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a b s t r a c t

A new 2,1,3-benzothiadiazole-based red fluorescent compound with a DeAeD type structure was
synthesized and characterized. The central 2,1,3-benzothiadiazole core was symmetrically connected via
the 4,7-positions with two donor groups in which the 7-position of a fluorenyl ring was substituted with
a carbazol-9-yl moiety and the 2-position was substituted by a 5-thienyl moiety. The carbazol moieties
were further derivatized by two 2-naphthyl moieties at the 3,6-positions. Femtosecond laser spectro-
scopic techniques including excited state fluorescence and pump-probe technique investigations,
together with steady state absorption and one-photon fluorescence spectra, were employed to
systematically investigate the optical properties and ultrafast dynamics of the new compound in tetra-
hydrofuran solution. It shows a large two-photon absorption cross-section and high fluorescence
quantum yield, indicating potential application in two-photon fluorescence imaging field. The ultrafast
dynamics results reveal competition between a pure excited state relaxation process and stimulated
radiation in the red wavelength region.

� 2011 Published by Elsevier Ltd.
1. Introduction 600w800 nm wavelength region, a window widely recognized as
Materials with large two-photon absorption (TPA) properties
find a wide range of potential applications such as two-photon
fluorescence (TPF) imaging, optical limiting, optical data storage,
phototherapy and up-conversion lasing [1e6]. Among them, TPF
imaging, which is usually under the excitation of picosend/femto-
second pulses in the near infrared region, makes possible fluo-
sescence images of living cells, biological tissue and other objects
with high three-dimensional spatial resolution, reduced photo-
damage and low background fluorescence interference [7].
However, the commonly used fluorophores are mainly blue or
green emitters. Until now, investigations focused on the design and
synthesis of efficient red emitters are quite limited [8e12], and
their applications are restricted by small TPA cross-sections or low
fluorescence quantum yields. The scarcity of excellent fluorophores
showing a large TPA cross-section and efficient TPF emission in
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being attractive for bio-analysis and in-vivo imaging, has become
one of the major obstacles for these applications [13,14].

The 2,1,3-benzothiadiazole unit has been shown to be a conve-
nient electron acceptor and used to construct p-conjugated func-
tional organic materials in organic optoelectronic devices [15e22].
However, there are few reports about TPA materials using 2,1,3-
benzothiadiazole as an electron acceptor [10e12]. The TPA appli-
cations will greatly benefit from large TPA cross-section and
excellent fluorescent properties of the active compound. Various
strategies for the design and synthesis of highly efficient two-
photon active compounds have been proposed by manipulating
electron donor (D) and/or acceptor (A) properties and their incor-
poration in a molecular architecture [23e26]. Two-photon excited
fluorescence, Z-scan, degenerate four-wave mixing technique and
many other techniques were employed to measure the TPA cross-
section of materials [27e29].

In order to design and synthesize active compounds with large
TPA/TPF activities and to understand the intrinsic mechanisms,
a detailed investigation of the excited states is of great importance.
In the past years, we investigated the TPA properties and ultrafast
dynamics of several compounds [29,30].
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In this work, we report on the interesting TPA and TPF proper-
ties of a new 2,1,3-benzothiadiazole-based red emitter (Z) con-
sisting of a DeAeD molecular structure (Fig. 1a). The n-octyl
moieties at the 9,9-positions of the fluorenyl groups are used to
improve the solubility of the resulting compound. The branched
molecular structure could be useful to reduce intermolecular
interaction at a high solution concentration for instance in TPF
measurements, thus improving the fluorescence yield.

2. Material and experimental section

2.1. Synthesis

Compound Zwas readily synthesized by reaction of the Suzuki
reagent 3 [31] with 4,7-bis(5-bromothiophen-2-yl)-2,1,3-
benzothiadiazole 4 via a conventional Suzuki coupling reaction
(Scheme 1). The 1H NMR spectrum was shown in Fig. 1b.

2.1.1. 3,6-Bis(2-naphthyl)carbazole (1)
Pd(PPh3)4 (224 mg, 0.19 mmol) was added to a mixture of 2-

naphthylboronic acid (4.44 g, 25.8 mmol), 3,6-dibromocarbazole
Fig. 1. a) Molecular structure of com
(4 g, 12.3 mmol) in toluene (130 mL), aqueous Na2CO3 (2 M,
52 mL) and ethanol (26 mL) under a nitrogen atmosphere. The
reactionwas heated to reflux at 90 �C for 24 h. After being cooled to
room temperature, the mixture was diluted with distilled water.
The organic layer was separated, dried over anhydrous MgSO4,
filtered and concentrated under reduced pressure. The residue was
purified by column chromatography with petroleum ether/
dichloromethane (3:1) to afford a white solid after washing in
ethanol under reflux. Yield: 4.7 g (91%). TLC Rf (3:1 petroleum
ether/dichloromethane v/v): 0.34. 1H NMR (300 MHz, CDCl3)
d (ppm): 7.46e7.56 (m, 6H), 7.82e89.00 (m, 10H), 8.13e8.18 (m,
3H), 8.55 (m, 2H). m.p.¼ 265.4 �C. Td¼>400 �C (with 5% loss). IR
(KBr): 3420 cm�1 (NeH stretch), 3046 cm�1 (]CeH stretch), 1602,
1493 cm�1 (eC]Ce stretch).

