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NEW FLUORENE-BASED FLUORESCENT PROBE
WITH EFFICIENT TWO-PHOTON ABSORPTION

The synthesis, linear photophysical characterization, and two-photon absorption (2PA) properties of new fluorene derivative 3,30 -(pyridine-2,6-diyl)bis(1-(7-(diphenylamino)-9,9-dihexyl9H-fluoren-2-yl)propane-1,3-dione) (1) have been presented. The steady-state absorption, fluorescence and excitation anisotropy spectra along with the fluorescence decay kinetics of 1 are
obtained in the solvents of different polarities at room temperature with respect to its potential
application in bioimaging. The analysis of linear photophysical properties revealed a complicated nature of the main one-photon absorption band of 1, and the strong solvatochromic
effect in steady-state fluorescence spectra is observed. The degenerate 2PA spectrum of 1 is
measured in the spectral range 570–970 nm with the use of the open aperture Z-scan method
under the 1-kHz femtosecond excitation, and the maximum values of two-photon action cross
sections ∼(100–130) GM are obtained. The nature of the linear absorption and the 2PA bands
is analyzed by quantum chemical methods using a Gaussian program package.
K e y w o r d s: two-photon absorption, fluorene, Z-scan method.

1. Introduction
The synthesis and the photophysical characterization
of new organic compounds with large two-photon absorption (2PA) cross sections are essential steps for
the development of practically vital nonlinear optical materials [1–5]. Fluorene-based derivatives with
extended π-conjugation are the promising candidates
for many important applications such as high-density
optical data storage [6, 7], 3D microfabrication [8],
optical power limiting [9], upconverted lasing [10],
two-photon photodynamic therapy [11, 12], and twophoton fluorescence bioimaging microscopy [13–15].
Multiphoton fluorescence microscopy is a powerful
tool for the creation of high-quality biological images and for the study of a broad variety of dynamic processes in living cells [16–18]. This application is based on the development of highly fluorescent and photochemically stable molecules with
large 2PA cross section, δ2PA [13, 19]. Unfortunately,
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most of the known fluorescent organic labels, which
can be utilized in one-photon fluorescence bioimaging, are not optimized for two-photon excitation due
to the relatively small 2PA cross sections δ2PA ∼10–
100 GM [20, 21] and corresponding action cross secact
tions δ2PA
= δ2PA Φ [22] (Φ is the value of fluorescence
quantum yield). Fluorene derivatives, exhibiting the
high fluorescence quantum yield and the high photochemical stability [23–25], can be successfully utilized
as two-photon fluorescent labels [26–28]. It should be
mentioned that the main principles of the design and
the synthesis of fluorene-based compounds with large
values of δ2PA are sufficiently well established and described previously [29, 30]. According to these principles, the molecular structure should be consisted of
the electron-donating or electron-withdrawing parts
arranged in symmetric or nonsymmetric manner with
a large amount of π-electrons [31, 32]. In the case
where the molecular structure includes two or more
chromophore systems, an additional specific effect on
the 2PA efficiency within the main absorption band
can be expected due to the intramolecular interaction
between these chromophores [33, 34].
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8
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Fig. 1. Schematic of synthesis of 1

