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ABSTRACT: In this Letter, we explored the use of polarized two-photon absorption
(2PA) spectroscopy, which brings additional information when compared to methods that
do not use polarization control, to investigate the electronic and molecular structure of two
chromophores (FD43 and FD48) based on phenylacetylene moieties. The results were
analyzed using quantum chemical calculations of the two-photon transition strengths for
circularly and linearly polarized light, provided by the response function formalism. On the
basis of these data, it was possible to distinguish and identify the excited electronic states
responsible for the lowest-energy 2PA-allowed band in both chromophores. By modeling
the 2PA circular—linear dichroism, within the sum-over-essential states approach, we
obtained the relative orientation between the dipole moments that are associated with the
molecular structure of the chromophores in solution. This result allowed to correlate the
V-shape structure of the FD48 chromophore and the quantum-interference-modulated

2PA strength.

SECTION: Spectroscopy, Photochemistry, and Excited States

ue to its great technological appeal, in the past few years,
two-photon absorption (2PA) spectroscopy of organic
molecules has been the target of several studies, from the
development of new two-photon absorbing materials to the
understanding of the 2PA at a molecular level.""* According to
quantum mechanical perturbation theory, the probability of the
2PA to occur in the case of molecular systems depends
essentially on the excitation energy, transition dipole moments
from ground to excited states (ﬁg_,e), those between excited
states (fi,_,.), permanent dipole moment changes (Afi), and
the polarization state of ultrashort laser pulse.'”*° While there
is a great deal of attention given to optimizing the molecular
structure of organic compounds, aiming at increasing their
hyperpolarizabilities, polarization effects on the 2PA are
underexplored.”*> However, this subject may offer oppor-
tunities to study in detail the electronic and molecular structure
of randomly oriented chromophores, such as, for instance, that
in solutions.>*~2¢
The potential of polarization-dependent 2PA spectroscopy
for identifying the nature of the excited states and molecular
structure of randomly oriented chrom07phores was first shown,
theoretically, by Monson and McClain®*” in 1971. Even so, until
now, only some papers, particularly theoretical works, have
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focused on the light polarization effect on the 2PA in order to
gather information about the excited states’ symmetry and 3D
structure of molecules in solution. For example, Tinoco>® and
Power”® analytically showed, using the second-order perturba-
tion theory, the two-photon absorption circular dichroism
(2PA-CD) of chiral samples. Such a methodology allows, in
chiral samples, exploration of optical effects beyond the electric
dipole approximation. Wanapun,*® Olesiak-Banska,>® and
Mojzisova>' showed the potential of the polarized two-photon
spectroscopy to investigate complex molecular structures such
as protein secondary structure and organization of liquid-
crystalline DNA. Theisen and co-workers”* used polarization-
resolved pump—probe to determine the 3D orientation of
transition dipole moments and to identify configurational
isomers. More recently, Diaz et al.>* theoretically studied the
effect of the m-electron delocalization curvature on the two-
photon circular dichroism of molecules with axial chirality. In
summary, the polarized 2PA spectroscopy is capable of
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Figure 1. Structures of the phenylacetylene-based chiral molecules studied (FD43 and FD48).
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Figure 2. Experimental 1PA (solid black lines) and 2PA (circles for linear polarization and squares for circular polarization) spectra of (a) FD43 and
(b) FD48. Experimental (diamonds) and simulated (solid lines) 2PA-CLD spectra of (c) FD43 and (d) FD48. Dashed lines show the fit employing

the SOS approach.

providing information about the angle between dipole
moments,”** the symmetry of excited states,”>* and the 3D
molecular structure of randomly oriented molecules,”* and in
the case of chiral samples, it allows one to obtain information
about the magnetic dipole and electric quadrupole mo-
ments.”>*** On the other hand, from the experimental point
of view, 2PA spectroscopy of isotropic liquids has been
routinely performed using linearly polarized light. Therefore,
experimental studies about the polarization effects on the 2PA
are of fundamental importance to gain a deeper understanding
of the photophysical properties of organic molecules.

In what follows, we shall analyze the electronic and molecular
structure of two chiral z-conjugated molecules with linear ((S)-
4-((4-(dihexylamino)phenyl)ethynyl)-N-(1-phenylethyl) ben-
zamide, FD43) and V-shape (N,N’-((1S,2S)-cyclohexane-1,2-
diyl)bis(4-((4-(dihexylamino)phenyl)ethynyl)benzamide),
FD48) molecular structures containing phenylacetylene moi-
eties. Chiral 7-conjugated molecules, as the ones studied here,
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are of great interest in physical chemistry and photonics
because they allow exgploration of distinct effects of light—
matter interactions,”>*® enable considerable improvement in
the second-order nonlinear optical response,37 and have latent
application in new technologies. For example, the inherent
three-dimensional character of the chirality and the high
hyperpolarizabilities of conjugated systems together provide
versatile chemical structures for fabrication of light-emitting
diodes, fluorescent sensors, photovoltaic cells, field effect
transistors, photodiodes, and so on.>®

