-
order molecular hyperpolarizability (8).” Therefore, knowledge of
B is essential for guiding the design of new materials for nonlinear
photonics and optoelectronic devices.”* However, most studies on
measuring f are conducted at a fixed wavelength, usually employing
the Hyper-Rayleigh Scattering (HRS)” technique or the Electric-
Field Induced Second Harmonic Generation (EFISHG)® method.
Single-wavelength measurements of first-order molecular hyperpo-
larizability have supported the theoretical expectations. For instance,
electron-withdrawing (EW) and electron-donating (ED) groups
have already been demonstrated to enhance 8 values.”* V-shaped

and Y-shaped molecules also have high values of 3 due to an increase
in the effective number of m-electrons and higher charge transfer
induced at the excited states.”'’ Although the knowledge of f8 in a
single wavelength may be useful to indicate a compound as a candi-
date for nonlinear optical devices,'' '’ knowing the dispersion of 3
can provide insights to take advantage of enhanced effects in specific
wavelength ranges as well as to target § values in a desired wave-
length by molecular engineering. Research on measuring molecular
B(A) has only been conducted over the past decade, primarily due to
experimental challenges.“ ¥ Nonetheless, those works showed that
the dispersion of 3 leads to a deeper comprehension of the hyperpo-
larizability values and the electronic contributions that account for
such dispersion.

A fascinating molecular category that could benefit from
measuring f dispersion is the class of chalcone-based molecules.
Chalcones refer to a, f-unsaturated ketones with aryl groups
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attached to both the carbonyl group and the f-carbon. These
molecules are widely observed in nature and can be easily syn-
thesized from simple and readily available starting materials.'”
Synthetic chalcones have found broad applications across vari-
ous fields, including biomedicine’® (for cancer treatment, diabetes,
and inflammation’') and opto-electronics.”” One notable aspect of
chalcones is the ease with which their optical properties can be mod-
ulated by simply altering the groups bonded to the peripheral aryl
rings. Such structural modifications can significantly alter both the
linear and nonlinear optical properties of these materials.””** This
alteration can drastically affect the one and two-photon electronic
absorption, consequently impacting the dispersion of the first-order
molecular hyperpolarizability.

Therefore, this work represents significant progress in under-
standing the fundamental structure-property relationship, mainly
in second-order nonlinear effects. The research involved the mea-
surement of one-photon absorption (1PA), two-photon absorption
(2PA), and the spectral dependence of the first-order molecular
hyperpolarizability (). It delved into analyzing how the photo-
physical parameters governing the absorptive effect could offer
insights into the dispersion of first-order molecular hyperpolariz-
ability. Furthermore, the study employed phenomenological models
that effectively described B(N), showcasing remarkable agreement
when applied to the frequency-resolved Hyper-Rayleigh Scattering
(HRS) data obtained.

Il. EXPERIMENTAL DETAILS

This study involved measuring the linear and nonlinear absorp-
tion as well as the dispersion of the first-order molecular hyper-
polarizability of seven chalcone-based molecules denoted as Cl1
to C7, with their molecular structures depicted in Fig. 1. Details
regarding the synthesis of these compounds can be found in
Refs. 19 and 25. All samples were dissolved in pure dimethyl sul-
foxide (DMSO). The variation among the chalcone-based molecules
lies in their peripheral groups. The chalcones (C1-C7) examined
here have distinct substitution patterns, as illustrated in Fig. 1. C1

C1 C2 C3
o o] o]
‘/\)’K‘\
Ao
C4 C5
o) o)

MeO OMe MeO Cl

Cé6 Cc7

o) o)

x SN
70
Br cl

FIG. 1. Seven (C1 to C7) chalcone-based molecule structures used in this work.

The letters A and B in molecule C1 represent the two aromatic rings that are
commonly found in chalcone-based molecules.

ARTICLE pubs.aip.org/aipl/jcp

represents the non-substituted pattern. On the other hand, C2 and
C3 feature substitutions solely in the benzaldehyde ring (A posi-
tion), with C2 containing an electron-withdrawing fluorine atom
and C3 possessing a highly electron-donating NH2 group, both
situated at the para position. In the case of C4 and C5, substitu-
tions were introduced on both aryl rings. C4 exhibits two methoxy
groups, while C5 has one methoxy group and a chlorine atom. As
for C6 and C7, the former is a bromo-substituted chalcone, while
the latter displays a furane in ring B and a chloroarene at the
benzaldehyde ring.

A. One- and two-photon absorption measurement

One-photon absorption measurements were performed using
a commercial SHIMADZU UV-1800 spectrometer. All molecules
were dissolved in pure DMSO at concentrations of ~10™* mol/l.
These measurements provided insights into the central frequency
(won) and linewidth (y,,) of transitions from the electronic ground
state (n = 0) to various excited states (n =1,2,3...). For the two-
photon absorption (2PA) measurements, a tunable femtosecond
open aperture Z-scan technique was employed. This technique
utilized an amplified Ti:Sapphire laser (CPA-2001 system from
Clark-MXR) emitting pulses centered at 775 nm with a tempo-
ral width of 120 fs and a repetition rate of 1 kHz. It pumped an
Optical Parametric Amplifier (OPA) (TOPAS—Quantronix) that
produced pulses within a spectral range of 460-2000 nm. Further
technical details can be found elsewhere.”””” Details of the exper-
imental setup and examples of Z-scan signatures obtained in this
work are presented in Sec. 1 of the supplementary material. The
Sum Over Essential States (SOES) model was used to adjust the
2PA cross-section spectra, o2pa (A). This adjustment utilized two key
photophysical parameters: the transition dipole moment between
the molecular electronic states m and n (pum) and the difference
between the permanent dipole moments of two molecular electronic
states (Apy,,,,)-