In this paper, the linear photophysical and
2PA properties of the new fluorene derivative
3,30 -(pyridine-2,6-diyl)bis(1-(7-(diphenylamino)-9,9dihexyl-9H-fluoren-2-yl)propane-1,3-dione) (1) as
a promising candidate for two-photon fluorescence
microscopy applications are investigated. A comprehensive analysis of the linear absorption and the
fluorescence spectra of 1 is performed along with
the steady-state excitation anisotropy and emission
lifetime measurements. The values of 2PA cross
sections, δ2PA , were determined in a broad spectral
range by the open aperture Z-scan method [35], by
using the 1-kHz femtosecond excitation. The nature
of the electronic structure of 1 and peculiarities of
its linear and 2PA spectra are analyzed by quantum
chemical calculations with the DFT and ZINDObased methods implemented in the Gaussian 09
program package [36].
2. Experimental Section
2.1. Materials and synthetic procedures
The 1,5-pyridine-linked, bis-β-diketone compound
1 was synthesized through the Claisen condensation reaction of 1-(7-(diphenylamino)-9,9-dihexyl9H-fluoren-2-yl)ethanone with dimethyl pyridine2,6-dicarboxylate, using tertiary butoxide as a
base. The schematic of the synthesis is shown in
Fig. 1. 1-(7-bromo-9,9-dihexyl-9H-fluoren-2-yl)ethanone, being the precursor to the diphenylaminoketone 1-(7-(diphenylamino)-9,9-dihexyl-9H-fluoren-2yl)ethanone (A), was prepared according to a literature procedure [37]. For the preparation of 1, potassium tert-butoxide (0.62 g, 5.52 mmol) was added
to a solution of dimethyl pyridine-2,6-dicarboxylate
(0.17 g, 0.87 mmol) in THF (10 mL). The mixture
underwent an immediate yellow color change. This
was followed by the dropwise addition of a solution of 1-(7-(diphenylamino)-9,9-dihexyl-9H-fluoren2-yl)ethanone (1.50 g, 2.76 mmol) in THF (15 mL)
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8

over a period of 10 min. The resulting dark reaction
mixture was then refluxed for 48 h stopped and then
cooled to ambient. Hydrochloric acid (2M) was then
added dropwise until a pH of 5 was obtained. Water
(30 mL) was then added to the reaction mixture, and
the organic phase extracted with dichloromethane.
The combined extracts were then dried over anhydrous sodium sulfate. Volatiles were then removed to
reveal brown oil. Purification was achieved using a
silica column with a mobile phase of Hexane: Ethyl
acetate 9.5: 0.5. Solvent was removed to reveal a yellow solid. Yield 0.60 g, 57%, mp 74–75 ◦ C. 1 HNMR
(500 MHz, CDCl3 ) (ppm) 16.82 br, 2H enolic O–H,
8.32 d, 2H pyridine, 8.06 d 4H, 8.04, t 1H pyridine
H(4) , 7.76 m 4H, 7.59 d 2H, 7.25 m 6H, 7.14 10H,
7.02 m 8H, 3.73 q 2H, 2.01–1.89 m 8H, 1.25 s H2 O,
1.11–1.04 m 24H, 0.76 t 12H, 0.61 m 8H. 13 CNMR
(125 MHz, CDCl3 ) (ppm) 187.22, 181.87, 153.40,
152.35, 151.16, 148.61, 147.70, 146.11, 138.25, 134.41,
133.04, 129.27, 127.02, 124.64, 124.33, 124.24, 123.05,
122.91, 121.62, 121.37, 118.97, 118.35, 93.60, 55.34,
40.25, 31.51, 29.57, 23.78, 22.53, 14.02. HRMS-ESI
theoretical m/z [M+H]+ = 1217.7, found 1217.7, theoretical m/z [M+Na]+ = 1240.7, found 1240.7.
Structure determination of 1 was based on 1 H
NMR, 13 C NMR, and confirmed using high-resolution
mass spectrometry. The 1 H NMR spectrum of this
bis-β-diketonate shows that its cis-enol isomer is the
most dominant form, as evidenced by the presence of
a broad resonance at ∼δ 16.82 ppm (enol protons)
in CDCl3 , integrating to two protons. There was
no evidence of a trans-enol tautomer, which proves
the stability of the cis-form which allows for the 6membered H-bonded ring in which the enolic H-atom
can be envisaged as ligated by 2 oxygens.
2.2. Linear photophysical measurements
Linear photophysical properties of 1 were investigated in spectroscopic grade hexane (HEX), toluene
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Fig. 2. Experimental setup (see the text for details): SM – laser spectrometer; AC – single-shot autocorrelator (Coherent Inc.);
SF – space filter; M – 100% reflection Ag mirrors; L – focusing lenses; BS – beam splitter; NF – neutral density filters; PD – Si
photodetectors; SM – step motor; S – sample