2.1.2. 9-(2-Bromo-9,9-dioctylfluoren-7-yl)-3,6-bis(2-naphthyl)
carbazole (2)

A mixture of CuI (0.12 g, 0.67 mmol), 18-Crown-6 (0.058 g,
0.22 mmol), K2CO3 (1.84 g, 13.36 mmol), 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU) (2 mL), 2,7-dibromo- 9,9-
dioctylfluorene (5.4 g, 10.1 mmol) and compound 1 (2.8 g,
pound Z; b) 1H NMR spectrum.



Scheme 1. Synthetic route to compound Z. i) Pd(PPh3)4, 2M Na2CO3 aqueous solution, toluene, ethanol, reflux; ii) DMPU, 18-crown-6, CuI, K2CO3; iii) n-BuLi, THF, �78 �C, iv)
2-isopropoxy-4,4,5,5- tetramethyl-1,3,2-dioxaboralane.
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6.68 mmol) was heated at 170 �C for 24 h under nitrogen. After being
cooled to room temperature, the mixture was quenched with 1N HCl
and extracted with dichloromethane. The combined organic phase
was washed with water, dried over anhydrous MgSO4, filtered and
concentratedunder reducedpressure. The crudeproductwaspurified
by column chromatography with petroleum ether/dichloromethane
to afford awhite solid. Yield: 3.66 g (64%). TLCRf (6:1petroleumether/
dichloromethane v/v): 0.32. 1H NMR (300 MHz, CDCl3) d (ppm):
0.78e0.89 (m,10H),1.15e1.27 (m, 20H),1.99e2.01 (m, 4H), 7.45e8.00
(m, 22H), 8.20 (s, 2H), 8.60 (d, 2H, J¼ 1.6 Hz). Td¼>220 �C (with 5%
loss). IR (KBr): 3044 cm�1 (]CeH stretch), 2923, 2851 cm�1

(eCH2e, eCH3 stretch), 1487 cm�1(eC]Ce).

2.1.3. 7-(3,6-Bis(2-naphthyl)carbazol-9-yl)-9,9-dioctylfluoren-2-
ylboronic pinacol ester (3)

A solution of n-BuLi in hexanes (2.5 M, 2.1 ml, 5.2 mmol) was
slowlyadded to a solution of. compound 2 (3.5 g, 4 mmol) in dry THF
(35 mL) at �78 �C under nitrogen. The mixture was stirred for
30 min at this temperature, and then 2-isopropoxy-4,4,5,5-
tetramethyl- 1,3,2-dioxaborolane (1.08 mL, 5.2 mmol) was added.
The reaction mixture was stirred for 12 h under nitrogen whilst
graduallywarming to roomtemperature. Aportionof distilledwater
was added. The organic phase was extracted into dichloromethane,
dried over anhydrous MgSO4, filtered and concentrated under
reduced pressure. The residue was purified by silica chromatog-
raphy using petroleum ether/dichloromethane (4:1 v/v) as the
eluent to afford a white solid. Yield: 2.98 g (81%). TLC Rf (4:1
petroleum ether/dichloromethane v/v): 0.52. 1H NMR (300 MHz,
CDCl3) d (ppm): 0.76e0.91 (m,10H),1.01e1.27 (m, 20H),1.42 (s,12H),
2.02e2.19 (m, 4H), 7.48e8.01 (m, 22H), 8.20 (s, 2H), 8.60 (d, 2H).
2.1.4. Compound Z
Synthesized from compound 3 and 4,7-bis(5-bromothiophen-

2-yl)-2,1,3-benzothiadiazole (4) according to the procedure
described for 1. TLC Rf (4:1 petroleum ether/dichloromethane v/v):
0.23. 1H NMR (300 MHz, CDCl3) d (ppm): 0.8e0.93 (m, 20H),
1.1e1.26 (m, 40H), 2.10e2.15 (m, 8H), 7.47e8.00 (m, 48H),
8.19e8.21 (m, 6H), 8.61e8.62 (m, 4H). Elemental analysis (%) calcd.
for C136H126N4S3: C, 85.40; H, 6.64; N, 2.93; S, 5.03. found: C,
85.00; H, 6.66; N, 2.62; S, 4.94. Tg¼ 116 �C (observed in the first
heating run), m.p.¼ 250 �C. IR (KBr): 3051 cm�1(]CeH stretch),
2923, 2851 cm�1 (eCH2e, eCH3 stretch), 1474 cm�1(eC]Ce).

