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ABSTRACT: This Article reports a combined experimental and theoretical analysis on the
one and two-photon absorption properties of a novel class of organic molecules with a 7-
conjugated backbone based on phenylacetylene (JCM874, FD43, and FD48) and
azoaromatic (YB3p25) moieties. Linear optical properties show that the phenylacetylene-
based compounds exhibit strong molar absorptivity in the UV and high fluorescence quantum
yield with lifetimes of approximately 2.0 ns, while the azoaromatic-compound has a strong
absorption in the visible region with very low fluorescence quantum yield. The two-photon
absorption was investigated employing nonlinear optical techniques and quantum chemical
calculations based on the response functions formalism within the density functional theory
framework. The experimental data revealed well-defined 2PA spectra with reasonable cross-
section values in the visible and IR. Along the nonlinear spectra we observed two 2PA allowed
bands, as well as the resonance enhancement effect due to the presence of one intermediate
one-photon allowed state. Quantum chemical calculations revealed that the 2PA allowed
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bands correspond to transitions to states that are also one-photon allowed, indicating the relaxation of the electric-dipole
selection rules. Moreover, using the theoretical results, we were able to interpret the experimental trends of the 2PA spectra.
Finally, using a few-energy-level diagram, within the sum-over-essential states approach, we observed strong qualitative and

quantitative correlation between experimental and theoretical results.

I. INTRODUCTION

The study of photochemical properties of new two-photon
absorbing materials has increased considerably in the past years
because of their remarkable features for various applications
such as three-dimensional (3D) optical data storage,1
fluorescence imaging,” photodynamic therapy,® frequency
upconverted lasing,4 optical limiting,5 coherent control,’
microfabrication and micromachining,7’8 and so on. Such
applications are basically associated with two intrinsic character-
istics of two-photon absorption (2PA): (i) excitation takes
place in the near-IR spectral region where damage and
scattering are smaller than in the UV—visible and (ii) the
quadratic dependence on intensity, which allows high spatial
localization of the excitation. These characteristics allow
developing photonic devices from optics to biology.

Among the different types of materials used for such
purposes, organic compounds provide advantages in relation
to others, since their optical properties can be easily modified

-4 ACS Publications  © 2012 American Chemical Society

or optimized by molecular engineering strategies. For this
reason, great efforts have been aimed at this type of
chromophores to increase and tune 2PA properties. Depending
on the applications, two-photon absorbing chromophores have
to satisfy different requirements. For example, combination of
high fluorescence quantum yield and 2PA cross-section in the
red—near-infrared (NIR) range are desirable for biological
imaging;z’9 while very high 2PA cross-section (>10° GM) and
chemical reactions are necessary for 3D optical data storage.'’
However, a great number of factors influence the 2PA
properties: electronic delocalization,"" degree of molecular
planarity,'>"? intramolecular charge transfer,'* bond length
alternation,ls’16 cooperative enhancement between branches,”
temperature effect,">'” and so on. Therefore, to explore the full
potential of a material envisioning applications, it is necessary
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Chart 1. Structures of the Push—Pull Dipolar Molecules Studied Based on Phenylacetylene (JCM874, FD43, and FD48) and

Azoaromatic (YB3p25) Moieties
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Scheme 1. Preparation of the Azo (YB3p25) and Phenylacetylene Compounds (JCM874, FD43, and FD48)“
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ethynyltrimethylsilane, PdCL,(PPh,),, Cul, THF, Et;N, 80 °C, 2 h, or r.t,, 15 h; (iv) K,CO;, MeOH, 0.5 to 3 h; (v) N,N-dihexyl-4-iodobenzenamine,
PdCl,(PPh;),, Cul, THF, Et;N, r.t., 24 h; (vi) 1-bromohexane, Nal, Na,CO, DMF, 100 °C, 48 h; (vii) methyl 4-iodobenzoate, PdCL,(PPh,),, Cul,

THF, E;N, r.t, 15 h; (viii) LiOH, n-Bu,NOH, MeOH, r.t,, 72 h.

to investigate the relationship between chemical structure and
optical properties. In particular, structures containing 7z-
conjugated bridges based on phenylacetylene and azoaromatic

moieties, with asymmetrical D-7-A or symmetrical D-7-A-7-D

structures (D = donor group; 7w = conjugated; A = acceptor
group), have led to a large charge redistribution of
chromophore upon excitation, increasing the dipole moment

and consequently the 2PA cross-section.”>* In this context,
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we synthesized and studied a novel class of organic materials
containing 7-conjugated backbone based on phenylacetylene
(JCM874, FD43, and FD48) and azoaromatic (YB3p25)
moieties (Chart 1). As can be observed in Chart 1, FD43
presents molecular chirality because of the chiral carbon
attached to the phenyl ligand, while the chirality of FD48 and
YB3p25 is due to their helical molecular structure. Such designs
are interesting in organic chemistry because they allow
structural improvements of organic compounds to study
light-matter interactions beyond the electric dipole approx-
imation as, for instance, electric quadrupole and magnetic
dipole interactions.