(TOL), tetrahydrofuran (THF) and dichloromethane
(DCM) at room temperature. One-photon absorption (1PA) spectra of 1 were measured with an Agilent 8453 UV–visible spectrophotometer using 1 cm
path length quartz cuvettes with molecular concentrations C ∼ 10−5 M. The steady-state fluorescence,
excitation and excitation anisotropy spectra of 1 were
obtained with a standard spectrofluorimeter (QuantaMaster, PTI Inc.) operating in the photon counting mode. All emission measurements were performed for low concentrated solutions, C ≤ 10−6 M,
in 1 × 1 × 4 cm spectrofluorometric quartz cuvettes.
The shape of registered fluorescence spectra was corrected for the spectral responsivity of the PTI detection system. The excitation anisotropy spectra of 1
were measured in the L-format configuration geometry [38] with corresponding extraction of a weak emission from pure solvent and scattered light. The fundamental anisotropy values, r0 , were obtained in polyTHF (pTHF) viscous at room temperature. In this
solvent, the rotational correlation time of 1, θ  τ
(τ is the corresponding fluorescence lifetime), and the
observed anisotropy r = r0 /(1 + τ /θ) ≈ r0 [38]. The
values of fluorescence quantum yields of 1, Φ, were
determined in low concentrated solutions by a standard method relative to 9,10-diphenylanthracene in
cyclohexane as a reference compound (Φ ≈ 0.95) [38].
Fluorescence lifetime measurements for 1 were performed with a time-correlated single photon counting system PicoHarp 300 under 76-MHz femtosecond
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laser excitation (MIRA 900, Coherent) with the time
resolution ≈100 ps. The excitation laser beam was
linearly polarized and oriented by the magic angle to
avoid possible artifacts in the fluorescence kinetics.
2.3. Two-photon spectral measurements
The degenerate 2PA spectrum of new probe 1 was
obtained in a broad spectral range (570–970 nm) by
the open-aperture Z-scan method [35] with a femtosecond laser system (Coherent, Inc.), schematically
shown in Fig. 2. The output of a Ti:Sapphire laser
(Mira 900-F, tuned to 800 nm, with a repetition rate
f = 76 MHz, pulse duration τP ≈ 200 fs, and average
power ≈ 1.1 W), pumped by the second harmonic of
a CW Nd3+ :YAG laser (Verdi-10), was regeneratively
amplified with a 1-kHz repetition rate (Legent Elite)
providing ≈ 100 fs pulses (FWHM) with the energy
≈ 3 mJ/pulse. This output at 800 nm pumped an
ultrafast optical parametric amplifier (OPerA Solo)
with the tuning range 0.24–20 µm, τP ≈ 100 fs
(FWHM), and pulse energies, EP , up to ≈ 100 µJ. A
concentrated solution of 1 (C ∼ 10−2 M) was placed
in a quartz cuvette with the path length L = 1 mm
and moved in the caustic of a focusing Gaussian
beam. Laser beam from an OPerA Solo with pulse
energies EP ≤ 100 nJ was focused to the waist of radius ω0 ∼ 15–20 µm (depending on excitation wavelength, λexc ), and condition ZR > L/2 was fulfilled
(ZR = πω02 /λexc – is the Rayleigh range). A compreISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8
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hensive description of this methodology was reported
previously [39–41].
2.4. Quantum chemical calculations
The electronic parameters of 1 were analyzed by
quantum chemical calculations using Gaussian 2009,
(Rev. A2) suite of programs [36]. The aliphatic side
chains in the calculated structure were replaced with
methyl groups for simplicity. The ground-state geometry was optimized at the DFT/6-31(d,p)/B3LYP
level. The ZINDO method was employed to obtain
the oscillator strengths, molecular orbitals, and the
permanent and transition dipole moments for the optimized model structure 1. The efficiency of 2PA
processes in 1 were theoretically estimated based on
the sum-over-state (SOS) approach and the simplified
three-level electronic model [42, 43].
3. Results and Discussion
3.1. Linear photophysical properties of 1
New fluorescent derivative 1 is a symmetric fluorenebased molecule containing two fluorene cores with
diphenylamino end substituents connected by the
central bis-diketone pyridine. The steady-state absorption and the fluorescence spectra of 1 in solvents
of various polarities, Δf , are shown in Fig. 3, and its
main linear photophysical parameters are presented
in Table 1. As follows from Fig. 3, all absorption
spectra of 1 did not reveal a vibrational structure and
were nearly independent of solvent properties, except
for HEX solution, where a small hypsochromic shift
of ≈15 nm was observed. No aggregation effects in
the absorption spectra were detected for the concentration range C ≤ 10−2 M. The steady-state fluorescence spectra of 1 revealed a strong solvatochromic
behavior and a well-defined vibronic structure in nonpolar HEX. The value of Stokes shift increased with
the solvent polarity Δf up to ∼7700 cm−1 , and no
strict correspondence to the Lippert equation [38] was
observed. The steady-state excitation spectra of 1
(Fig. 4, curves 1–4) were nearly overlapped with the
corresponding absorption ones, when the observed
wavelength, λobs , was set close to the fluorescence
emission maximum, λmax
. The excitation anisotropy
fl
spectrum in viscous pTHF (Fig. 4, curve 5) revealed
a complicated nature of the main absorption band
of 1. The changes in the excitation anisotropy values, r(λexc ), in the spectral range λexc > 400 nm
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8

