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a b s t r a c t

The two-photon absorption (2PA) of five symmetrical fluorenone-based molecules is studied by fem-
tosecond wavelength-tunable Z-scan, as well as quantum-chemical calculations. The molecules are trans-
parent for wavelengths greater than 500 nm and two main one-photon absorption bands are observed in
the blue region; one weak, centered at 450 nm, and a stronger one at approximately 360 nm. We
observed a strong 2PA band located around 720 nm with maxima 2PA cross-sections between 100 and
230 GM. Quantum chemical calculations employing the response function formalism were performed
at the Density Function Theory level to support the interpretation of the experimental nonlinear spectra.

� 2016 Published by Elsevier B.V.
1. Introduction

Fluorene compounds are known for their large two-photon
absorption (2PA) cross-sections [1]. As an alternative to fluorene
compounds, fluorenone-based compounds, originated from the
oxidation of the methylene bridge of the fluorine, have been
advancing as an interesting option. Even though such family of
molecules presents, in general, lower 2PA cross-sections than the
fluorene-based ones [2,3], they may present other interesting fea-
tures that can make them interesting candidates for applications in
biological systems, for instance, as fluorescent molecular probes to
indicate pH, nucleic acids and nitric oxide, as well as to investigate
specific organelles.

Two-photon fluorescence microscopy [4] has been exploited as
a valuable tool to study cell organelles, since it provides high res-
olution three-dimensional images. Besides, two-photon fluores-
cence microscopy is a non-invasive method, i.e., it allows great
image quality of the studied cells while they are still functional.
In this method, cells are stained by chromophores that present
2PA in the spectral range of 700–1000 nm. Therefore, the 2PA
cross-section of the molecules used for this purpose should present
high values within this range. As mentioned before, Fluorenone-
based compounds have shown to present low cytotoxicity [5]
and good 2PA cross-section in the near infra-red region [6], inter-
esting features for two-photon microscopy.
Within this context, we present a study on the 2PA cross-
section spectrum of five different symmetrical fluorenone deriva-
tives. The 2PA spectra present a peak at approximately 720 nm,
with values ranging from 100 to 230 GM, corresponding to the
strong one-photon absorption band at 360 nm. The experimental
results for the different molecules were compared to theoretical
ones, obtained by quantum chemical calculations; the same trend
was observed for the 2PA cross-section values within the family of
molecules, although the measured ones are smaller than the
theoretical.
2. Experimental

2.1. Chemical syntheses

The Fluorenone derivatives studied here were synthesized by
coupling a fluorenone molecule with a halogen, specifically Iodine
with terminal alkynes. Subsequently, the replacement of iodine
atoms of the fluorenone ring by terminal acetylenes is performed.
The catalysis is carried out in the presence of the Pd(II) or Pd(0)
complexes, copper iodide and a base, via the Sonogashira reaction
[7]. The synthesis of the 2,7-di-iodine-9H-fluorenone was made
from fluorenone and N-iodinesuccinimide, in the presence of sulfu-
ric acid, according to procedures reported in the literature [8] and
shown schematically in Fig. 1.

After the syntheses of the double substituted fluorenone-
derivatives, the hydrogen in positions 2 and 7 were replaced by
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Fig. 1. Synthesis of 2,7-di-iodine-9H-fluoren-9-one.
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groups with a triple bond connecting them to the main fluorenone
structure. Five different groups (benzonitrile, benzomethoxy, ben-
zene, thiophene and benzothiophene) were coupled to the fluo-
renone with a triple bond via the Sonogashira reaction. The five
obtained molecules, with the substituents 2-benzotiophene (F-
benzothiophene), 4-cyanophenyl (F-cyano), benzene (F-phenyl),
4-benzomethoxy (F-methoxy) and, 2-thiophene (F-thiophene) are
shown in Fig. 2.

2.2. General methods

All commercially available reagents were used without any fur-
ther purification and the reactions were monitored by TLC analysis
with TLC plates containing GF254 (E. Merck). Triethylamine and
F-benzothiophene

F-cyano

F-phenyl

F-methoxy

F-thiophene

Fig. 2. Structures of F-benzothiophene (2,7-bis(benzo[b]thiophen-2-etinil)-9H-flu-
orenone), F-cyano (4,40-(9-oxo-9H-fluorenone-2,7-diil)bis(ethine-2,1-diil)diben-
zonitrile), F-phenyl (2,7-bis(feniletinil)-9H-fluorenone), F-methoxy (2,7-bis((4-
methoxyfenil)etinil)-9H-fluorenone) and F-thiophene (2,7-bis(thiophen-2-etinill)-
9H-fluorenone).
dimethylformamide were dried under potassium hydroxide and
calcium hydride, respectively, and distilled before use. Melting
points were determined on a Büchi apparatus and are uncorrected.
Column chromatography was performed on Silica Gel 60 (70–230
mesh, E. Merck). NMR spectra were recorded with a Varian Unity
Plus 300 MHz or a Varian UNMRS 400 MHz spectrometer. Infrared
spectra were obtained on a Brucker IFS66 FT-IR, using KBr pellets.
Elemental analysis was performed with a Carlo Erba instrument
model E-1110. 2,7-Diiodofluorenone was prepared according to
earlier literature [8].

