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We investigate the fluorene-vinylene unit dependent photo-physical properties of multibranched truxene based oligomers (Tr-OFVn , n=1−4) employing steady-state absorption
and emission spectroscopy, transient absorption spectroscopy, two-photon fluorescence, and
z-scan technique. The results show that the increasing of fluorene-vinylene unit leads to
a red-shift in the spectra of absorption and fluorescence, and shortens the excited state
lifetime. Meanwhile, two-photon fluorescence efficiency and two-photon absorption cross
section of truxene based oligomers gradually enhance in company with the extension of πconjugated length. In addition, the values of two-photon absorption cross section modeled
on the sum-over-state approach agree well with the experimental ones. The results indicate
multi-branched truxene based oligomers bearing oligo(fluorene-vinylene) arms are promising
organic materials for two-photon applications.
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Fluorene-vinylene group acts as a π-conjugated unit
and π-electron bridge, and has excellent property of
electron delocalization. The side chains were also introduced to improve the solubility of oligomer. These
multi-branched oligomers exhibit strong two-photon absorption (TPA) cross-section [20], even though they
have no strong donor and acceptor units. However, thus
so far, reports that focus on conjugated system without
strong donor and acceptor units are limited, it is necessary to better understand their basic optical properties
and photo-physical mechanism.
In this work, we investigate fluorene-vinylene (FV)
unit dependent photo-physical properties of these novel
multi-branched oligomers (Tr-OFVn (n=1−4)) (as seen
in Fig.1) in detail, employing steady-state absorption
and emission spectroscopy, transient absorption spectroscopy, two-photon fluorescence (TPF) and z-scan
technique, and finally model the value of TPA crosssection by using the sum-over-state (SOS) approach
with a five-energy-level system. The results offer a
broadband analysis of structure-property relationship
and show that the π-conjugated extension leads to a
red-shift in absorption and emission spectra, and shortens the excited state lifetime and finally improves the
two-photon optical properties of oligomers. The study
gives a better understanding about the factors for good
two-photon optical properties of this kind of oligomers.

I. INTRODUCTION

The multi-branched oligomers acting as one of the important oligomers, have attracted much attention due
to their excellent two-photon optical properties [1, 2].
In this type of process, two photons are absorbed simultaneously, exciting the oligomers to a higher energy
state with the energy increase being equal to the sum
of the photon energies. This characteristic provides a
wide range of applications, such as photodynamic therapy [3−5], optical storage [6], optical limiting [7−9], 3D
micro-fabrication [10, 11], and two-photon fluorescence
microscopy [12] etc. The organic molecule with twophoton optical property has developed significantly over
the past twenty years [13, 14]. People gradually realize
that the two-photon optical property of organic materials depends on the donor-acceptor strength, molecular
structure and conjugation length, etc. [15]. Based on
symmetrical (D-π-D or A-π-A, D, A, and π are electron donor, acceptor, and π-electron bridge, respectively) or asymmetrical (D-π-A) structures, many types
of π-conjugated units were chose, such as pyrene, benzene, biphenyl, fluorene, dithieniothiophene, and dihydrophenathrene [16, 17] moieties, and a large number of
organic molecules with strong nonlinear photo-physical
properties were synthesized [18, 19]. Recently, Lu et al.
have reported a series of novel multi-branched monodisperse conjugated truxene based oligomers bearing
oligo(fluorene-vinylene) arms (Tr-OFVn (n=1−4)) [20].

II. EXPERIMENTS

Toluene solutions of Tr-OFVn (n=1−4) with concentrations of 0.025 and 0.5 mmol/L are prepared for linear
and nonlinear optical measurements, respectively. The
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FIG. 1 Molecular structure of Tr-OFVn (n=1−4).

samples were placed in a 2 mm thick quartz cuvette to
perform the optical measurements. Femtosecond Titanium:Sapphire laser (Coherent) was used as radiation
source, which offered 2.2 mJ, 130 fs pulses at 800 nm
with a repetition rate of 1 kHz.
Steady-state absorption spectra were obtained using a UV-Vis absorption spectrometer (Purkinje, TU1810PC) and steady-state fluorescence spectra were
measured by CCD detector (Ocean Optics, USB4000).
The TPA property was investigated via the openaperture z-scan technique with femtosecond laser
pulse, which was modulated by a mechanical chopper (∼500 Hz) and then refocused with a lens onto
a PMT (Zolix, PMTH-S1-CR131A). The TPA crosssection σ (2) can be obtained through the expression
σ (2) =

hνβ
N

(1)

where N is the number of molecules per cm3 , β is
the nonlinear absorption coefficient, and hν is the photon energy. σ (2) is expressed in Göppert-Mayer units
(1 GM=10−50 (cm4 s)/(molecule photon)).
In the transient absorption measurement, the output beam of the femtosecond laser was split into two
parts. One part focused into a 5 mm quartz cell filled
with water to generate a white light continuum as the
probe beam, and the other part was sent to a 1 mm
thick BBO crystal to generate the double frequency
of 400 nm excitation pulses as the pumb beam to excite the sample, which was modulated by a mechanical
chopper (∼500 Hz). Both of pump and probe beam
focused into the sample cuvette and overlapped with
each other. The time-dependent change of the transmittance passed through the mono-chrometer, and was
detected by PMT (Zolix, PMTH-S1-CR131A). The relative polarization of the excitation and the probe beams
DOI:10.1088/1674-0068/25/06/636-641