To investigate the broadband one- and two-photon optical
properties of this class of organic materials, we used the
wavelength-tunable femtosecond Z-scan technique and quan-
tum chemical calculations. The nonlinear spectra were modeled
using the sum-over-essential states approach, which was
supported by theoretical predictions of the two-photon
transitions strengths carried out using the response functions
formalism within the density functional theory (DFT)
framework.”® Recently, the 2PA spectroscopy in conjunction
with quantum chemical calculations have proven to be a
powerful tool to determine molecular parameters of organic
molecules, such as “dark” states, transition dipole moments and
permanent dipole moment changes, and so on.>*">® To check
for saturation and/or photodegradation processes during the
measurements, we measured the fluorescence intensity and
normalized transmittance, excited via femtosecond pulses, as a
function of irradiance. Linear optical properties such as molar
absorptivity, one-photon-induced fluorescence, fluorescence
quantum yield, and lifetimes are also reported.

Il. EXPERIMENTAL SECTION

The amides YB3p25, JCM874, FD43, and FD48 were
synthesized from the carboxylic acids 1?7 and 2 and the
corresponding amine using diisopropylcarbodiimide and N-
hydroxybenzotriazole as coupling agents (see Scheme 1). N-
hydroxybenzotriazole was preferred to the more commonly
used 4-dimethylaminopyridine as it was found to give much
better yield and less side products. The carboxylic acid 2 was
obtained in five steps and very good yield from N,N-dihexyl-4-
iodobenzenamine (3) and methyl 4-iodobenzoate by a double
Sonogashira coupling giving the ester 6, followed by
saponication of the ester. Details about the synthesis can be
found in the Supporting Information.

Solutions of the organic molecules in chloroform were
prepared, with concentrations around 1 X 10™* and 5 X 107°
mol L™' for linear and nonlinear optical measurements,
respectively. The samples were placed in 2 mm thick quartz
cuvettes for optical measurements. The linear absorption and
photoluminescence (PL) spectra were recorded using a
standard spectrophotometer and fluorimeter, respectively.
Nonlinear optical measurements were carried out employing
the open aperture Z-scan technique, using 120-fs laser pulses
from an optical parametric amplifier pumped by 150-fs pulses
(775 nm) from a Ti:sapphire chirped pulse amplified system,
operating at 1-kHz repetition rate. The Z-scan measurements
were carried out with intensities ranging from 30 to 200 GW/
cm? (10 to 130 nJ/pulse) and with beam waist size from 14 to
21 um. The same laser system was used to excite the samples
fluorescence, which was collected perpendicularly to excitation
through an optical fiber attached to a spectrometer. The
fluorescence intensity was measured as a function of the

excitation irradiance at the peak of the lowest energy 2PA band
appearing along the nonlinear spectrum.

For an absorptive nonlinearity, the light field induces an
intensity dependent absorption coefficient, a = o, + fI, where I
is the laser beam intensity, &, is the linear absorption
coefficient, and f is the 2PA coeflicients. After carrying out
the open aperture measurement, the nonlinear absorption
coefficient can be unambiguously determined by fitting the
experimental data. The 2PA cross-section can be obtained
through the expression 6,p, = Awf/N, where N is the number
of molecules per cubic centimeter (cm®), and % is the photon
energy.

To measure the fluorescence lifetime of the samples, pulses
at 266 nm generated by doubling the second harmonic of a Q-
switched and mode-locked Nd:YAG (70 ps). The 266 nm
beam was focused into the sample, placed in a 2 mm-thick
fused silica cuvette, with a lens of focal length f = 12 cm.
Experimental details about the time-resolved fluorescence setup
can be found in ref 28.

To model the fluorescence lifetime, we used the
deconvolution method. In this approach the deconvoluted
fluorescence signal, S(t), is given by

S(t) = f G(t — )I(¢) dt 0

where I(t') is the system response function to the laser pulse,
and G(t) is the function that describes the fluorescence decay.
Herein, we assume the system response function as a Gaussian
(I(t")) with temporal full width at half-maximum (FWHM) of
approximately 0.5 ns, because of the response time of silicon
photodetector used, and a monoexponential function to
describe the fluorescence behavior (G(t)).

To support our interpretation of the results, we estimated the
expected fluorescence lifetime using the Strickler—Berg (SB)
equation,”*° which related the molar absorptivity of the lowest
energy absorption band and the fluorescence peak with the
radiative lifetime, 757, as follows:

o) = L87mzc[2303(u($ax o f—g(vA) du,
Ny Ua 2)

where vg;" and v, are the maximum emission and absorption
wavenumber, respectively. To obtain the fluorescence lifetime,
7%, it is necessary to calculate the product between the
radiative lifetime given by eq 2 and the experimental
fluorescence quantum yield, ¢.

lll. COMPUTATIONAL DETAILS

Due to the size of the studied molecules, all quantum-chemical
calculations were performed using the Kohn—Sham formula-
tion of density functional theory (KS-DFT). The equilibrium
molecular geometries of the studied molecules were deter-
mined performing DFT calculations employing the hybrid
exchange-correlation B3LYP*"** functional and the standard 6-
311G(d,p) basis set™ as implemented in the Gaussian 03
package.”* Subsequently, to determine the lowest one- and two-
photon allowed states of the studied molecules, the response
functions calculations within the DFT framework were
performed using the DALTON program.* In this approach,
the excitation energies and transition dipole moments (two-
photon probabilities) are analytically computed as poles and
single residues of the linear (quadratic) response function of
the molecular electronic density, respectively. Moreover, the
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excited states dipole moments were also determined in the
present work by computing the double residue of the quadratic
response function. All the response function calculations were
performed employing the hybrid exchange-correlation
B3LYP*"** functional in combination with the standard 6-
31+G(d) basis set>® for molecules in vacuo. The 20 lowest
energy transitions of each molecule were determined.