Fig. 3. Normalized linear absorption (1–4) and steady-state
fluorescence (10 –40 ) spectra of 1 in HEX (1, 10 ), TOL (3, 20 ),
THF (2, 30 ) and DCM (4, 40 )

are indicative of at least two electronic transitions
in the main absorption band of 1. All these data
are consistent with the molecular electronic properties which can be expected for a double-chromophore
structure with a weak interaction between two chromophore subsystems [44]. The values of fluorescence
Table 1. Linear photophysical parameters of 1 in organic solvents with different polarities Δf and viscosimax maxties η: absorption λmax
abs and fluorescence λfl
ima, Stokes shifts, maximum extinction coefficients
εmax , fluorescence quantum yields Φ, experimental τ
and calculated τcal lifetimes
N/N

HEX

TOL

THF

DCM

Δf ∗
∼ 10−4
0.0135
0.209
0.217
η, cP
0.31
0.59
0.48
0.4
λmax
416 ± 1
428 ± 1
427 ± 1
430 ± 1
abs , nm
λmax
, nm
469 ± 1
512 ± 1
592 ± 1
643 ± 1
fl
Stokes shift,
53 ± 2
84 ± 2
165 ± 2
213 ± 3
nm (cm−1 )
2720
3830
6530
7700
εmax × 10−3 , 73.8 ± 5
66
±
5
60
±
5
60
±5
M−1 cm−1
Φ
0.63 ± 0.06 0.66 ± 0.06 0.38 ± 0.04 0.1 ± 0.02
τ ∗∗ , ns
2.2 ± 0.1
2.7 ± 0.1
2.8 ± 0.1 0.97 ± 0.1
∗∗∗ , ns
τcal
1.2 ± 0.2
1.3 ± 0.2
1.3 ± 0.2 0.4 ± 0.2
∗ orientation

polarizability Δf = (ε − 1)/(2ε + 1) − (n2 − 1)/
/(2n2 + 1) (ε and n are the dielectric constant and the refractive index, respectively) [38].
∗∗ All experimental lifetime data correspond to goodness-of-fit
parameters χ2 ≥ 0.98.
∗∗∗ τ
cal = τR Φ (where τR is the natural lifetime calculated by
the Birks–Dyson equation [45]).
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Fig. 4. Excitation spectra (1–4) and excitation anisotropy
spectrum (5) of 1 in HEX (1), TOL (2), THF (3), DCM (4),
and pTHF (5). Sharp peak in curve (4) corresponds to the
scattering excitation line