2.2.1. Synthesis of 2,7-disubstituted fluorenones via Sonogashira
coupling reaction

In a 50 mL Schlenk flask, under argon atmosphere, it was dis-
solved 0.1 g (0.23 mmol, 1.0 eq) of 2,7-diiodo-9H-fluoren-9-one,
8 mg (0.011 mmol, 0.05 eq) of PdCl2(PPh3)2, 4.4 mg (0.023 mmol,
0.1 eq) of Cul in a mixture of 2:1 v/v of dried and degassed triethy-
lamine: DMF. Then it was added, dropwise, 0.5 mmol (2.5 eq) of
the corresponding terminal alkyne. The mixture was allowed to
react at room temperature for 24 h. At the end of the reaction, it
was added concentrated HCl until the pH became acidic, and then
the mixture was poured into a beaker containing iced water. The
solid formed was filtered in vacuum and redissolved in ethyl acet-
ate. To this organic phase, it was added anhydrous sodium sulfate
which was vacuum filtered over celite in a sintered glass funnel.
The solvent was evaporated and the residue chromatographed on
silica gel.2.3.

2.2.2. Characterization
2,7-Bis-phenylethynyl-fluoren-9-one: yellow solid; m.p: 183–

186 �C; Rf: 0,43 (chloroform:hexanes, 3:7, v/v); Yield: 41%; 1H
NMR (CDCl3, 300 MHz) d: 7,35–7,37 (m, 6H, Harom); 7,48–7,56
(m, 6H, Harom); 7,64 (dd, 2H, J = 8,7 Hz, 1,2 Hz, Harom); 7,79 (s, 2H,
Harom). 13C NMR (CDCl3, 75 MHz) d: 77,0; 88,5; 91,4; 120,5;
122,7; 124,5; 127,3; 128,4; 128,6; 131,6; 134,4; 137,7; 143,1;
192,2. IR (KBr pellet) mmax/cm�1: 1717; 1492; 753; Calculated ele-
mental analysis for C29H16O: C, 91,07%; H, 4,74%; found: C, 91,35%;
H, 4,52%.

2,7-Bis-(4-methoxy-phenylethynyl)-fluoren-9-one: yellow
solid; m.p.: 193–195 �C; Rf: 0.5 (hexanes:ethyl acetate, 9:1, v/v);
Yield: 51%. 1H NMR (CDCl3, 300 MHz): 3.84 (s, 6H, OCH3); 6.89
(d, 4H, J = 8.4 Hz); 7.47 (dd, 2H, J = 8.4 Hz, 2.4 Hz); 7.50 (dd, 4H,
J = 8.4 Hz, 2.4 Hz); 7.62 (d, 2H, J = 8.4 Hz); 7.78 (s, 2H). 13C NMR
(CDCl3, 75 MHz) d: 30.3; 87.4; 91.5; 114.1; 114.8; 120.5; 124.8;
127.2; 133.2; 134.4; 137.5; 142.9; 159.9; 192.4; 194.7. IR (KBr
pellet) mmax/cm�1: 1510; 1717; 2837; 2958. Calculated elemental
analysis for C31H20O3: C, 84.14%; H, 5.48%; found: C, 83.79%; H,
5.01%.

4,40-(9-Oxo-9H-fluorene-2,7-diyl)-bis-(ethyne-2,1-diyl)-diben-
zonitrile: orange solid, m. p.: 269–272 �C; Rf: 0.6 (hexanes:ethyl
acetate 9:1, v/v); Yield: 42%. 1H NMR (CDCl3, 300 MHz): 7.58 (d,
4H, J = 7.8 Hz, J = 1.8 Hz); 7.66 (dd, 4H, J = 8.1 Hz, 1.8 Hz); 7.69
(dd, 4H, J = 7.8 Hz, 1.5 Hz); 7.83 (s, 2H). 13C NMR (CDCl3,
75 MHz) d: 89,7; 92.5; 111.9; 118.3; 120.8; 123.6; 127.5; 127.6;
132.1; 134.5; 138.1; 143.7; 191.7. IR (KBr pellet) mmax/cm�1:
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1601; 1715; 2226. Calculated elemental analysis for C31H14ON2: C,
86.09%; H, 3.73%; found: C, 85.56%; H, 4.03%.