The discussion here is based on the 2PA circular—linear
dichroism (2PA-CLD) experimental data and further supported
by the results of electronic structure calculations. 2PA-CLD is a
third-order nonlinear optical effect governed by the electric
dipole moment (therefore, much more intense than the 2PA-
CD) and is usually defined as Aogip(4) = [QEH(A) — 1]/
[QZH (1) + 1], where QT4 (1) = 622 (1)/0752(A) is the ratio
between the 2PA cross-section obtained by using circularly
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Figure 3. 2PA (circles for linear polarization and squares for circular polarization) spectra of (a) FD43 and (b) FD48. In (a) and (b), the solid lines
along the circles and squares correspond to simulated 2PA spectra based on the theoretical results, and the results in (c) and (d) correspond to the
SOS approach. In (a) and (b), the scattered diamonds show the 2PA probability obtained from theoretical calculations for each specific transition.

The theoretical spectrum in (a) is shifted by —10 nm.

(623 (2)) and linearly (073*(4)) polarized lights. Because the
2PA ratio can be explicitly written in terms of the orientational
average of the dipole moments’ magnitude from ground and
excited states, as well as its relative orientation, the 2PA-CLD
technique may provide information about the electronic and
molecular structures of randomly oriented chromophores. The
molecular structures of the chiral 7-conjugated molecules
(FD43 and FD48) studied are presented in Figure 1. As it is
seen, FD43 chirality arises from the chiral carbon attached to
the phenyl ligand, while the chirality of FD48 is due to the
presence of chiral carbons in the cyclohexane ring bearing the
substituents, which confers a helical structure to the molecule.
Details about the synthesis and purification of these
compounds can be found in ref 39.

To investigate the 2PA-CLD spectra, we used the wave-
length-tunable femtosecond Z-scan technique and quantum
chemical calculations combined with the response function
formalism within the density functional theory (DFT)
framework.*>*" Experimental and theoretical details can be
found in the Supporting Information.

The molar absorptivity spectra of FD43 and FD48 are
displayed by the solid lines in Figure 2a and b, respectively.
Such spectra present a lowest-energy absorption band at
approximately 370 nm in the case of both molecules, with
molar absorptivity of ~3.4 and 6.4 X 10* mol™' L em™,
respectively. The origin of this band is associated with a 7 — 7*
transition localized in the #-conjugated phenylacetylene
backbone.*

The circles and squares in Figures 2a and 2b show,
respectively, the lowest-energy 2PA-allowed band determined
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by open-aperture Z-scan with linearly and circularly polarized
light. A significant difference in the 2PA cross-section is found
when using circularly and linearly polarized light, approximately
35 GM for FD43 and 60 GM for FD48.

Such a difference is associated with elements of the 2PA
tensor, which can be related to the symmetry of the electronic
states, as well as to the angle between the dipole moments.”>*®
To gain new insights into the electronic and molecular
structures of FD43 and FD48, we show the experimental
(diamonds) and simulated (solid lines) 2PA-CLD spectra,
respectively, in Figures 2c and 2d.

The first aspect to be highlighted, based on the analysis of
the data present in Figures 2¢ and 2d, is the good agreement
between the simulated and experimental 2PA-CLD spectra.
The theory clearly reproduces the constant behavior observed
for FD43 (Figure 2c), with Q¢p ~ 0.68, as well as the
sigmoidal behavior for FD48 (Figure 2d).

From the trend observed in Figure 2d, we discriminate two
regions in which Q¢;p tends to constant values; the first one,
between approximately 380 and 420 nm, has (Q¢;p) ~ 0.76,
and the other one, between 330 and 360 nm, has (Q¢p) ~
0.62. These results suggest that the 2PA bands of FD43 and
FD48, located at 370 nm, are ascribed to one and two (at least)
strongly 2PA-allowed states, respectively. In an attempt to
verify this hypothesis, we performed quantum chemical
calculations based on the DFT framework. The solid lines
along the experimental data (circles and squares) in Figures 3a
and 3b display the simulated spectra using the results provided

by the quadratic response function calculation,**'
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The theoretical results indicate the existence of respectively
one and two electronic states with high 2PA probability in that
spectral region in the case of FD43 _éfﬁs = 73300 au (97

