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ABSTRACT: Micrometer-sized boron dipyrromethene crys-
talline rods were grown from solution. Fluorescence
microscopy images reveal that each rod displays characteristic
visible light emission of a different color. In a particular case,
optical heterostructures with discrete, differently colored
sections are observed within a single microrod. Micro-
photoluminescence (μ-PL) spectra of green and red rods at
room temperature show multiple contributions, indicating the
presence of microdomains. Temperature-dependent μ-PL
measurements further confirm this, as red emission decreases
and green emission increases at lower temperatures. These
observations are discussed as a result of crystalline poly-
morphism, leading to a local variation of the highest occupied
molecular orbital−lowest unoccupied molecular orbital energy difference. An Arrhenius plot quantifies the hopping barrier for
the charge carriers to reach the low emission energy (red) regions. A line scan of a single rod further supports that
microdomains of green- and orange−red-emitting crystal phases are present in a single rod. Time-resolved microwave
conductivity studies clarify that microdomain-free green rods display 2 orders of magnitude longer photocarrier lifetime and 5-
fold higher photoconductivity than the red rods with many small band-gap regions.

■ INTRODUCTION

Boron dipyrromethene (BODIPY) dyes are a class of optically
active organic compounds, based on a 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (or boron dipyrromethene) core.1,2

Because of their high fluorescence quantum yield and tunable
emission wavelength, they have found a wide range of
applications, e.g., as fluorescent labels, chemical sensors, or
laser dyes.3−5 They exhibit long-term stability and are
compatible with polymer technologies, which makes them
attractive for use in solar cell concentrators6 and organic light-
emitting devices.7 Variations to their structure make it possible
to tune their optical properties and solubility.8

For technical applications, the solid form of BODIPY is
more desirable than its solution.6 In the crystal form, however,
interaction among the molecules, such as J or H aggregation,
may lead to blue- or red-shifted emission. Aggregation can
even lead to a complete quenching of the fluorescence.9 One
strategy to overcome this problem is the introduction of a

suitable group at the meso position to prevent aggregation
through steric hindrance.10

Here, we investigate the optical properties of microcrystals
of the BODIPY derivative shown in Figure 1a.11 A 5 mM
solution of BODIPY in tetrahydrofuran (THF) is injected into
water with cetrimonium bromide (CTAB) as a surfactant, and
the mixture is sonicated for 5 min. Allowing the solution to
settle overnight leads to the formation of micrometer-sized
rods with a crystalline habit (see Figure 1b). Note that the
presence of the surfactant improves crystal growth; however, it
does not affect the optical properties of the resulting
microrods, discussed below. Also, THF can be replaced by
acetone or ethanol without changing the results (see Figures
S1 and S2).
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■ RESULTS AND DISCUSSION
Figure 1c,d shows fluorescence microscopy images of typical
microrods, fabricated as described above. Under near-ultra-
violet illumination (400−450 nm wavelength), the rods exhibit
bright green light emission, similar to the emission from
BODIPY in THF, shown in the inset of Figure 1a. While
green-emitting rods are the most common, we also find rods
with different colors, ranging from green all the way to red (see
Figure 1d). Using the described fabrication method, the
resulting color of the rods is not well defined; we observe
microcrystals with different emissions in different batches (see
Figures 1c,d, S1, and S2) and even single rods with discrete,
differently colored sections (see Figure 1e). At room
temperature, the fluorescence quantum yields are 0.12 and
0.10 for the green and red rods, respectively.
While in the present study, we focus on a specific

compound, we would like to point out that these findings
are more general in their scope. For example, Spies et al. have
made similar observations on a different BODIPY derivative.12