Fig. 5. Excitation (1–6) and fluorescence (10 –50 ) spectra of 1 in DCM with corresponding observed wavelengths
λobs =620 nm (1), 600 nm (2), 580 nm (3), 500 nm (4), 480 nm
(5), 460 nm (6) and excitation wavelengths λexc = 420 nm (10 ),
440 nm (20 ), 410 nm (30 ), 400 nm (40 ), and 390 nm (50 )

quantum yields of 1 are sufficiently high, Φ ≈ 0.6–0.7
in HEX and TOL, and dramatically decrease with an
increase of the solvent polarity in DCM. It is interesting to note that the additional fluorescence band with
relatively low intensity was observed in polar DCM in
a short wavelength region at λmax
≈ 490 nm (Fig. 5,
fl
curves 10 –50 ).
The corresponding excitation spectra of this emission with the maximum at ≈ 390 nm are also shown
in Fig. 5 (curves 4–6). With regard for a high
cleanliness of the new synthesized material (which
was confirmed by 1 H NMR, 13 C NMR, and high
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resolution mass spectrometry), it is difficult to assume the presence of highly fluorescent impurities
in this spectral range. The observed short wavelength fluorescence assumingly can be attributed to
a small amount (∼3–5%) of highly fluorescent spatial
isomers, which are characterized by a restricted πconjugation within the central electron-donating part
due to a strong solvation in polar DCM. These spatial isomers are characterized by a blue shift in the
positions of their absorption peaks. Note that the excitation spectra of the short wavelength fluorescence
(Fig. 5, curves 4–6) are very similar to the absorption bands of the nonsymmetric fluorene derivatives
with diphenylamino end substituents [46–48], representing one chromophore of compound 1, which is
consistent with the proposed hypothesis. Another
possible explanation is based on the observation of a
weak fluorescence from the higher excited electronic
state (Sn → S0 ), i.e. on the violation of Kasha’s
rule [38]. This hypothesis seems to be less probable
due to a complicated nature of all electronic transitions of 1 involving combination of several pairs
of molecular orbitals (MO) for each transition (Table 2) and a relatively high degree of the electron
delocalization within MO (for more details, see results in Section 3.3). It should be mentioned that
a weak short wavelength emission in nonpolar solvents is overlapped with the intensive main fluorescence band S1 → S0 and cannot be revealed by excitation methodology.
The emission S1 → S0 processes exhibited a singleexponential decay in all investigated solvents (Fig. 6)
with corresponding lifetimes in the range τ ∼ 0.95–
2.8 ns (Table 1). The calculated τcal and experimental
τ values of lifetimes differ by a factor of ≈ 2 due to
a complicated nature of the main absorption band of
1, including at least two electronic transitions.
3.2. 2PA efficiency of 1
The degenerate 2PA spectrum of the new symmetric
fluorene derivative 1 was obtained in a broad spectral
range by the open-aperture Z-scan method and is presented in Fig. 7. As follows from these data, the 2PA
spectrum of 1 revealed two well-defined absorption
peaks at ≈ 320 nm and ≈ 420 nm with the maxima
cross sections of δ2PA ≈ 200 GM. The spectral position of the long wavelength 2PA contour is nearly
overlapped with the main 1PA absorption band of
1. This spectral behavior is not typical of symmetISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8
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ric fluorene derivatives, which exhibited, as a rule,
no 2PA maxima at the excitation into the main linear absorption band [48]. Assumingly, the nature of
the long wavelength 2PA maximum is determined by
large changes in the permanent dipole moment of 1,
Δµ01 , upon the electronic excitation S0 → S1 , which
are consistent with its strong solvatochromic behavior of fluorescence bands (Fig. 3). The 2PA efficiency
of 1 can be analyzed by the well-known expression
for a simplified three-level electronic model based on
the SOS approach [42], two final states (S1 , Sf ), and
one intermediate state (S1 ) approximations [43, 49]:
32π 3
×
δ2PA =
15c2 h n2
"
EP2 |µ01 |2 |µ1f |2 Γ0f (1 + 2 cos2 α1 )
+
×
((E01 − EP )2 + Γ201 )((E0f − 2EP )2 + Γ20f )
#
|Δµ01 |2 |µ01 |2 Γ01 (1 + 2 cos2 α2 )
+
,
(1)
((E01 − 2EP )2 + Γ201 )

Fig. 6. Fluorescence decay curves of 1 in DCM (1), HEX
(2), TOL (3), and THF (4) and the instrument response function (5)

