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A series of novel compounds with dibenzothiophene core branched structures have been synthesized, and
their two-photon absorption (TPA) properties were investigated. Two-photon fluorescence (TPF) and z-scan
techniques were carried out, and a significant enhancement in the TPA cross section was observed for ST-
G2, which possesses the largest generation number among the studied samples. By using different solvents,
the largest nonlinear optical (NLO) response was observed in the most polar solvent. Ultrafast pump-probe
experiments were performed to probe the excited state dynamics in the branched molecules, and the obtained
results further confirmed the TPA enhancement mechanism. Time-resolved fluorescence (TRFL) and TRFL
anisotropy measurements reveal that there is an ultrafast charge localization to the intramolecular charge
transfer (ICT) state followed by relaxation with a lifetime longer than 1 ns.

1. Introduction

Two-photon absorption, namely, the absorption of two
photons simultaneously by the atoms or the molecules, has
received much attention because of its huge potential applica-
tions in many innovative aspects such as three-dimensional
micro-fabrication, laser technology, photodynamic therapy,
optical limiting, optical data storage,1-7 and so on. Recently,
abundant experimental and theoretical studies have been carried
out to investigate the strategies for synthesis of organic
molecules with large TPA cross sections. According to available
results, a conclusion can be drawn that an electron-donor (D)
and an electron-acceptor (A) symmetrically or asymmetrically
joined through aπ-bridge to form a linear D-π-A structure
can effectively improve TPA activities and their strength for
pushing and pulling electrons; the nature and length of the
π-bridge as well as substituents are surely key factors for getting
a large TPA cross section.8-11

Constructing a multibranched structure is another attractive
approach which can effectively enhance TPA performance.12-29

Because the enhancement of the TPA cross section is larger
than the sum of that of each branch,17-21 the relationship
between the structure and TPA property cannot be simply
expressed as linear with the chromophore number density.
However, a mechanism for explaining this phenomenon is still
not very clear at present. Prasad et al. have reported that
enhancement of the nonlinear optical (NLO) response in the
trimer, compared to the monomers, is a factor of∼7 in the
femtosecond time scale and∼10 in the nanosecond time scale.17

Drobizhev found that the peak TPA cross section increases
quadratically with the number of chromophores in a dendrimer.19

Transient spectroscopy technology provides the capability for
the further investigation of strong interactions among the

contributing chromophores in the dendritic structures. On the
basis of many investigations aimed at understanding the factors
which govern the NLO effect in branched molecules, intra-arm
coupling, electron delocalization, and the extent of intramo-
lecular charge transfer have been proposed.22-29 Recently, Peng
et al. reviewed the synthesis and photophysical properties of
dendrimers with unsymmetrical branching.30 They show that
unsymmetrical branching leads to stronger coupling of the
perylene trap to the peripheral states.30 However, these reported
results are for a dendrimer containing a distyrylbenzene (DSB)
unit as the core, where a nitrogen atom served as the center of
the “three-arm” core. Multibranched molecules with other cores
have not been studied.

In this manuscript, we report the results of NLO, TRFL, and
transient absorption measurements of a series of new branched
molecular structures with dibenzothiophene as the core and a
triphenylamine unit as the “peripheral arm” (Figure 1). The
smallest molecule ST-G1, whose core was flanked on both sides
by one triphenylamine unit, is regarded as generation 1. ST-
G1.5 and ST-G2, with ST-G1 as their cores, are regarded as
generations 1.5 and 2, respectively, and the only difference is
the branch number. A Ti:sapphire femtosecond laser system was
employed to investigate the ultrafast dynamics to explore their
structure/property relationships. An enhancement in the TPA
cross section with the increasing generation number was
observed. TRFL results show that the energy delocalization
finishes in about 3 ps and their decay is greatly disturbed by
the intramolecular interaction.

2. Experimental

2.1. Materials and Synthesis.All chemicals used in the
synthesis and measurements, except the usual solvents and
reagents, were purchased from Across Co. and were used
without further purification. The detailed synthesis has been
reported elsewhere.31 All synthesized compounds, presenting
bright yellow color and being suitably soluble in common
organic solvents, were purified by repeating chromatography
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and confirmed by1H NMR spectra, electron impact (mode laser)
mass spectra, and elemental analysis. Here, we used tetrahy-
drofuran (THF),N,N-dimethylformamide (DMF), and toluene
to study solvent effects of these molecules.

