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In this work, large-size tetracene- and pentacene-doped 1,4-Bis(4-methylstyryl)-benzene
(BSB-Me) crystals were prepared with physical vapor transfer technique. The photolumi-
nescence emission can be adjusted from blue to green and even to red by changing the
doping. Their fluorescence features are investigated by both the steady-state fluorescence
spectra and time-resolved fluorescence measurements, which indicate highly efficient
energy transfer from the host BSB-Me to the acceptor. The PL efficiencies of the tetra-
cene-doped BSB-Me and pentacene-doped BSB-Me crystals are as high as 79% and 47%,
the energy transfer efficiency is 49.7% and 73.1%, respectively. Excitation intensity-
dependent ultrafast dynamics was further probed, which shows that the kinetics in doped
crystals exhibit much less excitation intensity dependence than that of the pure BSB-Me
crystals. Our results are relevant to the understanding of ultrafast energy-transfer dynam-
ics in doped crystals and are expected to be of interest for organic light emitting transistors,
diodes, and lasers.

Crown Copyright � 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Organic thin films with advanced functions have at-
tracted the world’s attention for decades from academic
research to industrial application [1–4]. Conceptually, or-
ganic materials allow chemical engineering of electronic
and photonic properties by molecular design, taking
advantage of low cost, flexibility and low temperature pro-
cessing [5–9]. Organic optoelectronic thin films exhibit
high sensitivity to electrical and optical stimulus and can
realize light-emitting diode (OLED) and other extremely
promise applications, such as transistors, photovoltaics
and compact laser systems [10–14]. For producing reliable
high-quality devices, the preferred organic semiconductor
2012 Published by Elsevier
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must be well ordered and stable with closely-packed mol-
ecules having few defects between molecules or domains.
The long-range order presented in thin films of crystalline
organic semiconductors results in high charge carrier
mobility and some of the crystals exhibit high lumines-
cence efficiency making them superior in electronic and
optical performance [8,10–19]. Enormous recent efforts
have brought significant progresses in the growth of organ-
ic single crystals, the fabrication of single crystal devices
and the investigation of structure–properties relationship
of organic semiconductors based on the crystals
[8,11,16,19–27].

To achieve multi-color displays and to meet the need of
next generation light-emitting materials, it is important to
tune and control the luminescent color of an organic mate-
rial [7,28–30]. Doping has been proven to be an efficient
way to tune the emission color of fluorescent materials
[31–33]. It is widely applied in the field of inorganic crys-
talline materials and organic thin film systems. However,
as compared with extensive investigation of inorganic
B.V. All rights reserved.
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doped crystals or organic thin films, little attention has
been paid on doping in organic crystals. Weak intermolec-
ular interactions between host and guest molecules in or-
ganic crystals make them fundamentally different from
their inorganic counterparts, doping in organic crystals still
poses a technological challenge. Recently, several works fo-
cused on doping in organic crystals as well as their
applications in photoelectric devices have been reported.
For example, Yao and coworkers developed tunable fluo-
rescence emission 1,3,5-triphenyl-2-pyrazoline (TPP)
nanoparticles doped with 4-(dicyanomethylene)-2-
methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) [34]
and white-light-emitting TPP nanowires doped with rub-
rene [35]; Xu et al. reported tetracene-doped anthracene
nanowire arrays [32]; Ma’s research team realized wave-
length tunable amplified spontaneous emission in crystals
[28]. Most of these molecular crystals are small in size
(usually at the micro/nanoscale) [32–34,36,37]. Large size
crystals with color-tunable emission, which are high de-
mand for fabrication of devices, are rare. On the other
hand, the exciton recombination dynamics and energy
transfer may be greatly affected by the introduction of
doping materials. Many basic aspects of these issues have
not been well addressed yet in the organic crystals. Thus,
achieving desirable light emission and understanding the
energy transfer in doped organic crystal are significant
towards organic electroluminescence and photonic
applications.