B. Tunable femtosecond HRS technique

To obtain the dispersion of the first order molecular hyperpo-
larizability, a tunable femtosecond HRS technique was employed.
It consists of an optical parametric amplifier (Orpheus—Light
Conversion) pumped by an amplified femtosecond laser system
(Pharos—Light Conversion, 1030 nm, 190 fs, 7.5 kHz) as the tun-
able laser excitation, allowing wavelength tuning from visible to
near-infrared. A detailed description of the experimental appara-
tus can be found elsewhere.”® For a given laser output frequency
w, a typical curve of the incoherent scattered second harmonic sig-
nal, I(2w), is obtained as a function of incident beam intensity
I(w). The determination of 3(A) is performed through the External
Reference Method (ERM).” Examples of ERM experimental curves
as a function of the sample concentrations are shown in Sec. 2 of the
supplementary material. Furthermore, it was assumed that all stud-
ied molecules exhibited C2v-like symmetry (depolarization ratio
p = (B%zz)/(Bozz) = 1/5), in which the most uniaxial dipolar
molecules had the z-axis as the molecular dipole axis, and conse-
quently, the pzzz component was much larger than fzxx.””” The
reference sample was para-nitroaniline (pNA) dissolved in pure
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DMSO. The expected quadratic coefficient between I(2w) and I(w) fluorescence induced by one- and two-photon absorption, including
is measured in different concentrations for both the studied and the reference sample.

reference molecules. The concentrations of the samples and the ref-

erence were in the range of 1072M to 107°M. B(A) is obtained by

the ratio between the linear behavior of the quadratic coefficient as 1. RESULTS AND DISCUSSIONS

a function of the concentration of both the measured molecule and Figure 2 shows the measurements of one and two-photon
the reference molecule, based on the a priori knowledge of the refer- absorption cross-section spectra. The dashed red lines indicate the
ence molecule ﬁref(/l)- Additional details of ERM can be found in molar absorptivity coefficient, measured from 245 to 455 nm. As
Refs. 16 and 28. The fundamental equation and examples of the expected, the chalcone molecule (C1) has a low energy band around
experimental curves are in the supplementary material, Sec. 2. 315 nm, resulting in a transition dipole moment from the ground to
It is important to note that none of the samples exhibited any the first electronic excited state (po;) of around 6.3 D, which is also
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FIG. 2. One- (dashed red lines) and two-photon (open black circles) absorption spectra of the seven chalcone-based molecules. Transition dipole moments are displayed on
the insets in Debye units. The fitting of the sum-over-state model on the experimental two-photon absorption cross-sections is displayed in solid blue lines. The error bars
concerting the experimental two-photon absorption cross-sections are related to sample concentration and laser power fluctuation estimated at 10%.
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in concordance with values already reported.'® All molecules studied

in this work displayed electronic absorption bands with (yo1) val-
ues between 4.5 D and 7.0 D, which agrees with previously reported
chalcone-based molecules.””*”'** The molecule C2 exhibits its low-
est energy band around 315 nm, similar to C1, but also shows a
second higher energy band around 280 nm, which differs from C1.
This difference may be attributed to the presence of the fluorine
atom in aromatic ring A. For C3, the fluorine is substituted by an
amine group. As seen in the C3 chart, the amine group causes a
red-shift in the lower energy band, resulting in a notable displace-
ment compared to Cl, ~0.46 eV. This shift is expected due to the
NH, group, which acts as an electron donor and causes an increase
in the highest occupied molecular orbital (HOMO). Consequently,
this results in a reduction in the energy gap between the HOMO and
the lowest unoccupied molecular orbital (LUMO).”° Molecules C4
and C5 have similar absorption bands with a 0.32 eV red-shift com-
pared to the lower energy band of C1. It is caused by the methoxy
attached to the B aromatic ring. The shoulders at 290 nm for C4
and 280 nm for C5 represent the high energy band red-shifted,
similar to C2, caused by the presence of the methoxy and chlorine
attached to aromatic ring A. In the case of molecule C6, its absorp-
tion spectrum closely resembles that of molecule C1, suggesting that
the bromine atom has a minimal impact on this particular molecular
property. Finally, molecule C7 also displays a red-shifted absorp-
tion band compared to Cl, primarily due to the presence of the
furan group.”””

Regarding the 2PA experimental spectra illustrated in Fig. 2
(depicted as open circles), most of the molecules exhibited a 2PA
band occurring at twice the wavelength of 1PA, as anticipated for
non-centrosymmetric molecules, such as those studied in this work.
Some examples of open aperture Z-scan technique signatures can
be found in section 1 of the supplementary material. The 2PA max-
ima ranged from about 20 GM (for molecules C1 and C7) to 80 GM
(for molecule C4). On the 2PA experimental data, we employ the
SOS approach to extract the values of the difference between the
permanent dipole moments of the ground and first excited state,
the ground and the second excited state, and the transition dipole
moment between the first and second excited states, respectively,
Atg;> Apgy> and py, for all the molecules studied. The 2PA cross-
section spectrum for a non-centrosymmetric charge distribution
(solid blue lines in Fig. 2) can be described through the following
expression:

ARTICLE pubs.aip.org/aipljcp
_2.(2n)° 41 AuggiTo Aot To
opa(w) = 5L 2. 12 7 12
5(chn)” 7 (w1 —2w)  +T5 (w2 —2w)” + T,
'’ M%z//’glroz
(wo1 — @)% + T3, (wo2 — 20)* + T2,
. A{Aoz[/loz{lméllzrozz ) )
(woz = 2a)) + 1"02

in which A is Planck’s constant, ¢ is the speed of light, # is the DMSO
linear refractive index (n = 1.4793), and L is the Onsager’s local field
factor given by L = 3n*/(2#n* + 1). The damping factors () used
were about 0.4 eV. All the terms inside the square brackets were used
to describe the first 2PA absorption band (first term), the second
2PA absorption (second term), the 1PA enhancement effect (third
term), and the interference term between both excited states (fourth
term). The complete equation [Eq. (1)] was used to model the 2PA
spectrum for molecules C2, C3, and C4, while to model C1, C5, Cé6,
and C7, only the first term in Eq. (1) was used due to the presence
of only one 2PA band. All the photophysical parameters obtained
through the one- and two-photon absorption spectra are displayed
in Table I.