In this Article, using the two-photon transition probabilities
and transition energies provided by quadratic response
calculations, theoretical values were estimated for the 2PA
cross-section and compared with the experimental data. The
mathematical expression and a detailed description of the
physical constants and photophysical parameters used to
theoretically estimate the 2PA cross-section of a given excited
state can be found in ref 36. The 2PA cross-section
corresponding to the transition to a given excited state is
inversely proportional to its spectral line width. It is important
to mention that the line width of excited states vary, both from
one molecule to another, as well as for different excited states
within one molecule. Therefore, herein the excited state line
widths of the molecules were estimated by fitting the
experimental nonlinear spectra using a set of Lorentzian
functions. The number of functions used in each fitting was
defined based on the results of the quadratic response function
calculations, which showed the number of 2PA allowed
electronic states playing along the spectral region investigated
for each molecule. Finally, a convolution of such Lorentzian
functions, where the amplitude value adopted for each function
was theoretically estimated from the 2PA cross-section of the
respective excited state, was performed in order to simulate the
2PA cross-section spectrum of each compound. The simulated
2PA cross-section spectra are compared with the experimental
nonlinear spectra.

IV. RESULTS AND DISCUSSION

The molar absorptivity (solid lines) and fluorescence (empty
squares) spectra of the JCM874, FD43, FD48, and YB3p2$
molecules are illustrated in Figure 1. Such spectra present a
lowest energy absorption band between 320 and 420 nm for
phenylacetylene (JCM874, FD43, and FD48) and 360—550 for
azoaromatic derivatives with molar absorptivity magnitudes on
the order of 3.5 X 10* mol™ L cm™ for JCM874 and FD43
and 6.5 X 10* mol™' L cm™ for FD48 and YB3p25. Such
transitions, in all molecules, are associated with the 7—n*
transition from the s-conjugated backbone, while the higher
energy bands are related to the electron donor and acceptor
groups. As can be seen, YB3p25 presents a significant
bathochromic shift in the absorption (about 75 nm or 0.55
eV) with respect to molecules with 7-conjugated bridge based
on phenylacetylene due to the presence of the azo-group
(—N=N-). Table 1 presents the photophysical parameters of
the molecules studied here.

In Figure 1, the squares represent the PL spectra excited at
the maximum of the linear absorption of each compound. Such
spectra present a strong emission band centered at ca. 460 nm
for phenylacetylene-based molecules. We did not measure the
PL spectra for YB3p2S$ because its fluorescence quantum yield
is very small. It is known that a azoaromatic derivative presents
weak radiative emission since most of its relaxation is associated
with photoisomerization.”” Additionally, we measured the
fluorescence lifetime for the phenylacetylene-based molecules
using picosecond pulses at 266 nm as excitation. We did not
measure the fluorescence lifetime for YB3p25 because our
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Figure 1. Molar absorptivity (solid lines) and fluorescence spectra
(square) of, from top to bottom, compounds JCM874, FD43, FD48,
and YB3p2$ in chloroform solutions.

experimental setup does not have enough sensitivity. The
deconvoluted fluorescence decay curves as well as the lifetime
values obtained by using the deconvolution method are shown
in Figure 2. The solid lines show the fit obtained by using the
deconvolution method described in the Experimental Section.
As it can be seen, all molecules present fluorescence lifetimes
on the order of 2 ns. By using the SB equation (see
Experimental Section), we estimated the expected value to
the fluorescence lifetime. Table 1 shows the calculated (7§%)
and experimental (7f®) fluorescence lifetimes for JCM874,
FD43,and FD48. A good agreement is observed, within the
experimental error, between the calculated and experimental
fluorescence lifetimes.

Figure 3 shows the experimental 2PA spectra (empty circles)
determined by performing open-aperture Z-scan measurements
with femtosecond pulses. In Figure 4 we present experimental
Z-scan curves and the corresponding 2PA fit>® for all studied
molecules at the wavelength of the peak of the lowest energy
2PA bands. From Z-scan curves similar to these, at distinct
excitation wavelengths, we obtained the dependence of the 2PA
cross-section with the wavelength shown in Figure 3. For all
molecules, the experimental nonlinear spectrum presents the
intermediate state resonance enhancement effect,>*® as well as
two 2PA allowed bands. These bands correspond to a transition
to a excited state, which is also one-photon absorption (1PA)
allowed, located at the UV—visible region, accomplished by the
absorption of two photons in the visible and near-infrared.