2.2. Instruments and Measurements.Linear absorption
spectra were measured with a spectrophotometer (Hitachi;
U-3500) with 2 nm resolution. A quartz cuvette with a 1 mm
path length was used for the dilute sample solutions. The
influences from the quartz cell and the solvent have been
subtracted. One-photon fluorescence spectra were measured by
an Edinburgh FLS 920 fluorophotometer in a 1 cmpath length
cell. The concentration was 1.0× 10-5 mol/L for linear
absorption and fluorescence measurement, and solutions with
a high concentration of 0.01 mol/L were used for NLO
measurements. All experiments were performed at room tem-
perature.

Our laser system was a Ti:sapphire regenerative amplifier
(Spitfire, Spectra-Physics), operated at 1 kHz repetition rate and
140 fs pulse duration at 800 nm. The output femtosecond beam
was used directly to pump sample solutions, and two-photon
fluorescence (TPF) signals were collected in the direction
perpendicular to the incident excitation beam by a spectrum
analyzer.

An open-aperture z-scan technique32 was used to measure
the NLO absorption coefficient and the TPA cross section. The
laser pulses with an average output power of about 1 mW were
focused on the solution in a 1 mmcell by a lens of 10 cm focal
length, and after passing a bandpass filter the transmitted light
was detected by a photodiode connected with a Boxcar
integrator.

Pump-probe experiments were also carried out with a Ti:
sapphire laser system centered at 800 nm. The fundamental
output was split into pump and probe beams by a beam splitter.
The pump beam was chopped using a chopper at a rate of
600 Hz and was focused onto a sample cell using an 8 cm focal
length lens after passing through an optical delay line. The probe
beam was focused to overlap with the pump beam on the same
point in the sample cell by a lens with a focal length of 12 cm.

The pump beam was blocked by an aperture behind the sample.
The modulated transmittance of the probe beam was measured
by a photodiode and a lock-in amplifier (SR830, Stanford
Research Systems), and the signal was finally recorded as a
function of delay time on a computer. We inserted a quarter-
wave plate and a polarizer in the path of the probe beam to
change the polarization angle between the pump and probe
beams. Therefore the pump-probe signals under different
configurations (parallel, perpendicular, and magic-angle) could
be obtained by rotating the polarizer.

A TRFL experimental setup utilizing the optical Kerr gate
(OKG) technique33 was discussed in our previous papers.20

Briefly, the pump beam at 800 nm after passing an optical delay
line was used as a gate beam to open the “Kerr gate” through
photoinduced birefringence of Kerr material (CS2), while the
second part of the 800 nm beam was frequency-doubled by using
a BBO crystal. The second harmonic pulses with vertical
polarization were used to pump samples efficiently, and the
collected fluorescence was set either parallel or perpendicular
to that of the incident beam by a polarizer (P1). Another
polarizer with orthogonal polarization to P1 was placed behind
the sample to study the polarization effect. Dispersed by a
monochromator, the signal was detected by a photomultiplier
(Hamamatsu R1104) connected to a lock-in amplifier. The
polarization of the gate beam was set at 45° with respect to
that of SHG. In doing so, we can get TRFL signals under
different configurations for anisotropy studies.

3. Results and Discussions

3.1. Absorption and Emission Spectra.Shown in Figure 2
are the linear absorption spectra and one-photon fluorescence
spectra of the molecules in DMF, toluene, and THF, and the
obtained data are given in Table 1. The absorption spectra of
all three samples show broad band absorption with a shoulder
located at about 300 nm which would be attributed to the
absorption of the substituted phenyl.31 No obvious absorption
is observed at a longer-wavelength region (>470 nm) in all
cases. Interestingly, the absorption peaks show a gradual red-

Figure 1. Chemical structures of three chromophores.
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shift with increasing generation number, while the absorption
shoulder remains the same. For example, there is a red-shift of
the absorption peak of ST-G1.5 (390 nm) with respect to ST-
G1 (368 nm), whereas the absorption peak of ST-G2 is even
more red-shifted to 401 nm. These results strongly demonstrate
that the interaction among branches may lower the energy of
the first excited state. However, there is no obvious change in
absorption spectra when the solvent was changed from toluene
to DMF in the order of increasing polarity, except for ST-G2
in DMF. Notice that the offset between DMF and THF decreases
from ST-G1 to ST-G1.5, implying that the solvent effect34 does
not play a dominant role. Therefore, the combination of solvent
effect and interaction among branches makes the absorption
spectra complicated.