The 1PA and 2PA spectra of chalcone-based molecules have
also been extensively studied in terms of quantum chemistry cal-
culations (QCC). For instance, a recent study’ calculated QCC for
second and third-order nonlinearities in non-substituted chalcone
molecules (as Cl1 in this work). It was shown that QCC predicts a
single central electronic transition at 312 nm in methanol, which is
similar to our case of C1 in DMSO. The differences in the solvent
used could indicate a low solvent-related shift. The study also pro-
vided QCC for a methoxy mono-substituted chalcone, similar to C4
in this work, which contains methoxy groups attached to both aro-
matic rings, and their QCC results showed two absorption bands
with relatively high oscillator strength: f =0.958 at 337 nm and
f =0.186 at 252 nm. In Table I, the values of Ao; and A, for C4 show
a redshift of both absorption bands, which could be associated with
the second methoxy group present in C4. Other recent works™**"*"
have also calculated the electronic density of the HOMO and the
LUMO for chalcone-based molecules at the CAM-B3LYP functional
in vacuum, dichloromethane (DCM), and DMSO medium. Manoel
et al.”* used the QCC of two experimentally obtained absorption
bands of chalcone-based molecules to demonstrate that the lowest

TABLE I. Photophysical parameters obtained from one- and two-photon absorption spectra and from the output of the SOS
model. Ag1 and Ag, are the central wavelengths of each absorption band. y, and 4, were obtained through the one-photon
absorption spectra. Auyq, Apgy, and py, were obtained by fitting the SOS model to the two-photon absorption spectra.

C1 C2 C3 C4 Cs5 C6 c7
Aor (nm) 314 323 370 350 352 323 350
uy, (D) 6+1 45405 63+0.7 55405 6+1 7+1 6+1
Ay, (D) 741 12+1 12+1 6.0+ 0.5 12+1 13+1 6+1
Aoz (nm) 277 303 306
ty, (D) 70£07  59+06 53405
Ay, (D) 8.5+ 0.9 1342 16 + 2
uy, (D) 9+1 5006 42405 55+ 0.6 14+2 14£2 9«1

J. Chem. Phys. 159, 244311 (2023); doi: 10.1063/5.0166036

Published under an exclusive license by AIP Publishing

159, 244311-4

6v:12:v1L ¥20Z Aenuer 2o


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

energy band originates mainly due to the HOMO-LUMO transition
corresponding to a -1t excited state.

The first order molecular hyperpolarizability dispersion can be
modeled using the SOS, in which the well-known two-level model
(2LM) and three-level model (3LM) were used in this work. Those
models are the result of several extensive studies that search for ways
to model both first and second order hyperpolarizabilities.”” ** The
main challenge is to deal with the balance of a nonrealistic simple
model or a complex model that involves a large number of pho-
tophysical parameters that become nonrealistic when determined
experimentally. The 2LM and 3LM are special cases of those solu-
tions considering the ground and one excited state, or the ground
and the two excited states, respectively. For instance, based on
the complete solution from Sciuti et al,'® the functional can be
written as

ﬁ3LM(W, wo1, 02, Lo1, roz)

3
= ﬁzLM(w, wm,rm) + [ Ho1H1202 :|

2 (hwor ) (Awey)

1 wo1 wo2
x I:(g [(w(n - 20)) - irol] [(0)02 - w) - iroz] )]
+ [3 //’3241402 ][(1 wo2
2 (hw02)2 3 [((1)02 - 2a)) - iroz]
* (w002 - @) - iTe] )] @

3{401244401 (1 wo1
» wo1,o1) = = -
Barm(w, wor,Tor) [ 2(hom )’ ][ 3 [(@o1 — @) = iTo1]

) [(wor - 2w) - il“m])]’ 3

where the static (f8,) and dynamic first order molecular hyper-
polarizability terms are in the first and second squared brackets,
respectively. In the absence of the second higher electronic band
(2LM), the second and third terms will cancel. It is worth not-
ing that Eq. (2) is a simplified model of the one found in Sciuti
et al.'® The anti-resonant terms for S(w) were disregarded due to
their significantly low contribution values within the measured spec-
tral region, falling well below the confidence interval. This decision
was made after considering the experimental errors associated with
the photophysical parameters. Further details can be found else-
where.”® In this context, 8, dictates the dispersion of the first order
scattering nonlinear response when w — 0, which depends on the
transition dipole moment from two electronic states (4, ), the differ-
ence between the permanent dipole moment (Ay,, ) of the ground
and the first electronic excited state, and the energy gap between
those two states (hwo; ). The second squared bracket is the dynamical
component, encompassing one- and two-photon resonance terms. A
careful analysis of this term reveals that it governs the dispersion of
B with the maxima located where the two terms in the denominator
approach zero, i.e., when the incident light frequency is equal to half
of the resonance frequency of the molecule. Therefore, if just one
experimentally observed absorption band is observed at the UV-Vis
region, B(1) can be accurately modeled by Eq. (3), as is the case for
molecules C1, C5, C6, and C7.

ARTICLE pubs.aip.org/aipl/jcp

In the case of C2, C3, and C4, where two excited states were
experimentally observed within the UV-Vis region, both states
might contribute to S(1). Therefore, if this is the case, one can
accurately model the § dispersion using the 3LM. As observed in
Eq. (2), the f value for the 3LM possesses the 2LM dispersion and
two additional terms: the first one is due to the dipole moment
from the first and second excited states, while the second term is
due to the dipole moment between the ground and second excited
states.