GM)) and FD48 (5845 = 53500 au (102 GM); 83, = S0800

au (110 GM)) molecules (see scattered diamonds in Figures 3a
and 3b). Therefore, the results provided by the quantum
chemical calculations corroborate the interpretation obtained
from the analysis of Figure 2¢ and d. In addition, in the case of
FD48, the theoretical calculations show that the two states lie
very closely; in fact, the energy separation is approximately 0.2
eV, in agreement with the experimental results presented in
Figure 2d. Moreover, it is worth mentioning that the 2PA
spectrum for FD48 presents a small red shift as compared to its
1PA spectrum. Such behavior can be explained, according to
the theoretical calculations, because the 1PA oscillator strength
of the second excited state is considerably higher than the first
excited state (fg;= 1.09 at 384 nm and fg, = 1.48 at 361 nm),
while for the 2PA cross-section, the opposite is observed, that
is, the first excited state presents higher 2PA probability (8¢,

= 53500 au) as compared with the second excited state (5§Pﬁs

= 50800 au). Such behavior produces as a final result a small
red shift (70 meV) in the 2PA spectrum as compared to the
1PA spectrum. The experimental results endorse such an
observation; in fact, there are two excited state strongly allowed
by 2PA close to each another.

Another interesting aspect observed in Figures 2c and 2d is
that the 2PA-CLD spectra, simulated and experimental, only
exhibit negative values (Acg;p < 0) within the investigated
spectral range. These results point out that the excited states,
responsible for the 2PA-allowed band, have the same symmetry
as the ground state.> However, as FD43 and FD48 do not
have inversion of symmetry, it is not expected that the excited
states present a well-defined symmetry and, therefore, the
dipole-electric selection rules are most probably relaxed.** In
this situation, it is not possible to guarantee the symmetry of
the excited states of both molecules. Although FD43 and FD48
have molecular chirality, as previously mentioned, we did not
observe, within our experimental error, differences between
2PA cross-sections measured using right and left circularly
polarized light (this result can be seen in the Supporting
Information).

In order to support our results and their interpretations, as
well as to establish a relationship between the 2PA-CLD
spectrum and the electronic/molecular structure of the
compounds, we used the sum-over-essential states (SOS)
approach. In doing so, we considered the energy levels obtained
from the quantum chemical calculations. Proceeding in this
way, we used a two-energy level diagram for FD43 and a three-
energy level diagram with two final states for FD48 (see the
Supporting Information) because this molecule has two
strongly 2PA allowed excited states with virtually the same
probability.** For FD43, within the two-energy level approx-
imation, the 2PA-CLD 313gnal can be written as (see the
Supporting Information)>>>>

cos (0~ ai) 3
2 2 cos (eﬁolAﬁol) + 1] (1)

2PA _
CLD =

where 6 is the angle between the dipole moments fiy, and Afig,.
It is observed that in a two-level system, Q%) varies between
0.667 (GhigAlig; = 0°) and 1.5 (G Afig; = 90°) for any value

of the angle between the dipole moments and does not present
any dependence on the wavelength. In Figure 2c¢, the dashed
line shows the fit obtained employing eq 1 with &; Az = 8° +
4°. Such result is in good agreement with the one obtained
from the response function calculations (6 az, = 11.5° solid
line in Figure 2c). Furthermore, as can be noted based on the
analysis of Figure 4a, the 7-conjugated bridge and the electron
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Figure 4. Equilibrium molecular geometry of (a) FD43 and (b) FD48.
The arrows display the direction of the dipole moments obtained by
the combined polarized Z-scan technique and theoretical results.

donor and acceptor groups are in the same plane for FD43 and,
therefore, it is expected that the dipole moments are virtually

parallel, corroborating the small value obtained for &; Az .

addition, as can be seen in Figure 3c (solid lines), the aﬁolAﬁDl
value reproduces well, within the SOS approach, the
experimental 2PA spectra measured with linearly and circularly
polarized light.

Because, according to the theoretical calculations, FD48
presents two 2PA-allowed transitions very close in energy and
with similar probabilities, it is necessary to consider a three-
energy level diagram with two final states. In this system, the
QY signal can be written as (see the Supporting Information)

O_ZPA

Qo) =

Lp

ang, (2w) + [ﬁk + R(o)yp + 2R(w)y@g 0 (20)

arg, (20) + [ Py + R(@)C + 2R@)r = g, (200)

)
where R(w) = @?/[(wy; — @) + T3,(w)] is the 2PA resonance
enhancement factor, g(2w) is the line shape function, and w is
the excitation frequency. The parameters associated with the
angle between the dipole moments are given by

n=2[2cos’(0; pz ) + 1] (2a)
= 2[2 cos’(0; a7 ) + 1] (2b)
p=2[2cos’(6; ;) + 1] (20)
c= 2[cos(9ﬂ si, ) cos(9~ ) + cos((9~ A, ) cos (9% ,402)
+ cos(0 az )eos(e,;mﬁu)] (2d)

for linear polarization and
7 = [cos” (9,, A, ) + 3] (2e)
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y = [cos’(0; 7 ) + 3] ()

{= [Cosz(eﬁmﬁu) + 3] (28)

9 = [ =2 cos(0;,a7,) c05(07,5.) + 3 c05(0;, a7,
cos(0; 7 ) + 3 cos(0; aj ) COS(G,;UZ;,IZ)] (2h)

for circular polarization.