One-photon fluorescence spectra show features similar to
those of absorption spectra. Peak wavelengths are at wavelengths
of 449, 458, and 475 nm for ST-G1, ST-G1.5, and ST-G2 in
THF, respectively. As mentioned above, the red-shift of the
absorption peak is ascribed to the strong interaction among
chromophores. It is well-known that DMF has the largest
polarity among the three solvents, toluene has the lowest
polarity, and the THF is intermediate. The red-shift of the
fluorescence peak with the increasing polarity of solvent reflects
that the energy level responsible for fluorescence emission is
localized on the ICT state20 and there is a significant difference
of polarity between the ground state and the ICT state.

3.2 Two-Photon Fluorescence Spectra (TPF).Under the
excitation of 800 nm pulses with a pulse duration of 140 fs, all
three sample solutions in THF emit intense frequency up-
converted fluorescence. Figure 3 shows TPF spectra of three
molecules under different pump intensities. The blue fluores-
cence could even be observed under excitation of unfocused
laser pulses with pulse energy of several microjoules for ST-
G1. From the insets, we see good linear dependence of
fluorescence intensity on the square of the excitation intensity.
Combined with absorption spectra, it provides reliable evidence
that the fluorescence emission originates from the TPA process.
The fluorescence peaks are located at 460, 481, and 488 nm
for ST-G1, ST-G1.5, and ST-G2, respectively. In comparison

with one-photon fluorescence spectra, their peak wavelengths
are red-shifted about 10-20 nm in THF. The red-shift can be
explained by the reabsorption effect, as we used solutions with
a much higher concentration in the TPF experiment.35

3.3. Nonlinear Transmission Measurement.TPA cross
sections of three molecules were determined by the femtosecond
open-aperture z-scan technique at 800 nm. The values of the
two-photon absorption coefficient (â) were determined by fitting
the experimental results using a self-compiled program. The
TPA cross section can be calculated from the formulaσ ) hVâ/

Figure 2. Linear absorption spectra and one-photon fluorescence
spectra of sample solutions in DMF, THF, and toluene. From top to
bottom: ST-G1, ST-G1.5, and ST-G2.

TABLE 1: Photophysical Properties of Samples in Different Solvents

λmax
ab (nm) λmax

pl (nm) σ2 (GM)

DMF THF toluene DMF THF toluene DMF THF toluene

ST-G1 373 368 377 461 449 445 43( 3 41( 2 40( 2
ST-G1.5 393 390 379 482 458 443 125( 6 81( 4 58( 3
ST-G2 385 401 405 445 475 452 280( 10 188( 8 101( 5

Figure 3. Two-photon fluorescence spectra of three molecules in THF
pumped by femtosecond laser pulses at 800 nm at different incident
power intensities; inset shows the linear dependence of TPF intensity
on the square of the excitation intensity.
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N0 ) 103hVâ/NAC, whereN0 is the number density of absorption
centers,NA is the Avogadro constant, andC represents the solute
molar concentration. Figure 4 shows the open-aperture z-scan
results of ST-G1, ST-G1.5, and ST-G2 in three solvents, and
the calculated values are summarized in Table 1. Though the
decrease of the normalized transmission at the valley of open
z-scan curves for ST-G1.5 and ST-G2 in DMF are slightly larger
than those in THF, on the basis of the treatment of the data,
large differences in their TPA cross sections (more than a factor
of 1.5) were found. We note that the TPA cross section increases
in the order of ST-G1, ST-G1.5, and ST-G2 in the same solvent.
Take toluene solution as an example; for the smallest molecule
ST-G1, its TPA value is about 40 GM. As the molecule enlarges,
the TPA value increases significantly. For ST-G2 with the
largest generation number as well as the most chromophores,
the calculated TPA value is as much as 101 GM. When the