Equation (2) demonstrates that the dispersion of the first
molecular hyperpolarizability relies on photophysical parameters
that can be derived from 1PA and 2PA experiments. Therefore,
based on the 1PA and 2PA measurements already described for
the seven chalcone-based molecules, it is possible to calculate the
B(A). As previously mentioned, we also experimentally measured
B(1) to validate the effectiveness of 2LM and 3LM to accurately
predict a sometimes challenging-to-measure first order scattering
parameter.

Both the experimental and the model of (1) are depicted
in Fig. 3, respectively, as black circles and black lines. As one
can notice, the experimental points were measured from 750 to
1064 nm, and the values at 1064 nm are comparable to similar
molecules reported in the literature.””****> The model-generated
curve confidence interval (gray shade in Fig. 3) is due to experimen-
tal uncertainties of the photophysical input parameters to the model.
The experimental data and the model are in accordance, mainly for
longer wavelengths. Molecules C2, C3, and C4 have two experimen-
tally observed absorption bands; therefore, they are modeled with
3LM to take into account both bands, which reflects the broader first
order molecular hyperpolarizability dispersion.

As a first step in analyzing S(1), the dispersion can be extrapo-
lated when the excitation energy approaches zero (A — o), referred
to as the static first order hyperpolarizability (j3,). Table IT presents
these values for the chalcone-based molecules, which are aligned
with similar molecules previously reported in the literature.”***°
Using the C1 molecule as the baseline reference for B, it is evident
that the 3, value increases by almost five times for the C3 molecule.
This heightened f; value is associated with the presence of the
second absorption band at the UV-Vis region, represented by the
second and third terms in Eq. (2), as well as the red-shift of the first
absorption band when compared to the other molecules. The higher
values of C5 and C6 compared to C1 and C7 are related to the highest
U, Values. Lastly, the C1 and C7 molecules have similar photophys-
ical parameter values; however, C7 shows a considerable red shift
concerning the lower energy absorption band (~40 nm), resulting in
a 20% increase in 3, values.

To shed light on the S(1) responses between 2LM and 3LM
molecular systems, Fig. 4 shows the (A = 1064 nm) concerning the
lowest energy absorption band maximum wavelength. As it can be
seen, the molecule absorption band with lower transition energy
(longer wavelength) tends to increase the S(A = 1064 nm) (as indi-
cated by the blue circles and blue dashed line). This same trend is
observed for molecules exhibiting two absorption bands (as denoted
by the orange circles and orange dashed lines). A more pronounced
effect is the difference in the f values in molecules with one and
two absorption bands. For instance, despite the fact that C7 has a
longer absorption maximum wavelength than C2, the presence of
two absorption bands in C2 results in its (A = 1064 nm) being
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FIG. 3. First molecular hyperpolarizability dispersion $(1) calculated using Egs. (2) and (3) (black solid lines) and the, respectively, calculated confidence interval, associated
with the standard deviation of the experimentally measured photophysical parameters (gray shade). The open black circles are the experimentally measured data using the
HRS technique. Dashed lines in C2, C3, and C4 are three components of Eq. (2) being highlighted: the 2LM in red, the second term in orange, and the third term in blue.

TABLE Il. First-order static hyperpolarizability (3, ) for molecules C1to C7. The blue Hence, in general, a stronger lower-energy absorption band
and red colors in the molecule names are associated with 2LM and 3LM modeling, corresponds to a higher value of B, as described in Eq. (2). This
respecively. change rate can be seen as the slope of the dashed blue line in Fig. 4.

However, the rate of change in f also occurs for molecules with
two absorption bands, but at a higher rate, which can be visualized
B, (cm®statV™') 1043 17+3 46+9 16+3 2244 22+4 12+2  as the slope of the dashed orange line in Fig. 4. This happens for

two reasons: firstly, due to the additional two terms in the static
first-order hyperpolarizability arising from the second absorption
band, and secondly, because both absorption bands are red-shifted,
almost twice as high as that of C7. This can be verified by analyz- as in the case of C3 compared to C2. This principle should hold
ing Eqgs. (2) and (3). The presence of the second absorption band in for another set of molecules, offering a potential new pathway for
certain molecules introduces two additional terms in the static first ~ discovering small molecules with high nonlinearities in the sense

order hyperpolarizability, contributing to an increased S(\) for C2 that molecular engineering for high values of § for small molecules
could be better achieved by attaching molecular groups that create a

Molecules C1 C2 C3 C4 C5 C6 C7

when compared to C7.
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FIG. 4. The first molecular hyperpolarizability is presented as a function of the low-
est energy absorption band central wavelength. Blue circles represent molecules
exhibiting only one experimentally observed absorption band, whereas orange cir-
cles depict molecules with two experimentally observed absorption bands. The
dashed lines are provided solely as visual guides.

second electronic energy band as redshifted as possible rather than
just red-shifting two-level system molecules.

Molecule C3 has the highest value of f(A = 1064 nm) mainly
because it has the two features that enhance the effect, ie., the
most red-shifted one- and two-photon absorption bands and the
presence of two absorption bands and, therefore, the 3LM is nec-
essary for accurately model 8 dispersion. To compare the value
of f(A =1064 nm) of C3 with other molecules already reported,
we employed the first molecular hyperpolarizability figure of
merit, FOM = (1064 nm)/N:Jéz, where N is the effective num-
ber of m-conjugated electrons, calculated as twice the number of
double and triple bounds.”*® For C3, Ny = 14, consequently,
FOMcs = (2.0 £ 1.0) x 107° cm* statV™". Cesaretti et al.”’ studied
small molecules with high values of B by engineering molecules
as cationic push-pull systems. They managed to achieve FOM(fo)
=3.1x107"" cm* statV™' with a molecule that also has NH; as
a peripheral group (similar to the C3 molecule) and using DCM
as a solvent. Notably, DCM significantly redshifted the absorp-
tion dispersion, akin to how molecule C3 displayed the most
redshifted lowest absorption energy band. Abegio et al.’ inves-
tigated chalcone-based molecules incorporating acetophenone as
peripheral structures. They utilized DCM as the solvent, a choice
known to favor redshift, as shown in Ref. 40, and consequently,
increase f,. Their highest 8, molecule achieved FOM((1064 nm))
=0.72 x 107 cm? statv™! with N =14, the same as C3, but
C3 had f(1064 nm) almost three times higher. Finally, Fon-
seca and colleagues'® studied the first-order hyperpolarizability
of V- and Y-shaped molecules. The Y-shaped molecules, with
Ny = 48, resulted in FOM(B(1064 nm)) = 2.7 x 107’ cm* statV ™",
just 35% higher than molecule C3. This demonstrates that despite
the fact that chalcone-based molecules are considered small
molecules, when appropriately engineered, they can present pro-
portionally high values of the first molecular hyperpolarizability.