The cross-section values, at the peak of the 2PA allowed
bands, were determined to be ca. 100 + 20 GM at 540 nm and
80 + 10 GM at 740 nm for compound JCM874; 130 + 20 GM
at 540 nm and 100 + 10 GM at 750 nm for compound FD43;
250 + 30 GM at 540 nm and 190 + 20 GM at 740 nm for
compound FD48; and 90 + 10 GM at 660 nm and 230 + 30
GM at 880 nm for compound YB3p25 (see circles in Figure 3).
Such 2PA cross-section values are in good agreement with the
ones reported for molecules with similar structure.*"* Tt is
observed that FD48 has approximately 2 times higher 2PA
cross-section than FD43 and JCMS874, which indicates an

dx.doi.org/10.1021/jp310731t | J. Phys. Chem. B 2012, 116, 14677—14688
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Table 1. Photophysical Data of the Investigated Compounds in Chloroform

molecules M,, (g/mol) 2 (nm) & (mol™ L cm™) A8 (nm) Drnax 7§%(ns) 75(ns)
JCM874 483.73 368 34550 452 0.48 2.0+ 0.3 1.60 + 0.20
FD43 508.74 370 33680 454 0.61 2.1 +03 1.70 £ 0.20
FD48 889.30 367 64200 466 0.49 22 +03 1.95 + 0.20
YB3p25 897.29 444 64600

T v 11 T r T v T

JCM874/ 2.1 £ 0.3 ns
O FD43/
& FDA4s/

»

21+0.3ns T
22+03ns

N

Normalized intensity

Figure 2. Time-resolved fluorescence for phenylacetylene derivatives
obtained using picosecond excitation at 266 nm. The fluorescence
lifetime was determined through the deconvolution method. The solid
lines show the fit obtained by using the deconvolution method.
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Figure 3. The circles represent the 2PA cross-section spectra, and the
solid lines along it represent the theoretical fitting obtained employing
the sum-over-essential states approach. The squares correspond to the
theoretical 2PA cross-section spectra obtained using the results
(transition energies and 2PA probabilities) of the quadratic response
function calculations within the DFT framework (CAM-B3LYP/6-
31+G(d)).
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Figure 4. Open-aperture Z-scan curves for JCM874 (squares), FD43
(circles), FD48 (triangles), and YB3p25 (diamonds) in chloroform
solution, at 740, 750, 740, and 870 nm, respectively. The solid line
represents the fitting employing the theory described in ref 38. The
inset shows the input irradiancies used during the measurements.

additive effect in the cross-section magnitude due to the
increase in the number of conjugation branches in this
molecule by a factor of 2. Through the result (not shown) of
a quadratic response calculation performed over the structure
of a single branch of YB3p2S5, the same additive effect was
verified on such system. Therefore, we do not observe for
FD48 and YB3p2S$ any electronic coupling between branches
that could enhance their 2PA cross sections due to cooperative
effects.'”” The similar molar absorptivities and 2PA cross
sections of FD43 and JCM874 show that the distinct rings
present in the molecular structure of these systems do not
effectively affect their linear and nonlinear absorption.

To confirm the actual 2PA nature of the experimental results
(Figure 3), we measured the dependence of the Z-scan
normalized transmittance change (AT) and fluorescence
induced by 2PA as a function of the excitation irradiance.
The slope derived from a linear fit (log—log scale) of AT or
fluorescence intensity as a function of excitation intensity
indicates the mechanism of absorption. The results depicted in
Figure 5 show a slope of approximately 2.0 for fluorescence
(FD43, JCM874, and FD48) and 1.0 for AT (YB3p25),
indicating a pure 2PA process. Another important feature of
FD43, FD48, and YB3p2$ is that they exhibit molecular
chirality, and, therefore, electric quadrupole and magnetic
dipole moments can contribute to their 2PA cross-sections.*
However, normally, the electric dipole terms dominate the
nonlinear effect, and those two contributions may only be
measured/identified if the effects of the electric dipole term
vanish or cancel, as is the case in nonlinear circular dichroism.**

To further characterize the studied molecules and support
our interpretations of the 1PA and 2PA spectra, we performed
theoretical calculations employing the response functions, as
detailed in the Computational Details section. The linear and
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Figure S. Transmittance change and PL intensity (log—log scale) as a
function of pulse energy. A slope of approximately 1.0 at 870 nm was
obtained for YB3p25 using the Z-scan technique and ~2.0 at 740 nm
for the phenylacetylene-based compounds using fluorescence excited
by 2PA. These results confirm the two-photon nature of the nonlinear
process.

quadratic response functions calculations were performed at the
equilibrium molecular geometry of the molecules, shown in
Figure 6, and allowed to determine their 20 lowest energy
transitions for each compound.

In the equilibrium molecular geometry, the two aromatic
rings of the backbone of FD43 and JCM874 and of each
branch of the FD48 and YB3p2S5 stay in the same plane, which
favors the delocalization of their z-electrons. Moreover, there is

no mw—r stacking between the two branches of the FD48 and
YB3p2S molecules. Through the results of additional response
function calculations (data not shown), we verified that the
lateral and saturated chains of the investigated compound do
not play any role on their 1PA and 2PA spectroscopic
properties. Table 2 presents the energy and intensity of the
most intense 1PA and 2PA transitions of each molecule
through the UV—vis. It is important to mention that it has been
often shown that a B3LYP description for transitions with
charge-transfer character is associated with a significant error.
The spatial overlap (A) computed for a given excitation has
been used as a diagnostic parameter for its charge-transfer
character.* For all molecules studied here, the computed A
values for the transitions reported in Table 2 are between 0.35—
0.60, which suggests that the usage of B3LYP functional is
justified. As shown in Table 2, JCM874 and FD43 have three
electronic transitions located at 380, 285, and 275 nm with
moderate 2PA probabilities (>10* a.u.), while for FD48 and
YB3p2S the results indicate four electronic transitions with
moderate 2PA probabilities located at 387, 36S, 279, and 274
nm and 422, 405, 306, and 298 nm, respectively.