solvent was changed from toluene to DMF, TPA values
increased. It is known that forming D-π-A and D-π-D
structures is very effective in improving the TPA property36

due to the increasing delocalization of the electron cloud which
makes electron-transfer much easier. It was claimed that the
TPA cross section increases in proportion toN2, whereN denotes
the number of triphenylamine groups in multibranched mol-
ecules.19 However, the relationship seems appropriate only in
the case for THF solutions of our samples. All three compounds
are triphenylamines joined through ethenyl which is very similar
to the structure they reported, and the sum of triphenylamines
is equal to 2, 4, and 6 for ST-G1, ST-G1.5, and ST-G2,
respectively. The values of the TPA cross section in THF are
41, 81, and 188 GM, which nearly obey the rule of TPA cross
section R N scaling, 1:3:5 proportion in our multibranched
systems.

Second, comparing TPA values of the same compound in
different solvents, we found that the TPA value increases with
an increase of solvent polarity. DMF has the largest polarity
among the three solvents; therefore, the TPA value is greatly
enlarged to 280 GM for ST-G2 in DMF. If the solvent was
changed to THF, the value decreased to 188 GM. When ST-
G2 was dissolved in toluene, whose polarity is quite small, the
TPA value is only a little more than one-third of its DMF
solution. However, there seems to be no big difference for ST-
G1 in all three solvents. Luo has done some calculations on
the relationship between the TPA value and the polarity of the
solvent.37 He showed that at the beginning, the TPA value
increases along with the rising of the polarity of solvents; when
the polarity is large enough, the TPA value will not increase
any longer. That is to say, the influence of the solvent effect
imposed on TPA cross section has a basic precondition that

Figure 4. Open-aperture z-scan profiles for molecules in three
solvents: DMF, THF, and toluene.

Figure 5. Degenerate pump-probe dynamics for ST-G2 in THF at
800 nm under three polarization configurations: parallel, perpendicular,
and magic-angle.

Figure 6. Degenerate pump-probe dynamics for ST-G2 at different
excitation powers.
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the polarity of solvent should be in a certain range. Beyond
this range, the effect will not be remarkable and the TPA value
will fix on a stationary number. For ST-G1.5 and ST-G2, the
TPA value increases continuously as the solvent was changed
from toluene, to THF, and to DMF, indicating that these samples
show a great potential for enhancing the TPA value when
dissolved in a solvent with a large dipole moment. Woo et al.
also reported similar results obtained by TPF measurement that
the sample dissolved in a solvent with a large dipole moment
shows a larger TPA cross section.38 Their centrosymmetric
compound named 8N showed a TPA value of 910 GM in
toluene, and when the solvent was changed to THF, the value
was enhanced by a factor of 1.7 which is similar to that of ST-
G2 whose TPA value was enhanced by a factor of 1.8. The
TPA value is dependent on the dipole moment of the ground
state, excited state, and the transition dipole moment, and all
of these factors will be remarkably changed in different solvents,
inducing diversity of measured TPA values.

Besides, the greatest enhancement appeared to be 7-fold for
ST-G2 to ST-G1 in DMF, indicating the strong interaction
among chromophores. From ST-G1 to ST-G1.5, the number of
triphenylamine units is increased by 2 and the increment is
40 GM in THF. However, the number of triphenylamine units
in ST-G2 is two times larger than that in ST-G1.5, and the
increment is more than 100 GM. Similar phenomena were
observed in other solvents also. This is attributed to the variation
of the coupling strength between chromophores in the molecules
with different generation numbers. Because ST-G2 possesses
the most triphenylamines and corresponding strongest interaction
among branches, the TPA magnification is the most prominent
among the three molecules. It could also be deduced that the
solvent effect mainly affects the interaction.