ARTICLE pubs.aip.org/aipl/jcp

Extensive work has been performed in this direction concern-
ing third-order nonlinearities,”””" in which the molecular engi-
neering strategy is also adding small functional groups to small
molecules, aiming to decrease the energy distance between HOMO
and LUMO.”

IV. FINAL REMARKS

One and two-photon absorption spectra were measured for
seven chalcone-based molecules. Among these, C2, C3, and C4
exhibited two distinct 1PA bands within the UV-Vis spectral region,
while C1, C5, C6, and C7 displayed only one in the same spectral
region. Moreover, the first order hyperpolarizability was measured
from 750 to 1064 nm through the tHRS technique, applying the
external reference method. A photophysical parameter-based model
was used to reproduce $(1). The dispersion of f revealed two impor-
tant molecular characteristics responsible for increasing 3 for such
molecules: the more red-shifted, the lower the energy band, and sec-
ond, the number of excited states at the same spectral region of the
nonlinear scattering.

Concerning the chalcone-based derivatives, it was found that
molecule C3, possessing two excited states and featuring the most
red-shifted lower absorption band, exhibited the highest value of
B(1). Comparatively, when contrasted with the simplest chalcone
molecule in this study, Cl, the values were nearly nine times
higher within the range of 750-900 nm. Even at 1064 nm, C3 also
displayed the highest value, and by calculating the effective num-
ber of m-conjugated electrons, it was possible to show that the
FOMcs = (2.0 £ 1.0) x 107° cm* statV™! is comparable to that of
quadrupolar and octupolar molecular systems, which are expected to
present high values of the first-order molecular hyperpolarizability.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the Z-scan
technique with nonlinear absorption signatures and for the
description of the External Reference Method (ERM) to calculate
experimentally the B(A) values.

ACKNOWLEDGMENTS

Financial support from FAPESP (Fundagio de Amparo a
Pesquisa do Estado de Sao Paulo, Grant Nos. 2011/12399-0,
2015/20032-0, 2016/20886-1, and 2018/11283-7), CNPq (Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico, Grant
No. 425180/2018-2), Coordenagdo de Aperfeigoamento de Pes-
soal de Nivel Superior (CAPES) Finance Code 001, FAPER]
(Fundagio de Amparo a Pesquisa do Estado do Rio de Janeiro, Grant
Nos. SEI-26/0003/001526/2022, SEI-260003/015152/2021, and SEI-
26/0003/001608/2022), Army Research Laboratory (Grant No.
WO911NF2110362) and Air Force Office of Scientific Research (Grant
No. FA9550-12-1-0028) are acknowledged.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

J. Chem. Phys. 159, 244311 (2023); doi: 10.1063/5.0166036
Published under an exclusive license by AIP Publishing

159, 244311-7

6v:12:v1L ¥20Z Aenuer 2o


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

Author Contributions

Lucas F. Sciuti: Conceptualization (equal); Data curation (equal);
Investigation (equal); Methodology (equal); Writing — original draft
(equal); Writing - review & editing (equal). Carlos H. D. dos Santos:
Investigation (equal); Validation (equal); Writing - review & editing
(equal). Leandro H. Z. Cocca: Formal analysis (equal); Investiga-
tion (equal); Validation (equal); Writing — review & editing (equal).
André G. Pelosi: Investigation (equal). Rafaela G. M. da Costa:
Resources (equal). Jones Limberger: Supervision (equal); Validation
(equal); Writing - review & editing (equal). Cleber R. Mendonga:
Supervision (equal); Validation (equal); Writing — review & editing
(equal). Leonardo De Boni: Supervision (equal); Validation (equal);
Writing - review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

R Boyd, Nonlinear Optics (Elsevier, 2019).

21, J. Wolff and R. Wortmann, “Organic materials for second-order non-linear
optics,” Adv. Phys. Org. Chem. 32, 121-217 (1999).

3Y. Yan, Y. Yuan, B. Wang, V. Gopalan, and N. C. Giebink, “Sub-wavelength mod-
ulation of x(2) optical nonlinearity in organic thin films,” Nat. Commun. 8, 14269
(2017).

“J. Liu, C. Ouyang, F. Huo, W. He, and A. Cao, “Progress in the enhancement
of electro-optic coefficients and orientation stability for organic second-order
nonlinear optical materials,” Dyes Pigm. 181, 108509 (2020).

SK. Clays and A. Persoons, “Hyper-Rayleigh scattering in solution,” Rev. Sci.
Instrum. 63, 3285 (1992).

6R. W. Terhune, P. D. Maker, and C. M. Savage, “Optical harmonic generation in
calcite,” Phys. Rev. Lett. 8, 404 (1962).

L. M. G. Abegio et al., “Chalcone-based molecules: Experimental and theoreti-
cal studies on the two-photon absorption and molecular first hyperpolarizability,”
Spectrochim. Acta, Part A 227, 117772 (2020).

8L. C. S. Nair, S. Balachandran, D. Arul Dhas, and I. Hubert Joe, “In-silico anal-
ysis of substituent effect on the static first order hyperpolarizability of electron
donating mono substituted chalcone derivatives,” J. Mol. Model. 24, 126 (2018).
9M. G. Vivas et al., “Molecular structure-optical property relationship of salicyli-
dene derivatives: A study on the first-order hyperpolarizability,” J. Phys. Chem. A
125, 99-105 (2021).