FIG. 2 (a)−(d) Spectra of steady-state absorption (solid
symbol) and OPF (open symbol) of Tr-OFVn (n=1−4) with
concentration of 0.025 mmol/L, and (e) the variation of
spectral feature with the increasing of π-conjugated units.
The solid lines in absorption spectra represent the fitting
Gaussian line-shape on the basis of the steady absorption
spectra and offer the spectroscopic parameters to use in the
sum-over-state approach.

were set to the magic angle for all the measurements.
All electronic signals which traveled through the lockin amplifier from PMT were able to obviously suppress
noise outside a narrow frequency interval, before they
reach the computer. The excitation spot was ∼500 µm
in diameter. The energy of probe beam was <0.1 nJ,
while the pump beam was around ∼1.5 nJ. All experiments were performed at room temperature.
III. RESULTS AND DISCUSSION

The absorption and fluorescence spectra of Tr-OFVn
(n=1−4) in toluene (0.025 mmol/L) are shown in Fig.2
c
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TABLE I The photo-physical parameters obtained in experimental and theoretical data.
Tr-OFV1
Tr-OFV2
Tr-OFV3
Tr-OFV4
a
b

Stokes shift/cm−1
3791
3544
3426
3370

ESL/ns
1.09
1.00
0.89
0.73

ψn /ψ1
1
4
9
18

(2) a

β/(10−3 cm/GW)
14.5
21.0
27.5
41.5

σE

/103 GM
1.20
1.73
2.27
3.43

(2) b

σT

/103 GM
0.96
2.18
2.45
3.33

(2)

σE : the experimental values of TPA cross-section, employing z-scan technique.
(2)
σT : the theoretical calculated values of TPA cross-section by using SOS approach.

(a)−(d). Being transparent in the near infrared region,
all multi-branch conjugated truxene derivatives (TrOFVn (n=1−4)) show a subtle structure in the spectra
of absorption and one-photon fluorescence (OPF). Taking Tr-OFV1 as an example, it shows two obvious absorption features and a shoulder in absorption spectra,
which are at 3.09, 3.26, and 3.43 eV, respectively, and
three clear emission peaks at 2.82, 2.64, and 2.48 eV.
The first absorption peak of Tr-OFV1 at 3.09 eV in the
red region of absorption spectra should be mainly assigned to the S0 →S1 transition and the second around
3.26 eV, which is much closed to the first absorption
peak, may be attributed to S0 →S2 transition. According to the molecular structure, we could speculate
that these oligomers all own C3 symmetry, therefore the
transition of S0 →S2 should be dipole forbidden. However, the absorption spectra of oligomers aren’t consistent with our speculation, such as that of Tr-OFV1 , indicating that the transition of S0 →S2 becomes partially
allowed upon relaxation of the molecular geometry to a
conformation with lower symmetry. The subtle spectral
features in the absorption and OPF spectra both exhibit
a red-shift behavior with the increasing of FV unit as
shown in Fig.2(e), and accompany with an enhancement
in the absorption coefficients and fluorescence efficiency.
In addition, these subtle spectral features are still
seen in THF solution [16], indicating that the mechanism of transition and emission is almost independent of the solvent polarity. We also calculate the
Stokes shift of Tr-OFVn (n=1−4) in toluene according to their normalized absorption and OPF spectra
(Table I). Apparently, the Stokes shift decreases from
3791 cm−1 to 3370 cm−1 when the number of FV unit
increases from 1 to 4. Meanwhile, we measured the excited state lifetimes for all oligomers using femtosecond
transient absorption technique. Figure 3 shows the kinetic traces probed at 860 nm for Tr-OFVn (n=1−4)
in toluene solution (0.5 mmol/L), which is described by
a mono-exponential decay function. The fitting results
are summarized in Table I. Apparently, when FV unit
increases from 1 to 4, the excited state lifetime gradually shortens from 1.09 ns to 0.73 ns, indicating that
the π-conjugated extension is able to facilitate the relaxation of isolated excited oligomers.

FIG. 3 Transient absorption traces at 860 nm of Tr-OFVn
(n=1−4) with excitation pulse at 400 nm. The excited
state lifetimes (ESL) were determined through the monoexponential function and summarized in Table I.