3.4. Femtosecond Pump-Probe Measurement.As men-
tioned above, ST-G2 showed the largest TPA cross section in
comparison with others under the same conditions. It is evident
that the generation number does play a key role in determining
the TPA cross section of these chromophores. To better
understand the dynamics of the excited state, ultrafast pump-
probe experiments were carried out. We performed degenerate

pump-probe experiments at 800 nm with parallel, perpendicu-
lar, and magic-angle polarization configurations. Shown in
Figure 5 are the pump-probe data together with fitting curves.
Though all curves show transient absorption signals, which
means that the excited state has a larger absorption cross section
than that of ground state, very different features were observed
for the three samples. When the pump and probe beams were
in parallel polarization, there is a sharp absorption signal whose
time scale is similar to that of the pulse duration. However, the
peak totally disappeared if the probe beam polarization was
adjusted to be perpendicular to the pump beam. We ascribe this
ultrafast peak to the possible coherent artifacts. Subsequent
decays are attributed to the relaxation of the ICT state.39 Figure
6 shows the transient profiles of parallel pump-probe experi-
ments for ST-G2 in THF under a variety of excitation intensities.
As the excitation power decreases, all transient curves exhibit
a similar shape. The ultrafast sharp signal finishes in about
500 fs, and the subsequent decay process reflects a relatively
long time of the ICT state. The evolution of the ICT state which
is accompanied by fluorescence emission usually is completed
in hundreds of picoseconds; this will be discussed in the TRFL
section.

3.5. Time-Resolved Fluorescence Measurement.By using
an OKG setup, two of these samples, ST-G1 and ST-G2, were
chosen for our study of the dynamics of excited states which
are responsible for the evolution of the fluorescence emission.
Here we selected DMF as the solvent because it has the strongest
polarity. Shown in Figure 7 are the normalized TRFL results

Figure 7. Fluorescence decay dynamics of ST-G1 at different detection wavelengths under excitation at 400 nm.

TABLE 2: Fitting Constants of TRPL Results for ST-G1 in
DMF

G1, DMF τ1(ps)/A1 τ2(ps)/A2
risetime

(ps)

430 nm 5.6/0.5 >1000/0.4 2.4
450 nm 6.1/0.34 >1000/0.6 3.2
470 nm 13.8/0.1 >1000/0.6 3.5
490 nm >1000 ps 5
510 nm >1000 ps 5.5
530 nm >1000 ps 6
550 nm >1000 ps 8
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for ST-G1 in DMF, and we see a substantial rising-time
component whose dynamics are strongly wavelength-dependent.
The fit to experimental data could be accomplished by use of
a multiexponential expression. The fitting data are summarized
in Table 2. The rising time was found to be 2.4 ps at 430 nm,
and it increases gradually with the increase of the wavelength.
When the detecting wavelength was tuned to 550 nm, the rising
time was prolonged to 8 ps. This gives an indication of the
establishing processes of the population in the different excited
states relating to fluorescence emission. The rising time reflects
the accumulation of the population of the ICT state.20 The
formation of ICT for ST-G1 should be reasonably accompanied
by a charge-transfer process which is accomplished in about
2.4 ps. In ST-G1, the two triphenylamines flanking both sides
serve as donors and join together to form a D-π-D structure
through ethylene. Once the molecule is excited, the initial
excitation may locate on an individual chromophore, after that
it begins delocalizing. When the charge-transfer process is
completed, the ICT state starts the relaxation to TICT (twisted
ICT). We can clearly see that when detecting wavelengths are
at 430, 450, or 470 nm, there are two decay routes for the
population in the excited state: one is the relaxation to the lower
levels of the ICT state and the other is direct relaxation to the
ground state accompanied by emission of a photon. When the
wavelength is tuned to the red side, the ratio between two routes
is getting smaller, as the first route becomes negligible due to
the fact that there are few levels lower than the detected state.
That is why the dynamic curves exhibit only one decay process
at wavelengths of 490, 510, 530, and 550 nm. The relatively
long decay process is a reflection of the evolution process of
the ICT state which is far beyond our time window, hence we
cannot get the exact lifetime of that state.

For ST-G2, when the detecting wavelength was tuned from
480 to 520 nm which are around the TPF peak, their dynamics
characters did not show an obvious difference, as shown in
Figure 8. All three curves exhibited a fast decay with a lifetime
of about 10 ps and another relatively long process. Generally
speaking, the wavelength-dependent dynamics could be caused
by a solvent effect or photoinduced structural transformation.
For molecules with D-π-D structure, the polarity of the ICT
state is close to that of the ground state, unlike D-π-A
structural molecules, especially for ST-G2 which possesses good
symmetry. So we exclude the influence of solvent effect. In
addition, strong interactions among chromophores may also be
a possible reason.