2.2. Experimental methods

The UVevisible absorption spectra of compound Z in tetrahy-
drofuran (THF) and in the solid state were obtained on a HP 8453
spectrophotometer. One-photon fluorescence spectra were
measured by using a JobineYvon spectrofluorometer JY Fluorolog-
3 spectrofluorometer.

The TPA spectrum was obtained by using the TPF method with
Rhodamine B as the reference [32]. The ultrafast dynamics were
measured by using a femtosecond (fs) pump-probe technique
which was described in the previous work [33,34]. The TPF spectra
were recorded by a fiber spectrometer (TRISTAN). Femtosecond
pulses employed for TPA measurement were generated by a mode-
locked Ti-sapphire laser system (OPA, Spectra-physics), with the
repetition rate of 1 kHz, the pulse duration of 150 fs, and the
wavelength from 650 nm to 810 nm. Pulses employed for ultrafast
dynamics measurements were generated by spitfire stage of a fs
system, with 140 fs pulse duration, 1 kHz repetition rate and about



Table 1
Optical properties of compound Z in THF solution and as film.
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300 mWaverage output power. All the measurements were carried
out at room temperature.
labs
a (nm) lflu

b

(nm)
Dsc

(nm)
fd lTPE

e

(nm)
s810

f

(GM)
smax

g

(GM)

340/373/515
(solution)

625 90 0.36 477/645 310 2103

342/374/530
(solid)

671 141

a Peak wavelengths of absorption spectra.
b The peak wavelength of one-photon fluorescence.
c Stokes shift are calculated from the absorption and one photon fluorescence

spectra.
d Fluorescence quantum yield measured in THF.
e The peak wavelength of fluorescence by two-photon exciting.
f TPA cross section measured by TPF methods at wavelength of 810 nm.
g Peak two-photon absorptivity in GM (10�50 cm4 s photon�1).
3. Results and discussions

3.1. Linear absorption and one-photon fluorescence spectra

The linear absorption spectra and one-photon fluorescence
emission spectra of compound Z in THF solution and in the solid
state are shown in Fig. 2. The solid state film on quartz was spin-
cast from tolunene solution [31]. The relevant properties are
summarized in Table 1. When dissolved in THF solution (ca.
10�5 mol L�1), the absorption band at 515 nm could be attributed to
the charge-transfer transition between the terminal electron-donor
moieties and the central electron-accepting 2,1,3-benzothiadiazole
core [11]. The emission peak is at 625 nm. However, the absorption
and emission maxima are red-shifted to 530 nm and 671 nm in the
solid film, respectively, which could be caused by the increased
intermolecular interaction and the structural rigidification of the
chromorphore molecule [19,35].
3.2. Two-photon fluorescence and two-photon cross-section

Compound Z emits intense red up-conversion fluorescence
under the excitation of fs pulses at wavelength of 800 nm. Fig. 3a
shows the fluorescence spectra of compound Z in THF solution
under different excitation power densities of fs pulses, the inset
being the fluorescence intensity versus the square of the excitation
power density, confirming that the strong fluorescence emission is
indeed generated by the TPA process. It should be noticed that, the
TPF spectrum of compound Z features two emission peaks. The
shorter wavelength peak located at 477 nm should be attributed to
the transition from the first excited state S1 to the ground state S0.
The longer emission peak located at 645 nm shows a 20 nm red-
shift in comparison to that in one-photon fluorescence spectrum.
This red shift would be attributed to the reabsorption effect [36], as
we used a much higher concentration (0.01 M) of Z in the TPF
measurement than that used in one-photon experiment.

The fluorescence quantum yield was determined to be 0.36 in
THF solution using Rhodamine B as reference (F¼ 0.64 in ethanol,
excited at 510 nm), similar to those of the analogue emitters
reported earlier [31]. We measured the TPA cross-section of
compound Z determined by the TPF method uses fs pulses at
650e810 nm with Rhodamine B in ethanol as the reference. The
Fig. 2. The linear absorption and steady-state fluorescence spectra of compound Z,
including the solution in THF solution and thin film.
TPA cross-section of sample can be calculated by Equation (1), in
which the subscripts s and r stand for the sample and reference
compound, respectively.

ss ¼ srðSs=SrÞðFr=FsÞðfr=fsÞðcr=csÞ (1)