2,7-Bis-thiophen-2-yl-ethynyl-fluoren-9-one: red solid; m.p.:
227–230 �C; Rf: 0.4 (hexanes:dichloromethane 2:1, v/v); Yield:
40%. 1H NMR (CDCl3, 300 MHz): 7.03 (dd, 2H, J = 5.1 Hz, 5.1 Hz);
7.31–7.34 (m, 4H); 7.50 (d, 2H, J = 7.8 Hz); 7.64 (dd, 2H,
J = 7.8 Hz, 1.5 Hz); 7.78 (s, 2H). 13C NMR (CDCl3, 75 MHz) d: 29.6;
84.7; 92.2; 120.6; 122.7; 124.2; 127.1; 127.2; 127.8; 132.4;
134.4; 137.5; 143.2; 192.0. IR (KBr pellet) mmax/cm�1: 1466;
1718; 2850; 2918. Calculated elemental analysis for C25H12OS2:
C, 76.09%; H, 3.58%; found: C, 75.85%; H, 3.29%.

2,7-Bis-benzo[b]thiophen-5-yl-ethynyl-fluoren-9-one: red
solid; m.p.: 267–270 �C; Rf: 0.3 ((hexanes:dichloromethane 2:1,
v/v); Yield: 54%. 1H NMR (DMSOd6, 400 MHz): 7.41–7.46 (m, 6H);
7.78–7.96 (m, 8H); 7.98 (s, 2H). 13C NMR (DMSO d6, 100 MHz) d:
85.2; 94.4; 121.9; 122.7; 122.8; 123.3; 124.7; 125.6; 126.9;
130.5; 134.4; 138.7; 139.2; 140.2; 143.8; 191.5. IR (KBr pellet)
mmax/cm�1: 1025; 1646; 3417. Calculated elemental analysis for
C33H16OS2: C, 80.46%; H, 3.27%; found: C, 79.96%; H, 3.52%.

2.3. Two-photon absorption measurements

Each molecule was diluted in Dimethylformamide (DMF) in
concentrations ranging from 1017 to 1018 molecules/cm3. The sam-
ples were placed in a 2 mm quartz cell to obtain its linear and 2PA
absorption spectra. Linear absorption spectra were obtained using
a UV-1800 Shimatzu spectrometer. The 2PA cross-section spec-
trum was obtained through the open-aperture Z-Scan technique
[9]. In these measurements, a 775 nm Ti:Sapphire laser amplifier,
delivering pulses with 150 fs of duration and operating at a
1 kHz repetition rate, is used as the excitation source for an Optical
Parametric Amplifier (OPA) that provides 120 fs pulses in the
wavelength range of 560–1000 nm. The beam spatial profile is
made Gaussian by using a spatial filter before the Z-Scan setup.

In the Z-scan technique, the 2PA cross-section is determined by
translating the sample around the focal plane of a Gaussian beam,
while obtaining the transmittance change in the far field. For a
sample presenting nonlinear absorption, its absorption coefficient
depends on the intensity as a ¼ a0 þ bI, where a0 is the linear
absorption coefficient, b is the 2PA absorption coefficient and I is
the intensity of the beam. The power transmitted through a nonlin-
ear absorptive material, for a Gaussian beam, can be integrated
over time, for each wavelength, giving the normalized transmit-
tance as

TðzÞ ¼ 1ffiffiffi
q

p
q0ðz;0Þ

Z 1

�1
ln½1þ q0ðz; 0Þe�s

2 �ds ð1Þ

where

q0 ¼ bI0L 1þ z2

z20

� �� ��1

; ð2Þ

L is the sample thickness, I0 is the laser beam intensity at the focus,
z0 is the Rayleigh length and z is the sample position. The 2PA
absorption coefficient b is obtained by fitting the experimental
transmittance data with Eq. (1). Then, the 2PA cross-section is cal-
culated using r2 ¼ �hxb=Nin which �h x is the excitation photon
energy and N is the number of molecules/cm3. 2PA cross-section
values are generally presented in GM (Göpert-Meyer) units, where
1GM = 10�50 cm4 s/photon.

2.4. Fluorescence and quantum yield measurements

The fluorescence spectrum measurements were carried in a
HITACHI F7000 Fluorimeter. To determine the fluorescence quan-
tum yield (u) of the compounds, disodium fluorescein was used
as the reference material. By knowing the quantum yield for the
disodium fluorescein in methanol (0.97) [10], u for other com-
pounds of interest can be calculated using

uf ¼ uf ref

R kf
k0
FðkÞdkR kf

k0
Fref ðkÞdk

f ref
f

n2

n2
ref

; ð3Þ

in which F(k) is the fluorescence spectrum, f is the absorption factor

given by f ¼ 1� 10�AðkexcÞ, in which A(kexc) is the absorbance at the
excitation wavelength (450 nm) and n is the refractive index of the
solvent.