The other parameters a = Ifig,PIAz, %, f = g1 ALy ¥ =
o, Pl 5%, and ¥ = Iig i oI, )| Aigyl, shown in Table 1, are
associated with the magnitude of the dipole moments. Such
parameters can be obtained through solvatochromic shift
measurements, as reported in ref 39.

Table 1. Parameters Associated with the Magnitude of the
Dipole Moments

parameters (Debye*) DFT SOS
a 16630 15190
B 17095 9950
¥ 187 163
4 1788 1372

It is very challenging to obtain the angle between the dipole
moments directly from the experimental data due to the large
number of parameters involved in eq 2. In this Letter, however,
an attempt to estimate the angles was made using the results
provided by the theoretical calculations. Subsequently, to
obtain the angle between the dipole moments from the
experimental data, we fit the experimental 2PA-CLD spectrum
(dashed line in Figure 2d and solid lines in Figure 3d) using the
least-squares-based finite difference method,” taking as the
initial values those obtained through the theoretical calcu-
lations. Table 2 shows the values estimated through the two

Table 2. Estimates of the Angles between the Dipole
Moments of the FD48 Molecule”

dipole angles DFT (deg) SOS (deg)
O ai 18 45
Orn 172 180
Oz 101 91
Oz 151 155
O nin 87 8
O 64 80
0z 0 108 118

“The estimates were made based on the theoretical results (DFT) and
by modeling the experimental 2PA-CLD spectrum using the SOS
approach.

approaches. It is observed that, in general, there are good
agreements between the values provided by both. The values
estimated for the parameter f§ (Table 1) and the angle between
the dipole moments Ji;, and Afiy (Table 2) are the only
exceptions because for those, a considerable difference is
observed. These parameters, to some extent, may explain the
difference between the experimental and theoretical data
verified in Figure 2d for the spectral region below 360 nm.
Figure 4b shows the equilibrium molecular geometry for FD48,
with the arrows illustrating the direction of the dipole moments
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obtained from the experimental data and theoretical results
(Table 2).

The result indicates that the angle between the two branches
is equal to the angle between the transition dipole moment iy,
and Jip,, and therefore, it suggests that each branch of FD48 is
responsible for one of its strongly 2PA-allowed states. Another
important aspect to be highlighted in Figure 4b is that the angle
between the two branches is approximately 90°. Such an angle
ensure a basically null contribution from the interference term
(third term of the numerator and denominator in brackets in eq
2) between the two distinct excitation pathways present in a
three-energy level system (see the Supporting Information)
because, in the SOS approach, the interference term depends
directly on cos(6), where 0 is the angle between the dipole
moments along each branch (indices 1 and 2). For the two
distinct excitation pathways, one involves a transition in a three-
energy level system via intermediate one-photon resonance
(second term of the numerator and denominator in brackets in
eq 2), and the other (first term of the numerator and
denominator in brackets in eq 2) connects the same initial and
final states but does not involve an intermediate level because
of appreciable change of the permanent dipole moment upon
excitation. Depending on the relative orientation between the
dipole moments, the contribution of the interference term for
the 2PA can substantially increase or decrease its cross-section.
We have calculated this contribution and, although it is a
constructive interference process,** it is responsible for less
than 5% of the total 2PA cross-section of the lowest-energy
2PA-allowed band for the FD48. Analysis of the interference
channel reveals that the molecular structure of FD48 can be
tuned to increase considerably the 2PA strength.

In summary, we have interpreted the electronic and
molecular structure of two molecules with different molecular
structures (linear for FD43 and V-shape for FD48) using the
polarization-resolved femtosecond Z-scan technique and
quantum chemical calculations. By using the appropriate
energy diagram within the SOS approach and the response
function calculations, we have modeled the 2PA-CLD spectrum
and interpreted photophysical parameters with regard to the
electronic and molecular structure of two randomly oriented
chiral chromophores. We have observed a strong correlation
between the experimental data and theoretical results for the
magnitude, spectral behavior and photophysical parameters
involved in the 2PA-CLD process. Finally, we have shown that
the V-shape molecular geometry of the FD48 chromophore
produces a small contribution to the quantum-interference-
modulated 2PA strength.
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Details about the two-photon experimental setup, electronic
CD spectra, theoretical approach about the 2PA-CLD and a
description of the sum-over-essential states approach used to
interpret the results of two-photon circular and circular—linear
dichroism are reported. This material is available free of charge
via the Internet at http://pubs.acs.org.
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