The states accessed via two-photon transitions are also
allowed by 1PA, as shown by the oscillator strengths larger than
0.01 obtained for such transitions (see Table 2). Such results
indicate that the electric-dipole selection rules are relaxed for all
molecules investigated since they do not have symmetry of
inversion. The theoretical results also indicate that the 2PA
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Figure 6. Equilibrium molecular geometry obtained by DFT calculations (B3LYP/6311G(d,p)).

dx.doi.org/10.1021/jp310731t | J. Phys. Chem. B 2012, 116, 14677—14688



The Journal of Physical Chemistry B

Table 2. Theoretical Results of the Energy and Intensity of
the Most Important 1PA and 2PA Transitions of Each
Compound Obtained Using Response Functions
Calculations”

1PA 2PA
2PA
transition Cross-
ener oscillator ener probability  section
states (eV%y strength (eV%y (au.) (GM)
JCMS874
S, (ar*) 3.30 1.290 3.30 70000 112.6
(376 nm) (374 nm)
Sy (mr*) 437 0.047 4.37 16300 57.5
(284 nm) (284 nm)
S (mm*) 448 0.375 4.48 106000 360.0
(277 nm) (277 nm)
FD43
S, (mr*) 3.27 1267 3.27 73300 1158
(379 nm) (379 nm)
S; (nn%) 433 0.112 433 62000 2147
(286 nm) (286 nm)
S, (n7%) 451 0244 451 44000 1653
(275 nm) (275 nm)
FD48
S, (ar*) 320 1.087 3.20 53500 101.2
(387 nm) (387 nm)
S, (zx*) 3.40 1.478 3.40 50800 108.4
(365 nm) (365 nm)
Sy (mm*) 4.43 0.335 4.43 70500 255.5
(279 nm) (279 nm)
Sy (%) 453 0261 4.53 95100 360.4
(274 nm) (274 nm)
YB3p25
S4 2.94 0.814 2.94 17000 27.0
(nr*(n)) (422 nm) (422 nm)
S 3.06 0.919 3.06 23400 40.2
(zr*(n)) (405 nm) (405 nm)
Syq (%) 405 0.034 405 42200 126.7
(306 nm) (306 nm)
8,5 (%) 416 0.102 4.16 85600 217.2
(298 nm) (298 nm)

“The 2PA cross sections were computed adopting linewidth values
estimated through the fit of the nonlinear spectra.

band located around 270 nm in the experimental nonlinear
spectrum of the phenylacetylene-based molecules (Figure 4)
should be ascribed to two distinct 2PA allowed electronic states
(Table 2) with moderate 2PA transition probabilities.
Furthermore, in the case of FD48 and YB3p2S5, which present
a two-branch structure, the lowest energy 2PA band observed
in Figure 3 should also be ascribed to two distinct 2PA allowed
states. The oscillator strengths and the 2PA transition
probabilities provided by the linear and quadratic response
calculations confirm the similar linear and nonlinear optical
properties of FD43 and JCM874. The theoretical calculations
also shed light on the linear and nonlinear optical properties of
FD48 and YB3p25 and confirm the additive effect in these
two-branch structures; however, the response calculations
underestimated the oscillator strengths and the 2PA transition
probabilities of YB3p25. The difference between the
experimental and theoretical results obtained for YB3p2$ can,
at least partially, be explained by the effect of the solvent
environment on the optical properties of azoaromatic-based
compounds. It is known that due to the existence of valence
electron pairs without bonding (lone pairs) forming an n-type
molecular orbital in these compounds,® solvent-induced

polarization and conformational changes can substantially affect
their linear and nonlinear optical properties. For YB3p2$, the
response calculations indicate that the n-type Kohn—Sham
(KS) molecular orbital is involved in the electronic transitions
to S; and S, states. However, in vacuo, such transitions do not
have significant oscillator strength, and 2PA transition
probabilities were not considered in the sum-over-essential
states, which assumes only the most intense 2PA transitions
(shown in Table 2) through the spectral region of interest.
Therefore, for such compounds, a more realistic theoretical
study, taking into account aspects such as solvent effects and
conformational changes, seems to be needed for obtaining a
better concordance between theoretical and experimental
results.

The KS molecular orbitals involved in the excitation
describing the single electronic transition corresponding to
the lowest energy band in the 1PA and 2PA spectra of the
FD43 and JCM874 molecules, or the two electronic transitions
in the case of the FD48 and YB3p25 molecules, are shown in
Figure 7. On the basis of the character of the KS molecular
orbitals, one can conclude that all the transitions are 7—7n*
type. The one-electron excitations involved in the electronic
transitions of FD48 (transition 1: HOMO—1 — LUMO (93%)
and HOMO — LUMO+1 (6%); transition 2: HOMO—1 —
LUMO (6%) and HOMO — LUMO+1 (93%)) and YB3p25
(transition]: HOMO—1 — LUMO (83%) and HOMO —
LUMO+1 (15%); transition 2: HOMO—1 — LUMO (16%)
and HOMO — LUMO+1 (83%)) do not indicate interbranch
charge-transfer. Therefore, the 7—7* transitions observed in
the lowest energy region of the 1PA and 2PA spectra of these
two investigated molecules are not the charge-transfer type.
However, for all investigated molecules, the 7— 7™ transitions
observed in the lowest energy region of the spectra show a
moderate intrabranch charge-transfer character.