They were able to obtain different crystal habits, depending on
the details of the crystallization process, and found that
different crystal habits exhibited different emission colors.
Because all habits had the same short-range order crystalline
structure, the authors concluded that a very long-range order is
crucial for the optical properties of the investigated BODIPY
crystal. We propose that the different emission colors, observed
in the present study, have the same origin.
To better quantify the emission characteristics of the present

crystals, we performed microphotoluminescence (μ-PL) spec-
troscopy on single rods. PL spectra under 405 nm laser light
excitation for “green” and “red” rods are given in Figure 2a,b,
respectively. As expected, the green rod exhibits strong
emission around 550 nm, while the red rod mainly emits in
the region above 650 nm. Note, however, that both rods show
light emission over the entire spectral range between 525 and
≈800 nm. The distinct, short wavelength cutoff at 525 nm in

Figure 1. (a) Molecular structure of BODIPY and its fluorescence in THF solution (excitation wavelength λex = 365 nm). (b) Schematic
representation of the preparation procedures of green and red rods of BODIPY. Fluorescence microscopy images of (c) green and (d) red BODIPY
rods; λex = 400−450 nm. The bright spots at the end of the rods indicate light guidance by total internal reflection2 and demonstrate the high
optical quality of the microcrystals. The insets in (c) and (d) show the appearance of the microcrystals in solution under UV illumination. (e)
Fluorescence and (f) optical microscopy images of BODIPY rods with an optical heterostructure; λex = 400−450 nm.

Figure 2. PL spectra of (a) green-emitting and (b) red-emitting
BODIPY rods at 296 K. The inset in (a) shows the absorption
spectrum of the BODIPY monomer in solution.
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both spectra agrees well with the absorption edge of the
BODIPY monomer in solution, shown in the inset of Figure
2a.
These observations lead us to conclude that there are

different species present in the rods, which emit in different
spectral regions (green, orange, or red). The colors that appear
in the fluorescence microscopy images are the result of
different amounts of the respective species in each rod. Even
rods that do not have as well-separated phases as the ones in
Figure 1e but seem macroscopically homogeneous are
composed of domains with different emission properties.
This assumption is supported by temperature-dependent PL

spectroscopy on a single rod. Figure 3 shows how the PL of a
red rod evolves, as the temperature T is lowered from 296 to
85 K. With decreasing T, the emission in the red (around 650
nm) decreases, while at the same time, the green part of the
spectrum increases in intensity. Note that the individual peaks
in the spectrum do not shift but rather change their relative
intensities. As an example, the dominant peak in the low-
temperature spectrum is indicated by an arrow in the high-
temperature data. PL measurements of green rods, on the
other hand, do not show such a pronounced temperature-
dependent change in the spectral weights (see Figure S4).
Furthermore, at low temperatures, the PL spectra of green and
red rods become quite similar.
In the following, we explain these experimental observations

using a simple model, on the basis of the fact that the solid
form of BODIPY can exist in different crystal modifications.
Such polymorphism in BODIPY was first reported by Luo et
al.13 For 4-methoxycarbonylphenyl-substituted BODIPY, they
found several different crystalline polymorphs, which exhibit
characteristically different emission properties. For the present
compound, we assume that at least two crystalline polymorphs
can be present in a single rod. One of them (labeled
BODIPY(g) in the following) has a large highest occupied
molecular orbital−lowest unoccupied molecular orbital
(HOMO−LUMO) separation, characterized by PL emission
in the range of 530−580 nm, similar to that of the BODIPY
monomer, but somewhat red-shifted because of its crystalline
order. The other modification, BODIPY(r), exhibits a reduced
HOMO−LUMO energy difference, and hence emission in the
red spectral range, possibly caused by the coupling of
molecular orbitals among neighboring molecules. Figure 4
schematically depicts the resulting energy landscape when a
small amount of BODIPY(r) is embedded in BODIPY(g).
At room temperature, electron−hole pairs that are optically