In this paper, tetracene- and pentacene-doped 1,4-
Bis(4-methylstyryl)benzene (BSB-Me) crystals with high
crystalline quality, and excellent optical properties have
been successfully prepared by physical vapor transport
technique. The fluorescence can be tuned from blue to
green and even to red (blue for the undoped BSB-Me,
blue-green to green for the tetracene-doped BSB-Me and
red for the pentacene doped BSB-Me crystals). These doped
crystals have large sizes (several millimeters), high lumi-
nescent efficiency (91% for the undoped BSB-Me, 79% for
the tetracene-doped BSB-Me, and 47% for the pentacene-
doped BSB-Me crystals). Ultrafast fluorescence dynamics
of undoped and doped crystals are investigated by
nanosecond fluorescence lifetime experiments and
sub-picosecond time-resolved upconversion method to re-
solve the energy transfer from the host to the guest and the
suppressing of the interaction among the guest molecules.
2. Experimental section

2.1. Growth of crystals

1,4-Bis(4-methylstyryl)benzene (BSB-Me) powder was
purchased from Tokyo Chemical Industry Co., Ltd., and tet-
racene, pentacene powder were supplied by Alfa Aesar Co.,
Ltd. Their chemical structures are listed in Fig. 2a. Before
crystal growth, the tetracene (or pentacene) and BSB-Me
powders (2 and 20 mg, respectively) were simultaneously
milled in a mortar for a few minutes, resulting in the for-
mation of the uniform mixed powder, and subsequently
put into a quartz boat. All organic crystals were grown by
a physical vapor transport method using the mixed pow-
der. The apparatus for the preparation of the crystals are
very similar with that reported in the literature [16], as dis-
played in Fig. 1. The growth method used two heating
zones in a horizontal tube furnace. The quartz boat loaded
with the mixture was then put into the center of a quartz
tube, which was inserted into the high temperature zone
of the tube furnace. The high-purity argon was adopted
as carrier and to prevent the materials from being oxidized.
The gas flowing rate was kept at 50 mL/min. A temperature
Ts = 270 �C was maintained at the material source, and
crystal growth region was Tg = 240 �C for growth of both
tetracene-doped and pentacene-doped BSB-Me crystals.
These temperature conditions for crystal growth were al-
most the same as for single crystals of pure BSB-Me. The
thin plate-like crystals obtained have typical thickness of
range from hundreds nanometers to several micrometers
and a length of a few millimeters.
2.2. Optical measurements and XRD measurements

The top-view photographs of organic crystals under UV-
light irradiation were observed using the optical micro-
scope. The PL characteristics of the crystals were measured
on a spectrophotometer (AvaSpec 2048-UA-50-AF spec-
trometer). Quantum yield of photoluminescence UPL were
measured using an integrating sphere (C-701, Labsphere
Inc.), with a 405 nm Ocean Optics LLS-LED as the excitation
source, and the laser was introduced into the sphere
through the optical fiber. XRD patterns were recorded
using a Rigaku X-ray diffractometer (D/max-rA, using Cu
Ka radiation of wavelength 1.542 Å). Standard scans were
acquired from 5� to 60� (2h).
2.3. Time-resolved fluorescence spectroscopy

Nanosecond fluorescence lifetime experiments were
performed by a time-correlated single photon counting
(TCSPC) system under right-angle sample geometry. A
405 nm picosecond diode laser (Edinburgh Instruments
EPL405) was used to excite the samples. The fluorescence
was detected by a photomultiplier tube (Hamamatsu
H5783p), which is connected to a TCSPC board
(Becker&Hickel SPC-130).

Sub-picosecond time resolved emission was carried out
with a femtosecond fluorescence up-conversion technique,
the details of which are described elsewhere. Briefly, a
mode-locked Ti:sapphire laser/amplifier system (Solstice,
SpectraPhysics) was used. The output of the amplifier of
1.5-mJ pulse energy, 100 fs pulse width, at 800 nm wave-
length is split into two equal parts; the second harmonic
(400 nm) of one beam was focused in the sample as excita-
tion. The resulted fluorescence was collected and focused
onto a 1 mm thick BBO crystal with a cutting angle of
35�. The other part of the RGA output was sent into an opti-
cal delay line and served as the optical gate for the upcon-
version of the fluorescence. The generated sum frequency
light was then collimated and focused into the entrance slit
of a 300 mm monochromator. A UV-sensitive photomulti-
plier tube 1P28 (Hamamatsu) was used to detect the
signal.