Under the excitation of 800 nm femtosecond pulses,

where S is the intensity of the signal collected by a

DOI:10.1088/1674-0068/25/06/636-641

Tr-OFVn (n=1−4) in toluene solution (0.5 mmol/L)
emits intense photoluminescence (PL) and the normalized emission spectra are shown in Fig.4(a). We measure the PL spectra under different excitation light intensities, and the integral PL intensities have a characteristic dependence on the square of the excitation light
intensity (Fig.4(b)). Combined with steady-state absorption spectra, it provides reliable evidence that the
fluorescence excited by 800 nm laser pulse originates
from the TPA process and follows the equation [21]:
ITPF = SδψI800 2
ψ=σ

(2)

ϕ

(2)

N

(2)
(3)
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FIG. 4 (a) Normalized PL spectra of Tr-OFVn (n=1−4) excited by 800 nm femtosecond pulse, (b) the PL integral intensities
of Tr-OFVn (n=1−4) as a function of the square of the laser energy E 2 , and (c) the π-conjugated unit dependence of ψn /ψ1
(n=1−4).

FIG. 5 (A) Intensity dependent open-aperture z-scan profiles for Tr-OFV4 , (a)−(d) pulse energies are 65, 125, 185, and
245 nJ, respectively, β values in (a)−(d) are 42.0×10−3 , 42.5×10−3 , 41.5×10−3 , and 42.5×10−3 cm/GW, respectively. (B)
Open-aperture z-scan signatures for Tr-OFVn (n=1−4) (energy of pulse: ∼245 nJ). The solid lines represent fitting lines
used to extract β value.

CCD detector, δ is the overall fluorescence collection
efficiency of the experimental apparatus, ψ is TPF efficiency of sample, ϕ(2) is the TPF quantum yield.
In comparison with OPF spectra, the positions of the
first emission peaks in TPF spectra are all red-shifted
∼30 meV, as seen in Fig.4(a). The relative amplitude
of the first emission peak compared to the total fluorescence spectra weakens apparently, which could be
explained by the re-absorption effect, because of the solutions with a much higher concentration (0.5 mmol/L).
Figure 4(c) shows the evolution of ψn /ψ1 with the increase of the FV unit, showing that the TPF efficiency
ψ of Tr-OFVn (n=2−4) increases to 4, 9, and 18 times
in comparison with that of Tr-OFV1 , indicating that
improvement of TPF efficiency profits from enhancing
the ICT character, due to the extension of π-conjugated
system.

we conducted the open-aperture z-scan experiments on
neat toluene with the pulse energy of 245 nJ, and the
results show that there is no effect of the laser beams
on the 2 mm quartz cell containing the solvent. Therefore, we could exclude the influence of the solvent nonlinearity. The z-scan signatures of Tr-OFV4 recorded
with different incident pulse energies exhibit a minimum near the beam waist as shown in Fig.5(A), which
can be contributed to the nonlinear absorption process.
The nonlinear absorption coefficient β can be measured
by fitting the experimental data with equation [22]:

In order to further ascertain the relationship between
oligomer structure and the TPF efficiency, we use femtosecond open-aperture z-scan technique to measure
the TPA cross-section of Tr-OFVn (n=1−4). Firstly,

where T is the normalized transmittance for the openaperture z-scan curve, z0 =kω0 2 /2 is the Rayleigh
length, k=2π/λ is the wave vector, ω0 is beam waist
radius of Gaussian pulse, I0 is the pulse irradiance.

DOI:10.1088/1674-0068/25/06/636-641

T (z, S = 1) =
q0 (z) =

∞
X
[−q0 (z, 0)]m
(m + 1)3/2
m=0

(4)

βI0
1 + z 2 /z0 2

(5)
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TABLE II Spectroscopic parameters used in the SOS approach, employing the five-energy-level system.
Tr-OFV1
Tr-OFV2
Tr-OFV3
Tr-OFV4

v10
24955
23272
22640
22363

v20
26307
24617
23730
23435

v30
27119
26196
25245
25340

v40
28325
27119
27356
28268

Γ10 a
1837
663
640
650

Γ20
825
1359
1272
1306

Γ30
1243
933
1831
2899

Γ40
1362
2756
3448
1155

µ10 /D
12.8
10.6
11.7
12.5

µ20 /D
5.3
6.6
6.1
5.0

µ30 /D
4.4
4.0
5.1
9.0

µ40 /D
4.5
3.6
4.2
2.5

a

Γ (in cm−1 ) is the damping constant describing the full width at half-maximum of the final state line-width, and
vm0 =ωm0 /2π (vm0 is in unit of cm−1 ).