3. Theoretical approach

All the quantum-chemical calculations in this study were car-
ried out at the density functional theory (DFT) level [11,12]. The
Gaussian 09 package [13] was used to determine the equilibrium
geometry of the molecules with the aid of the CAM-B3LYP func-
tional [14] and the standard 6-311G(d,p) basis set [15]. Subse-
quently, to compute the molecular parameters related to the
one-photon and two-photon electronic transitions of the mole-
cules, the response functions formalism,[16] within the DFT frame-
work and as implemented in the DALTON 2011 program [17], was
employed. In this approach, the oscillator strengths and two-
photon transition probabilities are calculated analytically as single
residues of the linear and quadratic response functions of the
molecular electronic density respectively.

A preliminary assessment of the most popular DFT functionals
revealed that the standard hybrid B3LYP functional and also the
standard long-range corrected CAM-B3LYP functional fail to well
reproduce the experimental UV–vis spectra of the molecules inves-
tigated. Therefore, in this study the strategy of Okuno et al. [18] of
employing a tuned CAM-B3LYP functional was employed. In the
tuned CAM-B3LYP functional the default value of the functional
parameters, that is, l = 0.33, a = 0.19, and b = 0.46, are tuned to
l = 0.150, a = 0.0799 and b = 0.9201.

All spectroscopic computations were carried out employing the
tuned-CAMB3LYP functional [8] and the standard 6-31+G(d) basis
set [15]. The 10 lowest-energy electronic transitions were deter-
mined and characterized. For a consistent comparison between
experimental data and theoretical results, the quantum-chemical
calculations took into account the solvent environment by employ-
ing the polarizable continuum model (PCM) approach, as imple-
mented in Gaussian 09 package for geometry optimization
calculations [19] and as implemented in Dalton 2011 program
for response function calculations [20]. For consistency reasons,
the van der Waals surface used in the response function calcula-
tions was defined by adopting the set of van der Waals radius
and atomic centers determined at the geometry optimization stage
using the Gaussian 09 package.

The two-photon transition probabilities computed in the quad-
ratic response function calculations assumes the degenerate
ðx1 ¼ x2 ¼ xÞ and resonant xgf ¼ 2x conditions. The degenerate
two-photon transition probability ðhdgf iÞ for the transition from the
ground (g) state to a final (f ) excited state in an isotropic medium
using a linearly polarized laser beam is given by [21,22]

hdgf i ¼ 1
30

X
a;b

2Sgfaa Sgfbb
� ��

þ 4Sgfab Sgfab
� ��

ð4Þ

in which the subscripts a and b represent the Cartesian coordinates

and Sgfab is the two-photon matrix element, which for a single beam
2PA experiment is defined as [23–25]

Sgfab ¼
1
2�h

X
k

hgjê � l̂ajkihkjê � l̂bjf i
xgk �x

þ hgjê � l̂bjkihkjê � l̂ajf i
xgk �x

� �
ð5Þ



146 J. Dipold et al. / Chemical Physics Letters 661 (2016) 143–150
Assuming that the normalized line-shape of the excited states is
represented by the Lorentzian function, the 2PA cross-section ðrgf Þ
of the degenerate process is written as [23,24,26]

rgf ðxÞ ¼ 16p3aa50
c

ð�hxÞ2
pðCf =2Þ hdgf i ð6Þ

inwhicha is thefine structure constant, c is the speedof light,a0 is the
Bohr’s radius and �hx is thephotonenergy.Cf is thedampingconstant
describing the full width at half-maximum (FWHM) of the final state
line width. In Eq. (6), one must use a0 ¼ 5:291772108� 10�9 cm,
c ¼ 2:99792458� 1010 cm=s and the values of �hx, Cf and hdgf i in
atomic units to obtain the 2PA cross-section (rgf ) in Göppert–Mayer

units ð1GM ¼ 1� 10�50 cm4sphoton�1Þ.
4. Results and discussion

The linear absorption spectra of the studied molecules in DMF
are displayed in Fig. 3. All compounds present similar features;
two intense absorption bands located at approximately 300 and
360 nm, and a weaker one around 450 nm. The band around
350 nm is related to the fluorenone group, while the one centered
at approximately 450 nm is an intra-molecular charge-transfer
(ICT) band [27,28]. For F-benzothiophene, the absorption band at
375 nm is red shifted by about 25 nm in comparison to F-phenyl,
which can be explained by the increase in the conjugation length.
The other three molecules, F-methoxy, F-thiophene and F-cyano
are all located at approximately 360 nm, 10 nm red-shifted when
compared to F-phenyl. The molar absorptivity of the transition at
360 nm presents almost the same value for all molecules, around
5 � 104 L mol�1 cm�1, while for the one at 450 nm the value is
ten times smaller. It indicates that the molecules in DMF solution
present almost the same quasi-planar geometry, as was expected
due to the triple bonds.