excited in BODIPY(g) can diffuse to the regions with
BODIPY(r), where they recombine by the emission of red
light. Therefore, even in rods that predominantly consist of
BODIPY(g), the PL emission will appear as red. This
somewhat resembles the processes in inorganic semiconductor
heterostructures, such as GaAs/AlGaAs quantum wells, where
the PL emission also will be dominated by recombination in
the low-band-gap region (GaAs), even when the material is
excited in the high-band-gap environment (AlGaAs).14 Note
that, comparing Figure 1e,f, the optical microscopy images do
not show a clear stripe pattern, indicating that photoabsorption
is almost identical for both BODIPY(g) and BODIPY(r),
which supports the model shown in Figure 4.
With decreasing temperature, diffusion of the optically

generated carriers will be reduced, and fewer of them will be
able to reach the low-energy regions of BODIPY(r). Therefore,
the red emission will decrease in intensity, while the green

emission will increase (see Figure 3a). Figure 3b quantifies the
thermally induced diffusion by an Arrhenius plot of the ratio of
the green (560 nm) and red (650 nm) emission intensities.
The fit (red line) gives an activation energy of 18 meV, which

Figure 3. (a) PL spectra of a red-emitting BODIPY rod at different
temperatures. (b) Arrhenius plot of the ratio between green and red
intensities at different temperatures. (c) Room temperature line scan
along a single, striped BODIPY rod, shown on the left (color
enhanced).
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we identify as a typical hopping barrier within BODIPY(g), as
indicated in Figure 4.
Depending on the amount of regions composed of

BODIPY(r), the intensity ratio between the green and the
red emission bands will vary along a single well-shaped rod if
the ratio between BODIPY(g) and BODIPY(r) is changing.
This was indeed observed for line scans of the emission at
room temperature along single, striped rods (see Figure 3c),
which corroborates the model given above that small regions
(presumably below 1 μm) of BODIPY(r) are incorporated in
BODIPY(g).
Flash-photolysis time-resolved microwave conductivity (FP-

TRMC) experiments clearly show the difference of photo-
generated charge carrier half-life (τ1/2) and ϕ∑μ (the product
of the photon-to-carrier conversion efficiency and the sum of
charge carrier mobilities) between BODIPY(g) and BODIPY-
(r) (Figure 5a).15 The τ1/2 value of BODIPY(g) is 7.7 × 10−5 s,
which is roughly 2 orders of magnitude longer than that of
BODIPY(r) (8.9 × 10−7 s, Figure 5b). Furthermore, ϕ∑μ of
BODIPY(g) (2.8 × 10−4 cm2 V−1 s−1) is ∼5-fold greater than
that of BODIPY(r) (5.5 × 10−5 cm2 V−1 s−1, Figure 5c). These
results support the assumption that microcrystals of BODIPY-
(r) have many narrow band-gap sites, which trap photocarriers
efficiently after the laser flash, leading to shorter τ1/2 and
smaller ϕ∑μ in comparison with those of almost trap-free
BODIPY(g) microrods. Taking ϕ∑μ ≈ 3 × 10−4 cm2 V−1 s−1

as a lower limit for the carrier mobility and using the Einstein
relation, we can estimate the diffusion constant in the green
rods, D ≈ 8 × 10−10 m2 s−1. Together with the measured
carrier lifetime τ1/2 ≈ 10−4 s, this gives a rough estimate of
around 1 μm for the diffusion length (see the Supporting
Information). Therefore, diffusion of photoexcited carriers can

cover large areas inside the rods until they encounter a
recombination site, as depicted in Figure 4.
We were able to obtain a single crystal of BODIPY(r) with a

dimension of 0.41 × 0.058 × 0.013 mm3, which is large enough
for single-crystal X-ray diffraction (XRD) studies. According to
the XRD data, BODIPY(r) forms orthorhombic crystals with
space group Pbca (see the Supporting Information, Figure S4
and Table S1). Importantly, the crystal structure hardly
changes upon cooling from 298 K (red PL) to 93 K (green
PL) with only less than 1.5% shrinking of the lattice parameter.
These results indicate that the change of the PL color upon
lowering T does not result from the structural phase transition
but from the change of the diffusion length of photogenerated
charge carriers, as proposed in Figure 4. The crystal packing of
the BODIPY molecules (Figure S4) is incompatible with J or
H aggregation; therefore, the green and orange emission
energies cannot be explained by aggregation-induced, bath-
ochromic or hypsochromic shifts with respect to the monomer.
Unfortunately, a single crystal of BODIPY(g), large enough