The open-aperture z-scan traces of Tr-OFV4 recorded
with different incident pulse energies exhibit similar z-scan curves, and the corresponding β is about
41.5×10−3 cm/GW and almost independent of femtosecond pulse energy, indicating that the observed nonlinear absorption is originated from TPA. If higherorder absorption, such as the simultaneous threephoton absorption, is involved in the observation [23],
the value of β could obviously deviate upward from
41.5×10−3 cm/GW at the high incident power and show
incident power dependent enhancement behavior. Figure 5(b) shows open-aperture femtosecond z-scan measurements for Tr-OFVn (n=1−4) in toluene solution
(0.5 mmol/L). The experimental values of the TPA
(2)
cross-section (σE ) are summarized in Table I. When
the pulse energy is about 245 nJ, the change of transmission at waist gradually enhances with the increasing
(2)
of FV unit, showing that σE becomes larger on account for the extending of π-conjugation. When the
FV unit increases from 1 to 4, the TPA cross-section
is not able to enhance 4 times. Therefore, extension of
π-conjugated system could improve the TPA property,
the amplitude of enhancement is limited in a certain
extent.
To further understand the results, we use SOS model
(2)
to calculate the TPA cross section σT , where TPA
cross-section depends on two factors: transition dipole
moments and transition frequencies of the molecules.
As all oligomers studied here belong to the same family
of compounds, we assume that these truxene derivatives Tr-OFVn (n=1−4) all have five states, one initial
ground state (0), one intermediate state (1), and three
final states (2, 3, and 4), and the TPA cross-section can
be written as [24]:
σ (2) =

vp2
4 (2π)4
·
2
5π (ch) (v10 − vp )2 + Γ210
·
|µ31 |2 |µ10 |2 Γ30
|µ21 |2 |µ10 |2 Γ20
+
+
2
(v20 − 2vp )2 + Γ20
(v30 − 2vp )2 + Γ230
¸
|µ41 |2 |µ10 |2 Γ40
(6)
(v40 − 2vp )2 + Γ240

where c and h are the speed of light and the Planck
constant, respectively, vm0 (m=1−4) is the transition
frequency of the 0→m transition, Γ is a damping conDOI:10.1088/1674-0068/25/06/636-641

stant related to the intermediate states, vp is the laser
frequency, µ
~ m0 (m=1−4) is transition moment vector
(|~
µm1 |=|~
µm0 −~
µ10 |, m=1−4). And µ
~ m0 (m=1−4) can
be calculated as follows [25]:
s
|~
µm0 | =

3 c max Γm0
h
σ
4π π 1/2 m0 2(ln 2)1/2 vm0

(7)

max
σm0
is the Gaussian fitting peak value of m state.
Most of the spectroscopic parameters used in this model
(SOS) can be obtained from the linear absorption spectra, such as the transition frequency and damping factor. In this way, we fit the linear absorption spectra
shown in Fig.2, assuming that the absorption bands
of the compounds investigated exhibit a Gaussian lineshape given by the following [25]:

r
gm0 (ω) = 2

"
µ
¶2 #
ωm0 − ω
ln 2 Am0
exp −4 ln 2
(8)
π Γm0
Γm0

where Am0 is the amplitude of Gaussian line-shape, Γm0
is the full width at half-maximum of Gaussian lineshape, showing the damping constant of the m state,
ωm0 is the center frequency of Gaussian line-shape, describing the transition frequency between m state and
ground state. Table II summarizes the spectroscopic parameters used in the SOS approach in order to model
(2)
the theoretical value of σT . However, according to
the absorption spectra of oligomers, the spectral feature of S1 state shows that its band edge in red region
is steep and its peak is also narrow, so the width of fitted Gaussian peak, which corresponds to the S1 state in
the absorption spectra, is narrower in comparison with
that of emission spectra. In this way, a rough approx(2)
imation for the σT values can be obtained from the
Eq.(6), which are summarized in Table I. So we can
(2)
see that the theoretical values of σT are much closed
(2)
to the experimental values σE and show the enhancement behavior accompanied with the increasing of FV
unit. Apparently, our theoretical and experimental results are consistent with the molecular design strategy,
which is based on the concept that with increasing the
oligomer conjugated length, and the σ (2) can be improved through enhancing the ICT character.
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IV. CONCLUSION

We reported the π-conjugated unit dependent optical properties of truxene based oligomers bearing
oligo(fluorene-vinylene) arms. The linear spectral measurement shows that the π-conjugated extension leads
to the red-shift in absorption and fluorescence spectra, and accelerates the relaxation of isolated excited
oligomers. The nonlinear optical measurement exhibits
that extension of the conjugation length is useful for improving the TPA cross-section and TPF quantum yield.
Meanwhile, the theoretical SOS calculation of the TPA
cross-sections of Tr-OFVn (n=1−4) studied here are in
good agreement with the experimental value obtained
from z-scan technique. From a technological point of
view, the results open the door to access a new family
of materials with excellent two-photon optical properties.
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