To establish a relationship between the observed 2PA activity
and molecular properties, we used the sum-over-essential states
approach to analyze the experimental results presented in
Figure 3. In most cases, a quantitative interpretation of the
experimental 2PA cross-section spectrum can be accomplished
taking into account only few-energy levels, since it is very
difficult to obtain information about higher energy electronic
states. In this case, as it is practically impossible to obtain all
photophysical parameters from linear absorption measure-
ments, the fit of the nonlinear absorption spectrum can provide
important parameters concerning the electronic structure of
organic molecules. On the basis of this statement, one can
obtain an analytical expression for the 2PA cross-section
employing the semiclassical time-dependent perturbation
theory considering a few-energy-level diagram where the
excited state energies were adopted based on the 2PA spectra
and the results of the quantum chemical calculations (shown in
Table 2). As the molecules studied here do not present a center
of inversion, the initial and intermediate electronic states have
distinct permanent dipole moments. Thus, it is necessary to
take into account the real intermediate energy level. Addition-
ally, noncentrosymmetric molecules do not follow the dipole-
electric selection rule,*’” and, therefore, one- and two-photon
transitions are allowed between any electronic states as shown
by the results of the quantum chemical calculations. In this case,
we can divide the 2PA spectrum into two parts. The first one
corresponds to an electronic transition from the ground state to
the 2PA allowed lowest-energy state with a change of
permanent dipole moment (two-level system). For this dipolar
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Figure 7. KS molecular orbitals involved in the excitations describing the electronic transitions responsible for the lowest energy bands in the 1PA
and 2PA spectra.
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Figure 8. Normalized absorption and fluorescence spectra of the (a) JCM874, (b) FD43, and (c) FD48 in five different solvents (toluene, hexane/
chloroform, chloroform, dichloromethane, and ethanol). (d) Solvatochromic Stoke shift (v) measurements obtained as a function of the Onsager
polarity function (F(n,&)). (e) Solvatochromic shift measurements as a function of the Onsager polarity of solvent for the lowest energy band of the
FD48 molecule shown in panel c.

contribution (two-level system), taking into account the 2 27)° .. .

average over all possible leecular orientitions in an isotropic G&Efﬁ )(a)) = gﬁﬁ W o FIA7 & lzgg—’f (20) 3)
medium and assuming linearly polarized light and that the

dipole moments are parallel, the 2PA cross-section can be where h is Planck’s constant, c is the speed of light, L = 3n*/
written as>>*® (2n* + 1) is the Onsager local field factor introduced to take
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into account the medium effect with n = 1.49 for chloroform.
Hgs is the transition dipole moment vector from ground to final
excited state, Afiy is the difference between the permanent
dipole moments vectors of the excited (ﬁff) and ground (ﬁgg)
states. g,_{(2w) represents the normalized line-shape function
of the excited state, and in this paper we assumed it as a
Gaussian function given by

3 1 Fgf/Z
o (0 — 20) + (lﬂgf/Z)2 (4)

8e—f (20)

where Iy is the damping constant describing the FWHM of the
final state line width (assuming Lorentzian line-shape). In eq 3
the normalized line-shape function g{®)and transition dipole
moment |fi, ]l can be evaluated directly from the molar
absorptivity spectrum using the following equation:

3 X 10° In(10)he n_ Emax(@y)
@r)?’N, L' oy )

|-> |2 max __

Hr' 8 =

where €,,,(@,) is the peak molar absorptivity corresponding at
maximum transition frequency @y and N, is Avogadro’s
number. The permanent dipole moment change, |AJi,, can be
obtained, in the dipole—dipole interaction, from solvatochromic
shift measurements given by

-5 2 (31) 3
Ak, I” = hcaFa ©)
where v = v, — v,,, is the difference between the wavenumber
of the maximum absorption and fluorescence emission (in
em™). F(n,€) = (6 — 1)/(2E + 1) — (n* — 1)/(2n* + 1) is the
Onsager polarity function, with £ being the dielectric constant
of the solvent. a is the radius of the molecular cavity, assumed
to be spherical. We performed solvatochromic measurements
for JCM874, FD43, and FD48 molecules in five different
solvents (toluene, hexane/chloroform (50—50%), chloroform,
dichloromethane and ethanol), as shown in Figure 8. We did
not measure the solvatochromic shift for YB3p25 because its
fluorescence quantum yield is too low. Proceeding in this way,
we obtained (00jcpgre)/(OF) = 5660 + 600 cm™, (0vgpas)/
(OF) = 6880 + 400 cm™", and (0vppys)/(IF) = 6290 + 600
cm™'. Assuming a as 40% of the z-conjugated backbone
maximum length of the molecules” (gjcugry = appys = S.1 A
and dagpys = 5.6 A), we found IAZM74 = 11.8 + 1.0D, |AESD®
= 13.1 + 1.0D and IAZEP*| = 14.5 + 0.6D.