for XRD, has not been obtained. However, the powder XRD
pattern of BODIPY(g) is almost identical to that of
BODIPY(r) (Figure S5). Small differences in the relative
intensities of the peaks and additional structure at low
scattering angles (<10°) may indicate, however, different
long-range orders in BODIPY(g) and BODIPY(r).
The co-existence of two crystal phases with different optical

properties has also been recently observed in the solution-
mediated growth of GaAs nanowires.16 While GaAs will
generally crystallize in the zincblende structure, the high liquid
supersaturation present in the growth of gold-catalyzed GaAs
nanowires can lead to the formation of wurtzite GaAs.16−18

This follows the Ostwald step rule,19 which states that rapid
crystallization from a solution takes place so that a
thermodynamically unstable phase occurs first, which then,
in a second step, will recrystallize into a more stable phase. We
believe that a similar mechanism is at work in the present
compound, with BODIPY(g) being the less stable modification
and BODIPY(r) the more stable one. Indeed, we find that
rapid growth will preferentially result in green-emitting rods,
while slow growth will lead to more red-emitting crystals. Also,
green-emitting rods that are exposed to ethanol vapor for
extended periods (12−36 h of solvent annealing20) will slowly
convert to red-emitting ones (Figure 6).

Figure 4. Model showing the energy landscape in real space of a
single rod that describes the hopping and recombination of excited
charge carriers in different regions (BODIPY(g) and BODIPY(r)).

Figure 5. (a) TRMC profiles at 25 °C of cast films of BODIPY(g) (green) and BODIPY(r) (red) upon a laser flash at 355 nm. Bar graphs of (b)
τ1/2 and (c) ϕ∑μ for BODIPY(g) (green) and BODIPY(r) (red).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b09202
J. Phys. Chem. C 2019, 123, 5061−5066

5064

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09202/suppl_file/jp8b09202_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09202/suppl_file/jp8b09202_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09202/suppl_file/jp8b09202_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09202/suppl_file/jp8b09202_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09202/suppl_file/jp8b09202_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09202/suppl_file/jp8b09202_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b09202
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.8b09202&iName=master.img-028.jpg&w=359&h=152


While this demonstrates some degree of control over the
emission properties of the rods, (BODIPY(g) vs BODIPY(r)),
it would be highly desirable to find growth conditions that
enable a precise control over the stepwise variation in the
HOMO−LUMO gap (similar to the serendipitously created,
striped crystals in Figure 1e,f). This would open up the
possibility to tailor the energy landscape in a similar fashion as
the “bandstructure engineering” in inorganic binary and
ternary semiconductor compounds.14

Finally, we would like to briefly mention a set of resonances
that appear near the emission edge in the green part of the
spectrum (e.g., in the range of 530−560 nm in Figure 2a). The
nature of these peaks is not fully understood so far. However,
the fact that they can be very well described by a Wannier
series, En = Eg − ERY* /n2, rules out Fabry−Peŕot-type optical
resonances and strongly suggests an excitonic origin. Here, En
is the energy of the nth resonance, Eg the emission cutoff
energy or band gap (corresponding to a wavelength of 525
nm), and ERY* the effective Rydberg energy. More detailed
studies will be necessary to elucidate this phenomenon.