Table 2. Calculated positions of 1PA peaks, λ, oscillator strengths of π → π ∗ electronic transitions, fOS ,
values of µ0i , Δµ0i (i = 1–4) and main configurations,
involved into transitions, for the model compound 1
(ZINDO, Geom.[6-31(d, p)/B3LYP])
Transition

µ0i , |Δµ0i |,
λ,
fOS
D
nm
D

Main configuration

0.40|HOMO-3→LUMOi
−0.44|HOMO-2→LUMO+1i
S0 → S1 402 2.50 14.6

0.42|HOMO-1→LUMOi
−0.47|HOMO→LUMO+1i
0.38|HOMO-3→LUMO+1i
0.30|HOMO-2→LUMOi
S0 → S2 384 0.17 3.7

5.1
−0.45|HOMO-1→LUMO+1i
−0.45|HOMO→LUMOi
0.29|HOMO-2→LUMO+1i
−0.40|HOMO-1→LUMO+3i

S0 → S3 332 0.03 1.4

1.9
−0.38|HOMO→LUMO+2i
0.32|HOMO→LUMO+4i
0.31|HOMO-2→LUMOi
−0.34|HOMO-1→LUMO+2i

S0 → S4 331 0.24 4.1

Fig. 7. 1PA (1) and 2PA (2) spectra of 1 in HEX

5.0

2.2
0.30|HOMO-1→LUMO+4i
−0.40|HOMO→LUMO+3i

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8

where c, h, and n are the velocity of light in vacuum, Planck’s constant, and refractive index, respectively; EP = hc/λexc ; E01 = hc/λmax
abs ; µ01 and µ1f
are the transition dipoles of S0 → S1 , and S1 → Sf
electronic transitions, respectively; Δµ01 = µ0 − µ1 ,
µ0 and µ1 are the permanent dipole moments of S0
and S1 electronic states, respectively; Γ01 and Γ0f
are the damping factors for the corresponding electronic transitions; α1 and α2 are the angles between
dipoles µ01 , µ1f and Δµ01 , µ01 , respectively. As follows from Eq. (1), the value of 2PA cross section under two-photon excitation in S1 state is mainly deter2
2
mined by the product |Δµ01 | · |µ01 | and can exhibit
a separate maximum in the main linear absorption
band due to a large change in the permanent dipole
moment. With regard for the relatively high fluores-
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Fig. 8. Optimized molecular geometry of the model compound 1 (calculated by DFT/6-31(d,p)/B3LYP method)

Fig. 9. Shapes of the main molecular orbitals of the model structure 1

cence quantum yield of 1 (see Table 1), the values of
act
two-photon action cross sections, δ2PA
= δ2PA Φ, were
determined as ∼100–130 GM, which are comparable
with the corresponding values of known two-photon
labels utilized in the fluorescence bioimaging technology [50, 51]. Thus, our results show that the new fluo-

754

rene derivative 1 has a good potential for two-photon
induced fluorescence microscopy applications.
3.3. Quantum chemical analysis
The ground-state optimized geometry of 1 was obtained by the DFT/6-31(d,p)/B3LYP method and is
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8
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presented in Fig. 8. As follows from these calculations, the main chromophore is planar, and four
phenyl end substituents at the nitrogen atoms are
turned out at 44◦ relative to the chromophore plane.
It should be mentioned that the planarity of the central molecular part is additionally stabilized by two
hydrogen bonds between hydrogen and nearest oxygen atoms. The calculated transition wavelengths,
oscillator strengths, main configurations, and other
electronic parameters for the first four transitions
S0 → Sn (n = 1–4) of the model structure of 1 are
presented in Table 2. The shapes of molecular orbitals
(MO) participating in the first four electronic transitions are shown in Fig. 9. As follows from these data,
the main long wavelength transition S0 → S1 reveals
a complex nature, which is based on a combination
of four pairs of MO with nearly equal weight coefficients. All electronic transitions, presented in Table 2, are of the π → π ∗ type with noticeable oscillator
strengths, especially for S0 → S1 , where fOS ≈ 2.5. It
is interesting to mention that two low-energy n → π ∗
transitions with fOS ≈ 0 are also obtained from the
quantum chemical calculations for the model structure 1. These extremely weak transitions, involving
the n-orbitals of oxygen atoms, assumingly can not
affect the 1PA shape and the 2PA efficiency. The
calculated values of 2PA cross sections, δ2PA , within
the main 1PA band were estimated by Eq. (1) with
corresponding parameters taken from Table 1. The
values obtained are in the range of δ2PA ≈ 80–160 GM
and exhibit a good agreement with the experimental
2PA data.
4. Conclusions
The synthesis and comprehensive linear photophysical and nonlinear optical studies of the new symmetric fluorene derivative 1 were performed with the
goal to investigate its potential for bioimaging applications. The 1PA spectra of 1 are nearly independent of solvent properties, while the fluorescence
spectra exhibit the strong solvatochromic behavior
due to a large change in the permanent dipole moment at the electronic excitation S0 → S1 . The excitation anisotropy spectrum of 1 revealed a complicated nature of the main long wavelength absorption band involving at least two close-lying electronic
transitions. The weak short wavelength fluorescence
band was observed in a DCM solution at ≈500 nm
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8