The normalized fluorescence spectra of the compounds are also
shown in Fig. 3 (right axis), for excitation at 450 nm. All com-
pounds display similar fluorescence spectra, with peaks around
550 and 600 nm.
Fig. 3. Linear absorption (left axis) and normalized fluore
By using disodium fluorescein diluted in methanol as reference
(u = 0.97), the quantum yield of the compounds were obtained,
accordingly to Eq. (3) and using the measured fluorescence spectra
F(k) of each sample. The absorbances of all samples were kept
lower than �0.1 to avoid fluorescence reabsorption. The obtained
fluorescence quantum yields are: 0.19 for F-benzotiophene; 0.31
for F-cyano; 0.06 for F-tiophene; 0.05 for F-methoxy and 0.17 for
F-phenyle.

For the nonlinear optical measurements, DMF solutions of the
compounds were prepared in concentrations of the order of
10�3 M. Open-aperture Z-Scan measurements were performed
between 560 and 800 nm, to locate the maximum position of the
2PA cross-section for each molecule. As observed in Fig. 3, samples
do not present linear absorption for wavelengths greater than
500 nm. Therefore, to avoid inducing resonant effects that appear
upon single photon excitation, we initiated Z-scan experiments
at 560 nm. A typical Z-Scan transmittance curve for F-
benzothiophene is shown in the inset of Fig. 4(a) for an excitation
wavelength of 710 nm. The solid line in the inset represents the fit
obtained using Eq. (1), from which we can determine the 2PA
cross-section.

From Z-Scan curves similar to the one displayed in the inset of
Fig. 4(a), obtained at distinct excitation wavelengths, the 2PA
cross-section spectrum can be obtained. The circles in Fig. 4
(a) and (b) (right axes) represent, respectively, the experimental
2PA spectrum for F-benzothiophene and F-methoxy. For compar-
ison purposes the linear absorption spectra of F-benzothiophene
and F-methoxy are also plotted (left-axis – dashed line). The 2PA
spectra present a monotonic increase of the 2PA cross-section as
the excitation wavelength approaches the one-photon absorption
region (resonant enhancement of the nonlinearity), and a 2PA band
at around 720 nm, with a peak value of approximately 220 GM. A
similar behavior was observed for the other molecules. Table 1
summarizes the 2PA cross-section peak values experimentally
determined, as well as its spectral positions for each compound.

The fitting of the 2PA spectrum, obtained using a sum-over
essential states (SOS) approach, is also shown in Fig. 4 (red solid
line) for the F-benzothiophene. Within this approach, to model
the 2PA spectra of the fluorenone molecules we considered a
scence (right axis) spectra of the studied molecules.
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Fig. 4. The dashed line (left-axis) shows the linear absorption spectrum for F-benzothiophene (a) and F-methoxy (b). The solid line (red) represents the theoretical fitting of
the experimental 2PA cross-section spectra (circles) obtained using the SOS approach. The inset in (a) shows a Z-Scan curve for F-benzothiophene obtained at 710 nm for a
pulse energy of 8 lJ. The four-energy-level diagram employed in the SOS approach is presented as an inset in (b). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Spectroscopic parameters used/obtained in the sum-over-states model.

Molecule F-phenyl F-benzotiophene F-cyano F-methoxy F-tiophene

k01 (nm) 430 444 410 441 434
k02 (nm) 366 366 361 359 360
k03 (nm) 326 300 323 300 311
C01 (1014 Hz) 1.2 1.5 1.7 2.1 1.5
C02 (1013 Hz) 9.7 14.5 9 9.5 10.5
C03 (1013 Hz) 8.0 14.0 9.6 18.0 9.0
l01 (D) 3.3 3.3 3.2 3.05 3.09
Dl01 (D) 1.56 1.25 1.42 1.29 1.42
l02 (D) 20.0 35.5 29.0 29.2 29.0
l03 (D) 19.0 27 30.0 26.9 19.6

J. Dipold et al. / Chemical Physics Letters 661 (2016) 143–150 147
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four-energy-level diagram, presented in the inset of Fig. 4(b), based
on the one and two-photon absorption spectrum. The SOS expres-
sion used to fit the 2PA spectra is given by

rð2Þ
ng ðxÞ¼4ð2pÞ5

5ðhcÞ2
L4x2 j~l01j2jDl	!01j2

x2 g01ð2xÞ
(

þ j~l01j2j~l12j2
ðx01�xÞ2þC2

01ðxÞg02ð2xÞþ j~l01j2j~l13j2
ðx01�xÞ2þC2

01ðxÞg03ð2xÞ
)