OR. D. Fonseca et al., “First-order hyperpolarizability of triphenylamine deriva-
tives containing cyanopyridine: Molecular branching effect,” J. Phys. Chem. C
122, 1770-1778 (2018).

"M. Shkir et al, “An investigation on the key features of a D-m-A type novel
chalcone derivative for opto-electronic applications,” RSC Adv. 5, 87320-87332
(2015).

2D, Haleshappa et al., “Structural, photoluminescence, physical, optical limit-
ing, and hirshfeld surface analysis of polymorphic chlorophenyl organic chalcone
derivative for optoelectronic applications,” ]. Mol. Struct. 1232, 130053 (2021).
5. J. Armakovié, Y. S. Mary, Y. S. Mary, S. Pelemis, and S. Armakovié,
“Optoelectronic properties of the newly designed 1,3,5-triazine derivatives with
isatin, chalcone and acridone moieties,” Comput. Theor. Chem. 1197, 113160
(2021).

Y. De Coene et al., “Fluorescence-free spectral dispersion of the molecular
first hyperpolarizability of bacteriorhodopsin,” J. Phys. Chem. C 121, 6909-6915
(2017).

155, Van Cleuvenbergen e al., “Dispersion overwhelms charge transfer in deter-
mining the magnitude of the first hyperpolarizability in triindole octupoles,”
J. Phys. Chem. C 116, 12312-12321 (2012).

ARTICLE pubs.aip.org/aipl/jcp

'6L. F. Sciuti et al., “Modeling the first-order molecular hyperpolarizability dis-
persion from experimentally obtained one- and two-photon absorption,” J. Phys.
Chem. A 126, 2152-2159 (2022).

'7]. Campo, A. Painelli, F. Terenziani, T. Van Regemorter, D. Beljonne, E.
Goovaerts, and W. Wenseleers, ]. Am. Chem. Soc. 132(46), 16467-16478 (2010).

18y, Campo, W. Wenseleers, J. M. Hales, N. S. Makarov, and J. W. Perry, “Accurate
and practically implementable model for first hyperpolarizability dispersion,” in
Latin America Optics and Photonics Conference (Optica Publishing Group, 2012),
p.LT2A 8.

'9C. Zhuang et al., “Chalcone: A privileged structure in medicinal chemistry,”
Chem. Rev. 117, 7762-7810 (2017).

20D, K. Mahapatra, S. K. Bharti, and V. Asati, “Chalcone derivatives: Anti-
inflammatory potential and molecular targets perspectives,” Curr. Top. Med.
Chem. 17, 3146-3169 (2017).

218, Salehi et al., “Pharmacological properties of chalcones: A review of preclini-
cal including molecular mechanisms and clinical evidence,” Front. Pharmacol. 11,
592654 (2021).

ZZM. K. M. Ali et al., “Characterization of optical and morphological properties of
chalcone thin films for optoelectronics applications,” Optik 145, 529-533 (2017).

25T, Andrade-Filho et al, “Insights and modelling on the nonlinear optical
response, reactivity, and structure of chalcones and dihydrochalcones,” J. Mol.
Struct. 1246, 131182 (2021).

24D, S. Manoel et al., “Second- and third-order nonlinear optical properties of
mono-substituted terpenoid-like chalcones,” J. Photochem. Photobiol., A 429,
113898 (2022).

2°R. G. M. da Costa, F. R. L. Farias, D. Back, and J. Limberger, “Synthesis of ary-
lated chalcone derivatives via palladium cross-coupling reactions,” Tetrahedron
Lett. 59, 771-775 (2018).

28M. Sheik-Bahae, A. A. Said, T. H. Wei, D. J. Hagan, and E. W. van Stryland,
“Sensitive measurement of optical nonlinearities using a single beam,” IEEE .
Quantum Electron. 26, 760-769 (1990).

27D, . Corréa et al., “Z-scan theoretical analysis for three-, four- and five-photon
absorption,” Opt. Commun. 277, 440 (2007).

28C. H. D. Dos Santos et al., “Observation of the two-photon transition enhanced
first hyperpolarizability spectra in cinnamaldehyde derivatives: A femtosecond
regime study,” ]. Chem. Phys. 158, 214201 (2023).

29T, Verbiest, K. Clays, and V. Rodriguez, Second-order Nonlinear Optical
Characterization Techniques: An Introduction (CRC Press, 2009).

30G. J. T. Heesink, A. G. T. Ruiter, N. F. Van Hulst, and B. Bolger,
“Determination of hyperpolarizability tensor components by depolarized hyper
Rayleigh scattering,” Phys. Rev. Lett. 71, 999-1002 (1993).

317, M. F. Custodio et al., “Chalcone as potential nonlinear optical material: A
combined theoretical, structural, and spectroscopic study,” J. Phys. Chem. C 123,
5931-5941 (2019).

32R. G. M. da Costa et al., “Synthesis, photophysical properties and aggregation-
induced enhanced emission of bischalcone-benzothiadiazole and chalcone-
benzothiadiazole hybrids,” . Lumin. 239, 118367 (2021).

3L M. G. Abegio et al., “Second- and third-order nonlinear optical properties
of unsubstituted and mono-substituted chalcones,” Chem. Phys. Lett. 648, 91-96
(2016).

34A. G. Pelosi et al., “Two-photon absorption and multiphoton excited fluo-
rescence of acetamide-chalcone derivatives: The role of dimethylamine group
on the nonlinear optical and photophysical properties,” Molecules 28, 1572
(2023).

3%Y. Xue et al, “An ab initio simulation of the UV/visible spectra of substituted
chalcones,” Open Chem. 8, 928-936 (2010).