Fig. 2. (a) The molecular structures of BSB-Me, tetracene, pentacene. (b) The pure BSB-Me crystal. (c) Pentacene doped BSB-Me crystal. (d) Tetracene-doped
BSB-Me crystal photographs under the ultraviolet lamp.
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Fig. 1. Schematic diagrams of the experimental setup for doped crystal growth. Before crystal growth, the doping and BSB-Me powders were
simultaneously milled in a mortar for a few minutes, resulting in the formation of the uniform mixed powder.
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3. Results and discussions

3.1. Molecular ordering

Fig. 2b–d shows top-view photographs of the pure BSB-
Me, tetracene- and pentacene-doped BSB-Me crystals with
PL under fluorescence microscopic observation. The doped
crystals have the slice shape, smooth surface, and large size
of several millimeters as similar as pure BSB-Me crystal. To
investigate the molecular ordering of the doped crystals, X-
ray diffraction (XRD) spectra of pure BSB-Me, tetracene-
doped BSB-Me, and pentacene-doped crystals were mea-
sured. Fig. 3 shows the out-of-plane XRD spectra of these
crystals. From the diffraction peak of the BSB-Me single
crystal at 2h of 13.66� (006). The thickness of one molecu-
lar layer is calculated to be 1.86 nm, corresponding to the
spacing of the c-axis. It indicates that the long axis of the
molecules is ordered perpendicular to the wide crystal face
and the ab-plane is parallel to the substrate. Compared to
pure BSB-Me, the doped crystal did not change so much.
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Fig. 3. XRD pattern of pure BSB-Me, tetracene- and pentacene-doped
crystals.
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Fig. 4. (a) Emission spectra of pure, tetracene, and pentacene doped
crystals. (b) Absorption spectroscopy of tetracene and pentacene in
tetrahydrofuran solution.
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The diffraction pattern of the doped crystal did not show
any diffraction peaks consistent with a tetracene or a
pentacene single crystal, indicating that the doping mole-
cules did not form aggregated domain structures in the
BSB-Me crystal. The diffraction peak of the tetracene-
doped BSB-Me crystal appeared at 2h of 13.68� and of the
pentacene-doped BSB-Me crystal appeared at 2h of
13.70�, which are a very similar spacing to that of the pure
BSB-Me crystal. No significant changes induced by doping
molecules were observed in the crystal structure. From
the parameters, we can find that similar layer-by layer
structures formed in doped system and the doped effect
is not strong enough to disorder the domain structure.
For the host and guest molecules, they are all the linear
configurations. Both tetracene and pentacene are polycy-
clic aromatic hydrocarbons composed of linearly fused
benzene rings, with tetracene and pentacene composed
of 4 and 5 benzene rings, respectively. Their sizes are smal-
ler than that of the host molecules BSB-Me. It means that
tetracene and pentacene molecules can fill in the defects
or vacancies of the crystal lattice without distortion. Fur-
thermore, the ratio between the guest and host was very
small, which is less than 1:20. In other word, there is less
than one dopant per twenty host molecules in the doped
crystals. The number is not high enough to change the host
crystal structures. In physical vapor transport process, host
and guest molecules could freely diffuse onto the crystal
surface from vapor, and then may combine with neighbor-
ing molecules through intermolecular interactions to form
an intact layer. The doping molecules were dispersed
throughout the BSB-Me host crystal lattice, and a certain
quantity of doped guest molecules may replace the loca-
tions of original host molecules in the crystal lattice.