ð7Þ

where h is the Planck’s constant, c is the speed of light and x is the
excitation laser frequency. xnm, Cnm and lnm, represent, respec-
tively, the transition angular frequency, damping constant and tran-
sition dipole moment, corresponding to the n?m electronic
transition. Dl01 is the difference between the first excited state
and the ground permanent dipole moments. L is the Onsager local
field factor, L ¼ 3n2

2n2 þ 1 with n ¼ 1:4305 (refractive index for DMF),
considered to take into account effects of the medium; g0mð2xÞ is
the lineshape of the two-photon absorption to a given final state
m, which is assumed a Lorentzian. In this model, the 2PA spectrum
of the studied compounds are described by a dipolar contribution
(first term inside the curly brackets) related to the two-photon tran-
sition of the first excited state, j1, (first term inside the curly brack-
ets) and contributions arising from two-photon transitions to
higher electronic states (j2 and j3). Also, the resonance enhance-
ment in this model is given by the first excited state (j1), as can
be seen in Eq. (7). The solid line in Fig. 4 represents the fitting
obtained using Eq. (7), with C01 and x01 taken from the linear
absorption spectra displayed in Fig. 3 and Dl01 obtained from quan-
tum chemical calculations. l01 is obtained from the linear absorp-
tion spectrum (Fig. 3) using

j~l01j2 ¼ 3� 103 lnð10Þhc
ð2pÞ3NA

n

L2
emax

x01h01
ð8Þ

in which emax is the maximum molar absorptivity, NA is the Avo-

gradós number and h01 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 lnð2Þ=pG2

01

q
is the maximum value of

the normalized Gaussian line-shape width, with G01 describing
the FWHM (Full Width at Half Maximum) of the line width. There-
fore, from the fitting of the 2PA data with Eq. (7) shown in Fig. 4, we
were able to determine C02 and C03, as well as the transition dipole
moments (l12 and l13Þ. Table 1 summarizes the parameters used/
determined in the SOS modeling. As shown in Fig. 4, the SOS model
describes very well the observed nonlinear spectrum, indicating
that the energy diagram considered is consistent with the experi-
mental results. It is interesting to mention that no 2PA band was
observed at about 900 nm. This observation, which is in agreement
with the results obtained by the quantum-chemical calculations,
indicates that the excited state accessed via the weak one-photon
transition, at approximately 450 nm, is basically two-photon
forbidden.

In order to help interpret the observed 2PA results, quantum
chemistry calculations were performed, as described in Section 3,
and the obtained results are also presented in Table 2. As it can
be seen from Table 2, the results from the quantum chemistry cal-
Table 2
Experimental and theoretical 2PA cross-section peak wavelength and its corresponding m

Experimental

Molecule kpeak2PA (nm) rpea
2PA

F-benzothiophene 710 220
F-thiophene 720 210
F-methoxy 710 200
F-phenyl 655 200
F-cyano 720 130
culations show that all studied molecules present a strongly 2PA
allowed transition in the range of 642–696 nm. These theoretical
results are slightly blue-shifted in relation to the experimental
ones (0.08–0.12 eV), within 10% difference.

The theoretical 2PA cross-section at the peak position (rpeak
2PA ), on

the other hand, displays a larger variation, from 66 GM (F-cyano) to
456 GM (F-benzothiophene). To better visualize the comparison
between experimental and theoretical results, in Fig. 5 it is plotted

the experimental (squares) and theoretical (circles) rpeak
2PA , deter-

mined for each compound. Even though their absolute values dif-
fer, the behavior observed for the experimental and theoretical

rpeak
2PA , among the studied molecules, are in very good agreement.

This result seems to be related to the conjugation length and
strength of the different electron-acceptor and electron-donor
groups of the molecules.

Fig. 6 presents the main molecular orbitals (highest probability
contribution to the transition) involved in the 2PA transition dis-
played in Table 2. The calculated transitions for F-
benzothiophene (a), F-phenyl (c), F-cyano (e) present a charge
transfer character, while F-thiophene (b) has a backbone character.
For F-methoxy (d), charge transfer and p ? p⁄characters are both
presented in the orbitals mainly involved.