36H. Lu, J. Li, T. xue, J. Nie, and X. Zhu, “Substituent effect on the visible light
initiating ability of chalcones,” Eur. Polym. J. 190, 111992 (2023).

J. Chem. Phys. 159, 244311 (2023); doi: 10.1063/5.0166036
Published under an exclusive license by AIP Publishing

159, 244311-8

6v:12:v1L ¥20Z Aenuer 2o


https://pubs.aip.org/aip/jcp
https://doi.org/10.1038/ncomms14269
https://doi.org/10.1016/j.dyepig.2020.108509
https://doi.org/10.1063/1.1142538
https://doi.org/10.1063/1.1142538
https://doi.org/10.1103/physrevlett.8.404
https://doi.org/10.1016/j.saa.2019.117772
https://doi.org/10.1007/s00894-018-3650-7
https://doi.org/10.1021/acs.jpca.0c08530
https://doi.org/10.1021/acs.jpcc.7b05829
https://doi.org/10.1039/c5ra13494c
https://doi.org/10.1016/j.molstruc.2021.130053
https://doi.org/10.1016/j.comptc.2021.113160
https://doi.org/10.1021/acs.jpcc.7b00625
https://doi.org/10.1021/jp3022997
https://doi.org/10.1021/acs.jpca.1c10559
https://doi.org/10.1021/acs.jpca.1c10559
https://doi.org/10.1021/ja105600t
https://doi.org/10.1364/LAOP.2012.LT2A.8
https://doi.org/10.1021/acs.chemrev.7b00020
https://doi.org/10.2174/1568026617666170914160446
https://doi.org/10.2174/1568026617666170914160446
https://doi.org/10.3389/fphar.2020.592654
https://doi.org/10.1016/j.ijleo.2017.08.044
https://doi.org/10.1016/j.molstruc.2021.131182
https://doi.org/10.1016/j.molstruc.2021.131182
https://doi.org/10.1016/j.jphotochem.2022.113898
https://doi.org/10.1016/j.tetlet.2018.01.038
https://doi.org/10.1016/j.tetlet.2018.01.038
https://doi.org/10.1109/3.53394
https://doi.org/10.1109/3.53394
https://doi.org/10.1016/j.optcom.2007.05.043
https://doi.org/10.1063/5.0151622
https://doi.org/10.1103/physrevlett.71.999
https://doi.org/10.1021/acs.jpcc.9b01063
https://doi.org/10.1016/j.jlumin.2021.118367
https://doi.org/10.1016/j.cplett.2016.02.009
https://doi.org/10.3390/molecules28041572
https://doi.org/10.2478/s11532-010-0058-3
https://doi.org/10.1016/j.eurpolymj.2023.111992

The Journal

of Chemical Physics

57]. Romand and B. Vodar, “Spectres d’absorption du benzene a I'etat vapeur et a
Ietat condense dans l'ultraviolet lointain,” Compt. Rend. 233, 930-932 (1951).
383, F. F. Mason, UV Atlas of Organic Compounds (Springer, New York 1967),
Vol. 3, p. GI.

395, R. Lemes et al., “Optical properties and antiangiogenic activity of a chalcone
derivate,” Spectrochim. Acta, Part A 204, 685-695 (2018).

4B, J. Orr and J. F. Ward, “Perturbation theory of the non-linear optical
polarization of an isolated system,” Mol. Phys. 20, 513-526 (1971).

“17. L. Oudar and D. S. Chemla, “Hyperpolarizabilities of the nitroanilines and
their relations to the excited state dipole moment,” J. Chem. Phys. 66, 2664-2668
(1977).

“ZA. M. Kelley, “Frequency-dependent first hyperpolarizabilities from linear
absorption spectra,” . Opt. Soc. Am. B 19(8), 1890-1900 (2002).

3], Pérez-Moreno et al., “Experimental verification of a self-consistent theory of
the first-second-and third-order (non)linear optical response,” Phys. Rev. A 84,
033837 (2011).

“4g, Muhammad, A. G. Al-Sehemi, A. Irfan, and A. R. Chaudhry, “Tuning the
push-pull configuration for efficient second-order nonlinear optical properties in
some chalcone derivatives,” . Mol. Graphics Modell. 68, 95-105 (2016).

ARTICLE pubs.aip.org/aipl/jcp

“5]. M. F. Custodio et al., “Second-order nonlinear optical properties of two chal-
cone derivatives: Insights from sum-over-states,” Phys. Chem. Chem. Phys. 23,
6128-6140 (2021).

“6J. M. F. Custodio et al., “Benzenesulfonyl incorporated chalcones: Synthesis,
structural and optical properties,” J. Mol. Struct. 1208, 127845 (2020).

“’M. G. Kuzyk, “Physical limits on electronic nonlinear molecular
susceptibilities,” Phys. Rev. Lett. 85, 1218-1221 (2000).

“8M. G. Kuzyk, “Fundamental limits on two-photon absorption cross sections,”
J. Chem. Phys. 119, 8327-8334 (2003).

“9A. Cesaretti ef al., “Uncovering structure-property relationships in push-pull
chromophores: A promising route to large hyperpolarizability and two-photon
absorption,” J. Phys. Chem. C 124, 15739-15748 (2020).

5%Concilio, S. et al., “Third-order nonlinear optical properties of in-backbone sub-
stituted oligo(triacetylene) chromophores,” J. Opt. Soc. Am. B 20(8), 1656-1660
(2003).

5'T. Michinobu et al., “A new class of organic donor-acceptor molecules with
large third-order optical nonlinearities,” Chem. Commun. 2005, 737-739.

52], C. May, L. Biaggio, F. Bures, and F. Diederich, “Extended conjugation and
donor-acceptor substitution to improve the third-order optical nonlinearity of
small molecules,” Appl. Phys. Lett. 90, 251106 (2007).