3.2. PL characteristics

Although strong blue1 emission from the pure BSB-Me
crystal was clearly observed (Fig. 2b), the emission color
could be tuned to be green or red by doping with tetracene
or pentacene, respectively (Fig. 2c and d). Fig. 4 shows a
1 For interpretation of color in Fig. 2, the reader is referred to the web
version of this article.
steady-state fluorescence spectrum of crystals (BSB-Me, tet-
racene:BSB-Me and pentacene:BSB-Me), which were photo-
excited with a 405 nm lasers, and absorption spectra of
tetracene and pentacene in tetrahydrofuran solution. The
obtained spectrum for BSB-Me/tetracene crystal exhibits
vibrational structures at 470, 495, 530, 570, and 620 nm.
We note that there is an overlap in spectrum between pure
and tetracene-doped crystal. It indicates that the energy
transfer of singlet excitons from BSB-Me donor molecules
to tetracene acceptor molecules occurs incompletely. The
pentacene-doped crystal exhibits emission peaks at 605,
655, and 716 nm, and the emission peaks of BSB-Me are al-
most suppressed. It implies high energy transfer efficiency
between BSB-Me and pentacene, and nearly all excitation
energy of BSB-Me is transferred to pentacene molecules.
The herringbone arrangement of tetracene and pentacene
molecules in their solid-state can quench the luminescence
sharply, so their luminescent efficiencies in the aggregated
state (crystals) are no more than 1%. But doping tetracene
or pentacene into a host crystal could effectively avoid the
intermolecular aggregates. The crystalline-state PL efficien-
cies of the tetracene-doped BSB-Me and pentacene-doped
BSB-Me crystals are as high as 79% and 47%, respectively.

3.3. Fluorescence dynamics in doped crystal

The photoluminescence of doped crystals have been
modulated through the introduction of doping in BSB-Me
crystals. Because of the spectral overlapping between do-
nors and acceptors, the donor centers can relax either by
direct energy transfer to acceptors (nonradiative energy
transfer) or by first radiative recombination in the donor
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centers and then reabsorption by acceptors (radiative en-
ergy transfer). To distinguish the two processes, the time
resolved fluorescence was further to be resolved in nano-
second and femtosecond time scale through TCSPC and
femtosecond fluorescence upconversion method, respec-
tively. Only a selection of these TCSPC measurements,
which represent the typical decay for the dye-doped crys-
tals, will be presented here. In Fig. 5, the TCSPC results
from pure, tetracene- (1:24) and pentacene-doped (1:27)
BSB-Me are plotted and fitted. By fitting analysis, the fluo-
rescence decay at 480 nm for pure BSB-Me can be repro-
duced by a single exponential function with lifetime of
4.9 ns. When guest is doped into the BSB-Me, the data
could no longer be fitted with a single exponential but
biexponential decay, which indicates that there exists an-
other decay process besides the spontaneous emission de-
cay process, such as transfer of exciton energy of BSB-Me.
From the results, it shows that the emission at 480 nm
100

101

102

103

104

100

101

102

103

104

20 40 60 80 100

20 40 60 80 100

20 40 60 80 100
100

101

102

103

104

In
te

ns
ity

 (C
ou

nt
s)

Time (ns)

In
te

ns
ity

 (C
ou

nt
s)

Time (ns)

 480
 530

In
te

ns
ity

 (C
ou

nt
s)

Time (ns)

 480
 620

(a)

(b)

(c)

Fig. 5. Nanosecond fluorescence decays from pure, tetracene, and penta-
cene doped BSB-Me crystals.
for doped BSB-Me decays faster than that of undoped com-
posite, and both of the decay curves can be well fitted by a
biexponential equation with the expression of [38]

I ¼ ðA1 expð�t=s1Þ þ A2 expð�t=s2ÞÞ � I0 ð1Þ

where I and I0 are the luminescence intensities at time t
and 0, A1 and A2 are fitting constants, and s1 and s2 are
the fast and slow decay time (luminescent lifetime),
respectively.

The effective average lifetime s of BSB-Me in doped
crystals can be estimated by the following equation:

s ¼ A1s2
1 þ A2s2

2

� ��
ðA1s1 þ A2s2Þ ð2Þ

These results are summarized in Table 1.
The femtosecond fluorescence upconversion method

was employed to obtain further insight on the dynamics
of energy transfer, as shown in Fig. 6. We focused on the
first 500 ps time window of the fluorescence intensity at
short and long wavelengths. A clear slow rise with a rise
time of �100 ps is observed in the dynamics at the long
wavelength (530 nm) for BSB-Me/tetracene crystals, and
a more longer rise time (�280 ps) for BSB-Me/pentacene
crystals. These slow rises of the fluorescence indicate that
the species responsible for the emission at long wave-
lengths are mainly excited gradually during a time period
much longer than the duration of the excitation pulse.
Additionally, the rise time of the fluorescence is quite equal
to the fast decay time of the fluorescence at short wave-
lengths (460 nm). It exhibits a more clearly evident of en-
ergy transfer process in doped crystal systems. The fact
that the decay of the BSB-ME’s fluorescence becomes rapid
when energy transfer occurs is an indication of a nonradi-
ative Förster energy transfer.