By analyzing the molecular orbitals of the molecules, we
observe that the largest cross-section of F-benzothiophene can be
attributed to its larger conjugation length. Since F-thiophene only
differs from F-benzothiophene by two aromatic rings, their 2PA
cross-sections are comparable. F-methoxy and F-phenyl present
similar 2PA cross-section values because they only differ by the
OCH3 groups. Also, F-methoxy presents a higher 2PA cross-
section peak value than F-cyano, something that can be explained
because the OCH3

� group, as a substituent, is an electron density
donor, whereas CN is a strong acceptor.
5. Conclusion

Herein, we reported the syntheses of new fluorenone-derived
compounds with high 2PA cross-section values. Five different com-
pounds were prepared via a synthetic procedure using Sonogashira
reactions: F-thiophene, F-benzothiophene, F-cyano, F-methoxy
and F-phenyl. Subsequently, we studied the 2PA properties of
these materials, and obtained their experimental maximum 2PA
cross-sections as well as the wavelengths in which they occur.
The compound which displayed the largest r2PA was F-
benzothiophene, with 224 GM, whereas the one with the lowest
r2PA was F-cyano with 129 GM, both at 720 nm. A comparison
with theoretical 2PA cross-sections obtained by quantum-
chemistry calculations was done, reaffirming the ordering of the
synthesized molecules in terms of 2PA cross-sections. Since all
molecules (except F-phenyl) displayed experimental maximum
cross-sections around 700 nm and reasonable fluorescence quan-
tum yields, they can be interesting options, for example, for two-
photon microscopy and allow high-resolution imaging of intracel-
lular organelles, even in living tissues.
agnitude.

Theoretical quantum chemistry

k (GM) kpeak2PA (nm) rpeak
2PA (GM)

684 456
688 340
696 279
650 289
642 66
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Fig. 6. Molecular orbitals involved in the electronic transitions of (a) F-benzothiophene, (b) F-thiophene, (c) F-phenyl, (d) F-methoxy and (e) F-cyano.

Fig. 5. Experimental (squares – left axis) and theoretical (circles – right axis) 2PA cross-section peak values. The error bars for the experimental values is 10%.

J. Dipold et al. / Chemical Physics Letters 661 (2016) 143–150 149



150 J. Dipold et al. / Chemical Physics Letters 661 (2016) 143–150
Acknowledgments

This work was supported by FAPESP (Fundação de Amparo à
Pesquisa do Estado de São Paulo - 2011/12399-0), CNPq (Conselho
Nacional de Desenvolvimento Científico e Tecnológico), Coorde-
nação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES),
the Air Force Office of Scientific Research (FA9550-12-1-0028 and
FA9550-15-1-0521) and PRONEX/FACEPE (Fundação de Amparo à
Ciência e Tecnologia do Estado de Pernambuco), Financial support
from FAPESP (Fundação de Amparo à Pesquisa do Estado de São
Paulo, grant 2015/20032-0).

References

[1] K.D. Belfield, M.V. Bondar, O.V. Przhonska, K.J. Schafer, W. Mourad, J. Lumin. 97
(2002) 141.

[2] T.-H. Huang, X.-C. Li, Y.-H. Wang, Z.-H. Kang, R. Lu, E.-L. Miao, F. Wang, G.-W.
Wang, H.-Z. Zhang, Opt. Mater. 35 (2013) 1373.

[3] T.-H. Huang, J.-Q. Hou, Z.-H. Kang, Y.-H. Wang, R. Lu, H.-P. Zhou, X. Zhao, Y.-G.
Ma, H.-Z. Zhang, J. Photochem. Photobiol. A-Chem. 261 (2013) 41.

[4] W. Denk, J.H. Strickler, W.W. Webb, Science 248 (1990) 73.
[5] A.-L. Capodilupo, V. Vergaro, G. Accorsi, E. Fabiano, F. Baldassarre, G.A.

Corrente, G. Gigli, G. Ciccarella, Tetrahedron 72 (2016) 2920.
[6] A.L. Capodilupo, V. Vergaro, E. Fabiano, M. De Giorgi, F. Baldassarre, A. Cardone,

A. Maggiore, V. Maiorano, D. Sanvitto, G. Gigli, G. Ciccarella, J. Mater. Chem. B 3
(2015) 3315.

[7] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. (1975) 4467.
[8] C. Djerassi, C.T. Lenk, J. Am. Chem. Soc. 75 (1953) 3493.
[9] M. Sheikbahae, A.A. Said, T.H. Wei, D.J. Hagan, E.W. Vanstryland, IEEE J.

Quantum Electron. 26 (1990) 760.
[10] E. Slyusareva, A. Sizykh, A. Tyagi, A. Penzkofer, J. Photochemi. Photobiol. A-

Chem. 208 (2009) 131.
[11] P. Hohenberg, W. Kohn, Phys. Rev. B 136 (1964) B864.
[12] W. Kohn, L.J. Sham, Phys. Rev. 140 (1965) 1133.
[13] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, et al., Gaussian
09, Gaussian Inc., Wallingford CT, 2013.