3.6. Time-Resolved Fluorescence Anisotropy Measure-
ment. As we all know, anisotropy can be decided by

whereI| (I⊥) denotes the fluorescence intensity whose polariza-
tion is parallel (perpendicular) to that of the excited beam.
However, analyzing TRFL experimental data on the basis of
the OKG technique is a great challenge because it is more
complicated than the analysis of transient absorption and
fluorescence up-conversion experimental data. In the latter, the
system response can be simply considered as Gaussian which
is convenient for deconvolution treatment. In our experiment,
the system response should be the response profile of CS2. Thus,
we used the following two formulas in the calculation:

where τr is the time constant of anisotropy decay,r0 and r1

represent initial value and residual value, respectively, andσ
represents the system response.

Anisotropy study is a powerful tool for gaining additional
information about the energy redistribution and the dynamics
of electronic coupling in multibranched molecules. It has been
widely used in experiments on the photosynthetic reaction
center.40 Recently, Goodson et al. reported plenty of significant
results based on time-resolved fluorescence up-conversion
measurement on optical dendrimers.22,24,29,39,41,42They proposed
that anisotropy shows fast decay and small residual value if
there are strong intramolecular interactions among branches.22

They also found that in comparison with the monomer, the dimer
and trimer show a shorter depolarization time and lower residual
value.29

Figure 9 shows the TRFL anisotropy experimental results of
ST-G2 in THF at 480 nm. The initial anisotropy value is 0.34
which is a little smaller than 0.4 (reported in ref 26). An
anisotropy decay process with a lifetime of 720 fs is observed.
Usually, a large initial anisotropy value and fast decay indicate
strong intramolecular interactions which directly affect energy
redistributions and generate a large NLO effect.22 This may be

Figure 8. Fluorescence decay of ST-G2 measured at three detection
wavelengths under excitation at 400 nm.

Figure 9. Transient fluorescence dynamics of ST-G2 for parallel and
perpendicular polarizations. Inset shows the fluorescence anisotropy
decay behavior.

r(τ) )
I| - I⊥

I| + 2I⊥

I| ) ∫σ(t - τ)[A1e
-t/τ1 + A2e

-t/τ2 + A3e
-t/τ3][1 + 2{(r0 -

r1)e
-t/τr + r1}] dt

I⊥ ) ∫σ(t - τ)[A1e
-t/τ1 + A2e

-t/τ2 + A3e
-t/τ3][1 - {(r0 -

r1)e
-t/τr + r1}] dt
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a reason why the measured TPA cross section of ST-G2 is only
a half of theirs (600 GM) because their anisotropy decay time
is as short as 40 fs.

4. Conclusions

From our measurement we find a significant enhancement
in the NLO properties of ST-G2 as compared to that of ST-G1,
which is explained in terms of the strong interactions among
the chromophores in the branched structure. Z-scan and TPF
experiments confirm that the up-converted fluorescence arises
from the TPA mechanism without doubt. The solvent effect also
plays an important role in improving the NLO effect that as
the solvent polarity becomes larger, the TPA cross section
increases. A rise time of 2.4 ps in the TRFL experiment is
attributed to the energy redistribution among the levels in the
excited state. Very different fluorescence relaxation characters
are observed between ST-G1 and ST-G2, indicating that a
stronger interaction exists in the sample with larger generation
numbers (chromophores). Anisotropy kinetics which is regarded
as one of the most useful tools in obtaining information of the
excited state shows that there is a fast decay for ST-G2 with a
time constant of∼720 fs. All the obtained results demonstrate
that the use of the combination of different ultrafast measure-
ment techniques, including femtosecond z-scan, femtosecond
pump-probe, femtosecond two-photon fluorescence, and time-
resolved fluorescence, is very useful in exploring the ultrafast
response and nonlinear optical properties of new materials. Our
research also confirmed that the multibranched chromophore
structure is very useful in enhancing the two-photon absorption
property, and it has potential in future applications.
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