To model the higher energy 2PA allowed states we
considered a three-level energy system in which it is considered
the ground state, one intermediate 1PA allowed excited state (I
1)) and the 2PA allowed final excited state. For this system, the
2PA cross-section can be written as (assuming linearly
polarized light and that the dipole moments are parallel)*****°

5
(2PA) _3(2”) 4= 21a= 2 - 2> 2
o (w) = . (nhc)zL Vo I A 1™ + R(w)l, | I, |

(@, — o)

+ 2R(w) IﬁOIIIﬁIfIIﬁOfIIAﬁOfI}

2
8-y (2) )
where @ is the excitation laser, fij; is the transition dipole

moment between the excited states 11) — If), and R(w) = 0/
[(wg; — @)*+T%,(w)] is the resonance enhancement factor.

As it can be seen from eq 7, the 2PA cross-section in a three-
energy level system is governed by three contributions: the first
corresponds to a 2PA transition in a two-level system with a
change of permanent dipole moment (Afiy # 0), while the
second contribution corresponds to transitions in a three-level
system with one final excited state and one intermediate real
excited state (I1)), which is responsible for resonance
enhancement of the nonlinearity. The last contribution
corresponds to interference between the two excitation
pathways. However, if the photon energy is very close to the
intermediate real state (11)), the 2PA cross-section described by
eq 7 can be rewritten as

2 (2n)® RPN
——L“R(w)l,u01 Izl,ulf Izggqf(Za))

(2PA) —
o, ) =
(@) 5 (nhc)*

s=f (8)
since the second term of eq 5 becomes much stronger than the
first (R(@)ltio,Pliy> > ToPlATG?) due to the resonance
enhancement factor and because, in this situation (w — wy,),
the contribution of the interference term to the total 2PA cross-
section is very small.

As can be seen in eq 7, the 2PA cross-section in a three-
energy level system depends on the four distinct dipole
moments (Iiol, i/, 1A, and liyfl). The dipole moments
IFig;! and ltigyl can be obtained from eq S. However, eq 6 can be
applied only to the lowest-energy transition, and, therefore,
|Afig/l cannot be obtained directly by it. In this case, for higher
energy transitions, one can use eq 9, which relates the shift of
the maximum absorption (v,(cm™)) with the solvent polarity

(F(n&)):*

N oy,

Aﬂof iy, = —hca—;ag) ©)
where iy is the permanent dipole moment in the ground state.
We used eq 9 to obtain the |AJiy,| for FD48 since its lowest
energy 2PA allowed band is described by two electronic
transitions with similar 2PA probabilities. From the solvato-
chromic measurements shown in Figure 8e, we obtained
(00EP*) /(0F) = —660 + 190 cm™" for the transition 10) — [1)
and (0v5°*)/(0F) = =510 + 150 cm™ for the transition 10) —
12). Proceeding in this way, we obtained Ifig **l = 1.65 + 0.65D
assuming that the angle between the dipole moments (Izigy *I
and Izi5y*1) is approximately zero and, consequently, found
IALEDY = 10.5 + 2.5D.

As the fluorescence quantum yield of the YB3p235 is too low
and its lowest energy 2PA band is ascribed to the overlapping
of two electronic states, as pointed out by the theoretical
calculations, we used the 2PA probabilities to weight the
contribution of each excited state separately. Table 3
summarizes the spectroscopic parameters used/obtained in
the sum-over-essential states approach employed to model the
2PA spectra. It is important to emphasize that the electronic
states used in the sum-over-essential states (Table 3)
correspond to the most important 2PA allowed transitions
identified through the quadratic response calculations (shown
in Table 2). Therefore, for the JCM874 and FD43, the states
labeled as the I1), 12), and I3) in the sum-over-essential states
correspond, respectively, to the S;, Ss, and S (or Sg for the
FDA43) states identified by the theoretical calculations; while for
the FD48 and YB3p2S$, the excited states labeled as the I1), 12),
13), and 14) in the sum-over-essential correspond to the S,, S;,
Sie and Sy states and S,, Sg, Si4, and S;; states, respectively.
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Table 3. Spectroscopic Parameters Used/Obtained
(Highlight) in/from the Sum-Over-Essential States
Approach Adopting a Few-Energy-Levels Diagram®

2PA
parameters JCM874 FD43 FD48 YB3p25
Jop (nm) 368 373 375 460
(337 eV) (333 eV) (330 eV) (2.70 eV)
o> (nm) 280 285 360 435
(443 eV) (435 eV) (344 eV) (2.85 eV)
Aoz (nm) 260 265 285 338
(4.77 eV) (4.68 eV) (4.35 eV) (3.70 eV)
Aoy (nm) 225 2258 265 285
(5.51 eV) (5.51 eV) (4.68 €V) (4.35 eV)
Aos (nm) 230
(5.39 eV)
Ty (eV) 0.50 + 0.05 0.50 + 0.05 0.40 + 0.0 0.40 £+ 0.0
Iy, (eV) 042 + 005 040 + 005 040 +0.05 040 + 0.05
Ty (eV) 0.42 + 0.05 0.40 + 0.05 0.42 £+ 0.0 0.50 + 0.0
Ty (eV) 0.54 + 0.05 0.54 + 0.05 0.42 + 0.0 0.5 + 0.05
[ys (eV) 0.54 + 0.0
Ho; (D) 8.60 + 1.0 8.50 + 1.0 8.50 + 1.0 8.70 + 1.0
Ho, (D) 3.50 + 0.5 4.00 + 0.5 9.50 + 1.0 9.50 + 1.0
1y, (D) 4.0 + 1.0 4505 25+ 05 9.0 + 2.0
uy; (D) 40 + 1.0 5.0 +£0.5 9.0 2.0 0.5 + 0.2
s (D) 7.0 £ 1.0 8.0 £ 1.0 6.5 + 1.0 85+ 1.0
uis (D) 75+ 1.0
Api, (D) 12.0 + 2.0 13.0 + 2.0 120 £2.0 10.5 + 2.0
Apg, (D) 6.0 + 2.0 6.0 + 2.0 9.0 + 2.0 6.0 + 2.0