[14] T. Yanai, D.P. Tew, N.C. Handy, Chem. Phys. Lett. 393 (2004) 51.
[15] M.J. Frisch, J.A. Pople, J.S. Binkley, J. Chem. Phys. 80 (1984) 3265.
[16] P. Salek, O. Vahtras, J.D. Guo, Y. Luo, T. Helgaker, H. Agren, Chem. Phys. Lett.

374 (2003) 446.
[17] K. Aidas, C. Angeli, K.L. Bak, V. Bakken, R. Bast, L. Boman, O. Christiansen, R.

Cimiraglia, S. Coriani, P. Dahle, E.K. Dalskov, U. Ekstrom, T. Enevoldsen, J.J.
Eriksen, P. Ettenhuber, B. Fernandez, L. Ferrighi, H. Fliegl, L. Frediani, K. Hald, A.
Halkier, C. Hattig, H. Heiberg, T. Helgaker, A.C. Hennum, H. Hettema, E.
Hjertenaes, S. Host, I.-M. Hoyvik, M.F. Iozzi, B. Jansik, H.J.A. Jensen, D. Jonsson,
P. Jorgensen, J. Kauczor, S. Kirpekar, T. Kjrgaard, W. Klopper, S. Knecht, R.
Kobayashi, H. Koch, J. Kongsted, A. Krapp, K. Kristensen, A. Ligabue, O.B.
Lutnaes, J.I. Melo, K.V. Mikkelsen, R.H. Myhre, C. Neiss, C.B. Nielsen, P. Norman,
J. Olsen, J.M.H. Olsen, A. Osted, M.J. Packer, F. Pawlowski, T.B. Pedersen, P.F.
Provasi, S. Reine, Z. Rinkevicius, T.A. Ruden, K. Ruud, V.V. Rybkin, P. Salek, C.C.
M. Samson, A.S. de Meras, T. Saue, S.P.A. Sauer, B. Schimmelpfennig, K.
Sneskov, A.H. Steindal, K.O. Sylvester-Hvid, P.R. Taylor, A.M. Teale, E.I. Tellgren,
D.P. Tew, A.J. Thorvaldsen, L. Thogersen, O. Vahtras, M.A. Watson, D.J.D.
Wilson, M. Ziolkowski, H. Agren, Wiley Interdisciplinary Rev.-Comput. Mol.
Sci. 4 (2014) 269.

[18] K. Okuno, Y. Shigeta, R. Kishi, H. Miyasaka, M. Nakano, J. Photochem. Photobiol.
A-Chem. 235 (2012) 29.

[19] J. Tomasi, B. Mennucci, E. Cances, J. Mol. Struct.-Theochem. 464 (1999) 211.
[20] L. Frediani, Z. Rinkevicius, H. Agren, J. Chem. Phys. 122 (2005).
[21] P.R. Monson, W.M. McClain, J. Chem. Phys. 53 (1970) 29.
[22] W.M. McClain, J. Chem. Phys. 55 (1971) 2789.
[23] D.P. Craig, T. Thirunamachandran, Molecular Quantum Electrodynamics - An

introduction to Radiation Molecule Interaction, Dover Publications, New York,
1998.

[24] K. Ohta, K. Kamada, J. Chem. Phys. 124 (2006).
[25] R.W. Boyd, Nonlinear Optics, Academic Press, London, UK, 2008.
[26] D.L. Silva, P. Krawczyk, W. Bartkowiak, C.R. Mendonca, J. Chem. Phys. 131

(2009).
[27] F. Lincker, N. Delbosc, S. Bailly, R. De Bettignies, M. Billon, A. Pron, R.

Demadrille, Adv. Funct. Mater. 18 (2008) 3444.
[28] A.P. Kulkarni, X.X. Kong, S.A. Jenekhe, J. Phys. Chem. B 108 (2004) 8689.

http://refhub.elsevier.com/S0009-2614(16)30642-X/h0005
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0005
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0010
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0010
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0015
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0015
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0020
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0025
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0025
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0030
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0030
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0030
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0035
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0040
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0045
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0045
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0050
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0050
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0055
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0060
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0065
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0065
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0065
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0070
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0075
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0080
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0080
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0085
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0090
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0090
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0095
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0100
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0105
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0110
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0115
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0115
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0115
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0115
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0120
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0125
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0125
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0130
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0130
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0135
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0135
http://refhub.elsevier.com/S0009-2614(16)30642-X/h0140

	Synthesis and two-photon absorption spectrum of fluorenone-based molecules
	1 Introduction
	2 Experimental
	2.1 Chemical syntheses
	2.2 General methods
	2.2.1 Synthesis of 2,7-disubstituted fluorenones via Sonogashira coupling reaction
	2.2.2 Characterization

	2.3 Two-photon absorption measurements
	2.4 Fluorescence and quantum yield measurements

	3 Theoretical approach
	4 Results and discussion
	5 Conclusion
	Acknowledgments
	References