■ CONCLUSIONS

In summary, micrometer-sized crystalline rods of BODIPY
were grown from solution. Fluorescence microscopy images
and photoluminescence spectra show different forms of
BODIPY, emitting in the green, orange, and red spectral
regions. From temperature-dependent photoluminescence, it is
concluded that BODIPY crystals can exhibit different
HOMO−LUMO gaps, and optically excited carriers can
diffuse from the wide-gap to the narrow-gap region with a
typical hopping barrier of ≈18 meV. This model is supported
by PL line scans along striped rods and by FP-TRMC.
Different growth rates and solvent annealing suggest that the
orange−red-emitting crystal structure is a thermodynamically
more stable form of BODIPY. These findings may lead to
optically active BODIPY heterostructures, similar to those used
in inorganic semiconductor technology.

■ EXPERIMENTAL METHODS

Unless otherwise noted, reagents and solvents were used as
received from Sigma-Aldrich Chemical Co. Ltd and Nakarai
Tesque Co., respectively. BODIPY was synthesized according
to the reported procedures.2 Scanning electron microscopy
(SEM) was performed at 25 °C on a Hitachi model S-4800
FE-SEM and JEOL model JSM-5610 SEM operating at 10 and
20 kV, respectively. Silicon was used as a substrate and Pt or
Au for coating. Powder X-ray diffraction patterns were
recorded at 298 K on a Rigaku model MultiFlex X-ray
diffractometer with a Cu Kα radiation source. Fluorescence
spectra were recorded at 25 °C with a JASCO model FP-6200
spectrofluorometer. Electronic photoabsorption and diffuse
reflectance spectra were recorded at 25 °C with a JASCO
model V-570 UV/vis/NIR spectrophotometer equipped with
an ISN-470 integrating sphere accessory for the diffuse
reflectance spectroscopy. Flash-photolysis time-resolved micro-
wave conductivity (FP-TRMC) measurements were carried
out at 25 °C in air, where the resonant frequency and
microwave power were set at ∼9.1 GHz and 3 mW,
respectively, so that the electric field of the microwave was
small enough not to disturb the thermal motion of charge
carriers.15 The charge carriers were photochemically generated
using the third-harmonic generation (355 nm) light pulses
from a Continuum model Surelite II Nd:YAG laser (5−8 ns
pulse duration) with incident photon densities of 9.1 × 1015

photons cm−2. The TRMC signals, picked up by a diode (rise
time < 1 ns), were monitored by a Tektronics model
DPO4104 digital oscilloscope. The observed conductivities
were converted into normalized values, given by a photocarrier
generation yield (ϕ) multiplied by the sum of the charge
carrier mobilities (∑μ), according to an equation ϕ∑μ = (1/
eAI0Flight)(ΔPr/Pr), where e, A, I0, Flight, Pr, and ΔPr denote the
unit charge of a single electron, the sensitivity factor (S−1 cm),
the incident photon density of an excitation laser (photon
cm−2), the filling factor (cm−1), and the reflected microwave
power and its change, respectively. Microphotoluminescence
measurements were performed using a custom-built setup,
which allows us to take images of the rods, when exciting with
a white light source, or to record the emission spectra when
exciting with a 405 nm laser. The exciting light is focused on
the sample with a 50× microscope objective, leading to a laser
spot size of ∼1 μm. The emitted light is then collected by the
same objective and dispersed in an Acton 2500i spectrometer
with an attached liquid-nitrogen-cooled Princeton Research
CCD camera. For the temperature-dependent emission
measurements, we used a continuous-flow liquid helium
cryostat (Janis Inc.).

■ ASSOCIATED CONTENT
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Photoluminescence (PL) spectra of BODIPY rods
without CTAB, fluorescence microscopy images show-
ing the effect of solvent annealing, temperature-depend-
ent PL spectra of BODIPY(g), crystallography informa-
tion about BODIPY(g) and BODIPY(r), and scanning
electron microscopy images of striped BODIPY rods
(PDF)

Figure 6. Fluorescence micrograph of initially green BODIPY rods
(a) before and after exposure to EtOH vapor for (b) 12, (c) 24, and
(d) 36 h.
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