In the Förster transfer, the rate of energy transfer from a
donor to an acceptor kET is given by

kET ¼ s�1
0 � ðR0=RÞ6 ð3Þ

where s0 is the fluorescence lifetime of the pure donor sys-
tem and R is the intermolecular separation of donor and
acceptor. R0 is Förster radius, which is intermolecular sep-
aration at which energy transfer competes equally with all
other decay routs, and is proportional to the spectral over-
lap of the emission of donor and absorption of the acceptor.
The transfer rate kET can be calculated from the decay times
measured in the absence (s0) and presence of acceptor
(sDA): kET = 1/sDA � 1/s0. For tetracene- (1:24) and penta-
cene-doped BSB-Me (1:27), the kET is equal to
2.03 � 1010 s�1 and 5.58 � 1010 s�1, respectively. And the
energy transfer efficiency is 49.7% and 73.1%, respectively.

The investigated dynamics mentioned above are all un-
der a low excitation density. It is known that high excita-
tion intensity often cause appearance of nonlinear
processes. All These processes may significantly influence
operation of the devices [39–41]. The exciton dynamics
for pure crystals and doped system at high excitation den-
sity are investigated, as shown in Fig. 7. The exciton
dynamics is strongly intensity dependent, with faster de-
cays observed for higher excitation levels. When the exci-
tation is 4.9 lw, there is about fast decay component
with about 28 ps, as illustrated in Fig. 7a. This behavior is



Table 1
Decay data of pure BSB-Me crystal, tetracene-doped, and pentacene-doped BSB-Me crystals.

Sample Decay time s (ns) Percentage (%) Average lifetime s (ns) Transfer efficiencya (%)

BSB-Me 4.88 100 4.88 –

TE:BSB-Me 1.98 95.8 2.45 49.7
6.01 4.2

PE:BSB-Me 0.61 84.9 1.31 73.1
2.34 15.1

a The energy transfer efficiency is given by E = kET/(1/s0 + kET) = 1 � sDA/s0.
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Fig. 6. Sub-picosecond fluorescence decays from pure, tetracene, and
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similar as that in other solid-state organic materials. It pos-
sibly arises from the bimolecular deactivation processes
due to exciton annihilation. At high excitation densities,
the concentration of excitons generated after the photoex-
citation is high, excitons will interact with each other and a
pair of annihilation excitons may fuses to form a higher en-
ergy exciton. The dominant relaxation pathway of the
high-energy exciton is found to be the internal conversion
to the lowest excited state; so one excition is lost per inter-
action. The loss of excitons to annihilation is dependent on
the excitation density and results in a faster decay of the
fluorescence at higher excitation density. On the basis of
their intensity dependence, we attribute the 28 ps decay
component to annihilation of two excitons. At higher exci-
tation intensities, when three excitations per complex are
created, the annihilation becomes correspondingly faster
and we can attribute a 3 ps relaxation component to a
three-exciton annihilation when excitation is at 30.7 lw.
In the doping BSB-Me samples, charge transfer processes
may further quench the fluorescence. For the pentacene
doped BSB-Me crystal (Fig. 7b), the kinetics exhibits much
less excitation intensity dependence than that of the pure
BSB-Me, indicating that the Förster energy transfer be-
comes the dominating process in the doping crystals.

4. Conclusions

We have prepared crystals of BSB-Me crystals doped
with tetracene and pentacene. The RGB fluorescence emis-
sion can be achieved through doping technique. Both the
steady-state fluorescence spectra and time-resolved fluo-
rescence measurements indicate highly efficient energy
transfer from the host BSB-Me to the acceptor molecules.
Excitation intensity-dependent ultrafast dynamic shows
that the kinetics in doped crystals exhibit much less exci-
tation intensity dependence than that of the pure BSB-Me
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crystals. Our results are relevant to the understanding of
ultrafast energy-transfer dynamics in doped crystals and
hence to development of novel organic optoelectronic
devices.
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