S is the integral area of the detected two-photon induced fluores-
cence signal, F is the fluorescence quantum yield. f is the overall
fluorescence collection efficiency, c is the molar concentration. In
the measurement, the collection efficiencies of sample and refer-
ence compounds were nearly the same. The two-photon fluores-
cence excitation spectrum of compound Z is shown in Fig. 3b. The
TPA cross-section at wavelength of 810 nm was determined to be
310 GM. When the wavelength was tuned to shorter wavelength,
the value of the TPA cross-section increased gradually. The TPA
cross-section at 650 nm was measured to be 2103 GM. Due to the
wavelength limitation of the fs laser system, we cannot measure
the values at the region shorter than 650 nm. Even though, the
measured value of the TPA cross-section of our compound at
650 nm is much larger than those of 2,1,3-benzothiadiazole based
derivatives reported recently in literature [10e12], indicating that
our molecular design for the improvement of the TPF property is
effective.
3.3. Ultrafast excited state dynamics

In order to investigate the excited state relaxation process as
well as the nature of the ICT properties, a femtosecond pump-probe
experiment was carried out. A portion of the 800 nm laser beam
was used to generate a white-light supercontinuum to provide the
probe pulses, another portionwas frequency-doubled to 400 nm by
a 0.5 mm thick beta-barium borate crystal to generate pump pulses.
b

a

Fig. 3. a) TPF spectra of compound Z under different excitation power densities. Inset
is TPF intensity versus the square of the excitation power density. b) Two-photon
absorption spectrum of compound Z in 650e810 nm region.



Fig. 4. a) The evolution of fs transient absorption spectra of compound Z in THF
solution pumped by 400 nm pulses; b) transient absorption spectra at time delays of
0 ps and 100 ps between pump and probe pulse.

Fig. 5. Dynamics decay traces for compound
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The polarization of the pump beam was set to be perpendicular
with respect to that of the probe beam in order to sample pure
depopulation dynamics. The evolution of fs transient absorption
spectra of compound Z in THF solution pumped by 400 nm pulses is
shown in Fig. 4a, and the transient absorption spectra at time
delays of 0 ps and 100 ps between pump and probe pulse are
shown in Fig. 4b.

At an initial time delay of 0 ps, a transient photobleaching region
around 450e675 nm and a transient photoabsorption region
beyond 675 nm are observed. The photoabsorption region is
attributed to the absorption of the excited state, and the photo-
bleaching region is mainly caused by stimulated emission of fluo-
rescence. At the delay time of 100 ps, in the wavelength regions of
45e575 nm, 625e700 nm and below 425 nm, the compound
shows photobleaching behavior, whereas a photoabsorption signal
is observed in the other wavelength regions, for instance, between
575 and 625 nm.

Fig. 5 shows the decay traces at several representative probe
wavelengths. The calculated time constants are summarized in
Table 2. Very different decay properties were observed at different
probe wavelengths. At a wavelength of 400 nm, the dynamics of
compound Z is dominated by a very long photoabsorption process.
When the probe wavelength was tuned to 435 nm, a weak
bleaching peak emerged, together with a long (>1000 ps) and
relatively weak photoabsorption component. When the probe
pulses were tuned to even longer wavelength, the photobleaching
peak was firstly strengthened, and finally evolved into a sharp
photoabsorption peak at wavelength longer than 670 nm. The
long process shows a photobleaching feature in wavelength range
of 450e700 nm (except 560e610 nm). When the probe wave-
length was tuned from 700 to 800 nm, the long photoabsorption
process of dynamics was strengthened gradually. It has been
noted in literature that the rise and decay dynamics of the fluo-
rescence (photobleaching signal) show obvious wavelength
Z in THF at different probe wavelengths.



Table 2
Summary of the time constants of compound Z in THF solution.

lPump/probe/nm Decay/ps

s1/ps s2/ps

400/420 >1000 /
400/550 1.3 >1000
400/625 0.5 >1000
400/725 2.1 >1000
400/800 4.2 >1000

Y. Wang et al. / Dyes and Pigments 92 (2011) 573e579578
dependence [37,38]. Thus, the detected dynamics traces could be
ascribed to the competition between the pure excited state
relaxation and stimulated radiation, resulting in the observed fast
component. The long decay component with a time constant of
over 1000 ps is attributed to the decay of the ICT state which is
always accompanied with strong fluorescence emission. The
stimulated radiation at the probe wavelength may affect the signal
intensity of the long process [30].

4. Conclusions

In conclusion, the new 2,1,3-benzothiadiazole�based red fluo-
rescent compound has shown good solubility, high fluorescence
quantum yield and a large TPA cross-section. The ultrafast
dynamics measured by fs pump-probe technique gives a deep
understanding of the energy transfer processes inside the
compound under the excitation, and reveal a long relaxation life-
time of the ICT state, which is closely related to the efficient fluo-
rescence emission of this compound. The nonlinear fluorescence
investigation further shows that this compound has superior
properties in TPF emission with a high yield, indicating that for this
benzothiadiazole based DeAeD structure, two-photon absorption
is an effective excitation route. The compound reported here shows
high potential for two-photon fluorescence-based imaging
applications.
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