J. Chem. Phys. 159, 244311 (2023); doi: 10.1063/5.0166036
Published under an exclusive license by AIP Publishing

159, 244311-9

61:12:7L ¥20Z Aenuer zo


https://pubs.aip.org/aip/jcp
https://doi.org/10.1007/978-1-4757-6890-9
https://doi.org/10.1016/j.saa.2018.06.099
https://doi.org/10.1080/00268977100100481
https://doi.org/10.1063/1.434213
https://doi.org/10.1364/josab.19.001890
https://doi.org/10.1103/physreva.84.033837
https://doi.org/10.1016/j.jmgm.2016.06.012
https://doi.org/10.1039/d0cp06469f
https://doi.org/10.1016/j.molstruc.2020.127845
https://doi.org/10.1103/physrevlett.85.1218
https://doi.org/10.1063/1.1611474
https://doi.org/10.1021/acs.jpcc.0c03536
https://doi.org/10.1364/josab.20.001656
https://doi.org/10.1039/B417393G
https://doi.org/10.1063/1.2750396

Studying the First Order Hyperpolarizability spectra in chalcone-
based derivatives and the relation with One- and Two-photon absorption

transitions

Lucas F. Sciuti?, Carlos H. D. dos Santos?, Leandro H. Z. Cocca?, André G. Pelosi?,

Rafaela G. M. da Costa®, Jones Limberger®, Cleber R. Mendonca® and Leonardo De Boni?

& S&o Carlos Institute of Physics, University of Sdo Paulo, Sdo Carlos 13560-970 Séao

Paulo, Brazil

b Departamento de Quimica, Pontificia Universidade Catdlica do Rio de Janeiro. Rua
Marqués de Sdo Vicente, 225, 22451-900, Rio de Janeiro, RJ, Brazil

Supplementary Information




1. Open-aperture Z-scan technique

The experimental setup for the open-aperture Z-scan technique measurements consists
of an amplified Ti:Sapphire laser (Clark-MXR - CPA) that emits pulses centered at 775 nm,
with a temporal width of 150 fs and a repetition rate of 1 kHz. It pumps an OPA (TOPAS -
Quantronix) delivering pulses with a spectral range of 460 to 2200 nm. At first, the beam
passes in a polarizer and two dielectric mirrors that set the polarization and filter the undesired
wavelengths. A spatial filter obtains a Gaussian spatial mode (TEMoo). Then, a beam splitter
deflects approximately 5% of the incident power to the reference detector. The remaining
power passes through a set of polarizers for power control before exciting the sample. A
convergent lens of focal length f = 15 cm is used to focus the beam at point z = 0, along which
the sample is translated by a motorized translation system (z-axis) controlled by computer
software which also performs the data acquisition. After the beam propagates through the
sample, it is directed to the signal detector by a convergent lens. Lock-in amplifiers are used
in the reference and signal channels for amplification, averaging, and increasing the signal-to-
noise ratio. Figure SI-1 shows experimental normalized transmittance (colored circles) for
two distinct wavelengths for each studied molecule. The solid lines represent the best fitting
of the experimental normalized transmittance (NT) using the theoretical NT given by Egs.
(S1) and (S2).
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Figure SI-1. Examples of open aperture Z-scan technique for the seven molecules studied. The colored circles
were associated with the experimental data and the respective solid lines are the theoretical NT to determine the
2PA cross-section spectra for each wavelength. The pump intensity at the focal plane is around 100 GW/cm?.

The nonlinear absorption coefficient  is determined by fitting the NT curve:

NT(z) =

in which,

1 00
Vrqo(2,0) f_°°

ln(l + q(z, O)e‘TZ) dt

(SI1)



qo = §loL(1 + (2% + 25)) ™" (S12)

where L is the sample length, zo is the Rayleigh parameter, z is the position of the sample, and
lo is the intensity of the pulse in the focal plane. The value of the 2PA cross-section, c2pa, Can
be obtained by using the expression copa= hv&/N, where N is the number of molecules/cm?®
and hv is the photon energy. Generally, a 2PA unit is expressed in Goeppert-Mayer (GM),

with 1 GM = 10°° cm* s molecules™ photon™.

2. Determining the dispersion of first-order hyperpolarizability by External Reference
Method (ERM)

To determine the magnitude of the first-order hyperpolarizability employing ERM,
several measurements were performed considering a reference sample (para-nitroaniline
(pNA) in this case) with known 3 values and the chalcone-based derivatives, both dissolved in
DMSO. Measurements of 1(2w) as a function of I(w) were performed for six different
concentrations of the reference and the chalcone-based samples, resulting in graphs of
I(20)/1?(®) as a function of the concentration. Using the same solvent and experimental
conditions for all the molecules, the value of Punknown (unknown first-order

hyperpolarizability) is given by?:

A
ﬁunknown ((‘)) = ﬁreference (w) Aunknown (SI3)
reference

in which Aunknown and Areference are, respectively, the slopes of the linear fits of the quadratic
coefficients (1(20)/1?(»)) as a function of the concentrations.

As an example of a typical HRS experimental curve, in Figure SI-2 (a), one can see
the quadratic dependence of 1(2w) with I(w) for six C3 concentrations, measured with an
incident laser beam at 800 nm. In addition, in Fig. SI-2 (b), the quadratic coefficients
(1(2w)/1%(w)) are plotted as a function of both C3 and pNA concentrations, showing the
expected linear behavior where the linear fits (solid lines) slopes are obtained. The
measurements were performed over wavelengths ranging from 750 nm to 1200 nm with 50

nm intervals and the values of B(A) for pNA were obtained from Sciuti et al.
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Figure SI-3 - (a) indicates one example of the measurements of I(2w) vs I(w) and their respective quadratic fits
for molecule C3 as a function of concentration, measured at 800 nm, in which C1 is the most concentrated
solution. (b) depicts the linear dependence of the quadratic coefficient with sample concentration for pNA, C3, at
the same wavelength. Both error bars were estimated at 10%, which is considered the concentration error and

laser power fluctuation.
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