“T'y is the damping constant describing FWHM of the final excited
state line-shape function (a Lorentzian function) and A = 27/ wy,.
The excited states for the JCM874 and FD43 molecules labeled here
as I1), 12), and 13) states correspond, respectively, to the S,, S5, and S4
(or Sg for the FD43 molecule) states identified by the theoretical
calculations (Table 2). For the FD48 and YB3p25 molecules, the
excited states labeled here as the 1), I12), 13), and |4) states correspond
to the S, S; S and S,y states and S, S, S;5, and S,, states,
respectively.

To further compare the experimental and theoretical 2PA
results, we simulated the 2PA cross-section spectra assuming a
spectral line function for each of the main 2PA allowed
transitions (reported in Table 2) among the 20 lowest energy
transitions determined and performing a convolution of such
functions. The linewidths adopted for such Lorentzian
functions are shown in Table 3 and were estimated by fitting
the experimental nonlinear spectra using the sum-over-essential
states approach. The amplitude adopted for each spectral line
function is the theoretical estimate of the 2PA cross-section of
each excited state showed in Table 2. As it can be seen, there is
a good agreement between theoretical and experimental results
concerning the spectral profile of the nonlinear spectra, as well

as the 2PA cross-section magnitude for all investigated
molecules. However, considerable differences are observed
between the experimental and theoretical 2PA cross-section
magnitude at the higher energy region (>4 eV) of the nonlinear
spectrum. Such differences are, most probably, due to the
imprecision in the determination of the linewidths in this
region with the high density of electronic states.

As previously mentioned, the relationship between chemical
structures and photophysical parameters is important to
determine 2PA properties of organic chromophores. In this
context, we also performed linear and quadratic response
function calculations to determine the transition dipole
moment and permanent dipole moment change of two
lowest-energy transitions strongly allowed by 2PA (see Table
4). We compared these theoretical results with the values
obtained using the sum-over-essential states approach and
solvatochromic measurements (see Table 4) and observed a
good agreement. Such agreement shows that there is a strong
correlation between the experimental and theoretical results,
reinforcing that response function calculations within the DFT
framework can be used to provide valuable information about
the electronic structure of novel 2PA absorbing materials
assisting in their development.

V. FINAL REMARKS

1PA and 2PA properties of four molecules containing 7-
conjugated backbone based on phenylacetylene (JCM874,
FD43 and FD48) and azoaromatic (YB3p25) moieties were
investigated using experimental and theoretical methods. The
results showed that these molecules present considerable molar
absorptivity in the UV (phenylacetylene) and visible (azoar-
omatic) region, accompanied by 2PA cross-section on the order
of a few hundreds of GM in the visible (phenylacetylene) and
NIR-IR (azoaromatic). We observed, along the nonlinear
spectra, two 2PA allowed bands that correspond to transitions
to one-photon allowed states, indicating relaxation of the
dipole-electric selection rules. In addition, we observed for all
molecules the resonance enhancement effect, providing, for
shorter wavelengths, a significant enhancement of the 2PA of
approximately 4 times in comparison to the dipolar transition,
which does not involve any intermediate state. We interpreted
the 2PA spectrum, based on the results of response function
calculations and, in addition, their spectral behavior was
modeled using a few-level-energy diagram within the sum-
over-essential states. We observed a strong correlation between
the experimental and theoretical results for magnitude, spectral
behavior, and photophysical parameters involved in 2PA,
indicating that both methods provided powerful and comple-

Table 4. Comparison between the Values Estimated for the Photophysical Parameters of the Compounds Investigated through
the Fitting of the Experimental 2PA Spectra (Labeled as “exp” Values), Solvatochromic Shift Measurements (Labeled as “SS”
Values), and the Values Provided by the Theoretical Calculations (Labeled as “theo” Values)“

compounds i i i s
JCM874 10.83 8.54 14.64 12.00
FD43 10.10 8.46 14.60 13.00
FD48 9.12 8.50 14.14 12.00
YB3p25 8.54 8.70 5.89 10.50

Hit i Hs H° I Fis
11.80 17 3.5 14.62 6.00
13.10 26 40 5.86 6.00
14.50 10.63 9.50 12.30 9.00 10.50
8.90 9.50 5.50 6.00

“The excited states for the JCM874 and FD43 molecules labeled here as [1) and 12) states correspond, respectively, to the S; and S; states identified
by the theoretical calculations (Table 2). For the FD48 and YB3p2$ molecules, the excited states labeled here as the I11) and I2) states correspond to

the S, and S; states and S, and Sj states, respectively.
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mentary information concerning the electronic structure of
organic materials.
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