which can be attributed to a small amount of highly
fluorescent isomers of 1 in polar DCM. The fluorescence lifetimes of 1 in all investigated solvents correspond to a single-exponential decay processes and
exhibit a complicated dependence on the solvent polarity with a dramatic decrease of the lifetime in polar DCM. The degenerate 2PA spectrum of 1 was
measured in a broad spectral range by the open aperture Z-scan method, and two well-defined 2PA bands
with maximal cross sections ≈200 GM were obtained.
The results of quantum chemical calculations revealed
the nature of 1PA and 2PA transitions in a good
agreement with all experimental data. Note that
the long-wavelength 2PA band of 1 is overlapped
with the tuning range of the commercially available
Ti:Sapphire femtosecond lasers, which is important
for practical purposes. The reported spectral properties along with the high fluorescence quantum yield
and the 2PA efficiency strongly increase the potential
of compound 1 for application in two-photon fluorescence microscopy systems, including the bioimaging
technique.
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Sciences of Ukraine (grant 1.4.1.В/153), the National
Science Foundation (ECCS-0925712, CHE-0840431,
and CHE-0832622) for their support of this work.
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М.В. Бондар, О.В. Пржонська, О.Д. Качковський,
А. Фрейзер, А.Р. Моралес, К.Д. Белфiлд
НОВИЙ ФЛУОРЕСЦЕНТНИЙ ЗОНД
НА ОСНОВI ФЛУОРЕНУ З ЕФЕКТИВНИМ
ДВОФОТОННИМ ПОГЛИНАННЯМ
Резюме
В роботi описано синтез та дослiджено лiнiйнi i
нелiнiйно-оптичнi властивостi нової флуоренової молекули

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 8

3,30 -(пiридин-2,6-дiiл)бiс(1-(7-(дифенiламiно)-9,9-дигексил9H-флуорен-2-iл)пропан-1,3-дiон) (1). Було отримано та
проаналiзовано стацiонарнi спектри поглинання, флуоресценцiї та анiзотропiї збудження нового флуорену 1 в
органiчних розчинниках iз рiзною полярнiстю при кiмнатнiй температурi у зв’язку з можливiстю його потенцiйного
застосування у технологiях флуоресцентної вiзуалiзацiї
бiологiчних зображень. Аналiз лiнiйних фотофiзичних
властивостей 1 розкрив складну природу основної довгохвильової смуги поглинання та показав наявнiсть сильного
сольватохромного ефекту у стацiонарних спектрах флуоресценцiї. Виродженi спектри двофотонного поглинання
(ДФП) нового флуорену 1 були отриманi у широкому
спектральному iнтервалi (570–970 нм) методом “Z-scan”
з вiдкритою апертурою при 1 кГц фемтосекундному
збудженнi та отримано ефективнi перерiзи ДФП у межах
100–130 GM. Природа смуг лiнiйного поглинання молекули
1 та особливостi її ДФП процесiв були проаналiзованi на основi квантово-хiмiчних розрахункiв методами
програмного пакета “Gaussian-09”.
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