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ABSTRACT: We have designed and synthesized a π-
conjugated system that consists of a flexible and nonplanar
π joint and two emissive rigid and planar wings. This
molecular system exhibits respectively red, green, and blue
(RGB) emission from a single-component luminophore in
different environments, namely in polymer matrix, in
solution, and in crystals. The flexible unit gives rise to a
dynamic conformational change in the excited state from a
nonplanar V-shaped structure to a planar structure, leading
to a dual fluorescence of blue and green colors. The rigid
and planar moieties favor the formation of a two-fold π-
stacked array of the V-shaped molecules in the crystalline
state, which produces a red excimer-like emission. These
RGB emissions are attained without changing the
excitation energy.

Research on π-conjugated systems has taken a leading role
in the development of organic electronics.1 Among a wide

variety of molecular structures developed to date, the flexible π
frameworks have been the focus of intensive studies. As
exemplified by chemistry of cyclooctatetraene,2 corannulene,3

sumanene,4 twisted perylene bisimide,5 and expanded porphyr-
ins,6 their dynamic molecular motions can be the basis of
various kinds of molecule-based functions.7 However, π systems
composed only of a flexible moiety often lose intrinsic
advantages of the aromatic systems, such as luminescent
properties and π-stacking ability. Their dynamic motion
sometimes accelerates the nonradiative decay process from
the excited state, which results in the quenching of emission.8

In addition, the flexible π skeletons are apt to prevent the
formation of a tightly π-stacked structure due to their low
planarity.3b,9

We have now designed a new π-conjugated molecule 1 that
consists of a flexible π moiety and two emissive rigid wings
(Figure 1). The combination of the flexibility and rigidity
imparts two remarkable characteristics to the skeleton. One is a
dual monomer fluorescence based on a dynamic conforma-
tional change in the excited state, which is different from the
mechanism of the well-investigated TICT or PICT (twisted/
planarized intramolecular charge transfer) systems with a

rotatable single bond.10 The other one is a strong “two-fold”
π-stacking ability of the V-shaped conformers. As a result, red,
green, and blue emission was realized from the single organic
luminophore in different environments. Since the three primary
colors have significantly different energies, RGB luminescence
without changing the excitation energy is quite limited.11,12

The design of our molecular system 1 is illustrated in Figure
1a. As the rigid wings, an anthraceneimide framework was
selected due to its intense fluorescence, high planarity, and high
chemical stability. The two wings are bridged by two cis-olefins
to form an eight-membered ring. This central ring can be
formally regarded as a cyclooctatetraene (COT) framework,
which is a classical flexible π-conjugated skeleton.2,7d−f In
conjunction with the tub-to-tub inversion of the COT moiety,
the hybrid π system 1 is expected to undergo a “flapping” of the
wings. The planar conformer as the transition state is 0.33 eV
(= 7.7 kcal/mol) higher in energy than the V-shaped
conformer, according to the DFT (B3LYP/6-31G(d))
calculation13 on the S0 ground state of a model compound 1′
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Figure 1. Conformational change of 1 with flexible and rigid π
scaffolds, which perturbs the π-conjugation.
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(Figure 1b). The electronic structure is significantly perturbed
by this structural change. Whereas the π-conjugation between
the two aromatic wings is almost disconnected in the nonplanar
V-shaped geometry, the planar conformation has an effective π-
conjugation over the entire molecule (Supporting Information
(SI)). The synthesis of 1 was achieved using the acene
elongation reactions14 from 2,3,6,7-tetrakis(methoxycarbonyl)-
9,10-dihydro-9,10-ethenoanthracene as the starting material in
seven steps in 14% overall yield (SI).
The RGB triple-color luminescence of 1 is shown in Figure 2.

First, a green emission was observed from 1 in various common

organic solvents (SI). In CH2Cl2, the fluorescence maximum
wavelength λem was 520 nm (λex = 350 nm), accompanied by
vibronic peaks at 561 and 611 nm as well as a weak shoulder
band in a higher-energy region around 460 nm. The quantum
yield and the emission lifetime were determined to be Φ = 0.31
and τ = 11.8 ns. The UV/visible absorption and excitation (λem
= 520 nm) spectra were almost identical to each other, showing
an intense band around 330 nm together with lower-energy
bands around 395 and 420 nm (SI). The large Stokes shift of
4640 cm−1 suggested a significant conformational change in the
excited state. Second, a blue fluorescence (Φ = 0.09) was
observed in a poly(methyl methacrylate) (PMMA) film
containing 1 in a 1.0 wt% concentration. The fluorescence
spectrum showed a single emission band at λem = 459 nm. The
lifetime of this emission band was determined to be τ = 8.4 ns.
The absorption spectrum of the film showed lower-energy
bands at 416 and 442 nm. The small Stokes shift of 885 cm−1

indicated that the structural change observed in solution was
considerably suppressed in the PMMA matrix. Third, a red
luminescence was observed from the crystals of 1, in which a
broad and structureless band was delineated with the λem of 625
nm. The significant bathochromic shift, the lowest quantum

yield (Φ = 0.06) among the triple-color emissions, and the
relatively long lifetime (τ = 12−14 ns) suggest an excimer-like
emission of 1 in the crystals. All these RGB emission spectra
were independent of the excitation wavelengths (SI). There-
fore, these RGB luminescences can be produced by the UV
light irradiation at the same wavelength only by changing the
states of the luminophore, namely, in a solution, in a polymer
matrix, or in crystals.
Compound 1 also showed a dramatic luminescent chromism

between a green emission and a blue emission with increasing
the viscosity of a 2-methyltetrahydrofuran (MTHF) solution at
lower temperature (Figure 3a). The concentration of the

solution at 1.0 × 10−6 M was low enough to preclude any
intermolecular interaction. As the temperature decreased from
296 to 163 K, the fluorescence bands of the green emission
gradually increased in intensity without any significant shifts in
energy (SI). This behavior indicated that a nonradiative decay
process from the S1 excited state was retarded at the lower
temperature, and thus the radiative decay process became more
dominant to increase the fluorescence intensity. A further
temperature reduction led to a decrease in intensity of the
bands in the region from 500 to 650 nm, and the shoulder band
in the shorter-wavelength region from 420 to 500 nm
concomitantly increased (Figure 3a). At 133 K, both the
green and blue emission bands were observed with comparable
intensities to each other. Time-resolved fluorescence spectros-
copy at this temperature showed that the blue emission band is

Figure 2. (a) RGB emissions of 1 in PMMA matrix (blue), in CH2Cl2
solution (green), and in the crystalline state (red). Photographs under
a 365 nm ultraviolet lamp irradiation. (b) The corresponding three
luminescence spectra of 1 in the visible region. λex = 350, 350, and 450
nm for blue, green, and red emission spectra, respectively. The same
red emission band was observed even when λex = 350 nm.

Figure 3. (a) Temperature-dependent fluorescence spectra of 1 in
MTHF from 163 K (solution) to 77 K (glass). λex = 350 nm. (b)
Calculated potential energy diagram for the S0 and S1 states of 1′ (see
Figure 1) with fixed bent angle θ. The constrained geometry
optimization was performed in the S1 state at the PBE0/def-SV(P)
level.
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short-lived and thereafter the green emission band grows in
(SI). The observation supports that the dynamic conforma-
tional change in the excited state is responsible for the blue and
green “dual fluorescence”. At 77 K, compound 1 eventually
exhibited a blue emission in the glass of MTHF. The
fluorescence bands showed the λem of 433 nm with vibronic
peaks at 460 and 491 nm. In comparison to the blue emission
of 1 in the PMMA film, the spectrum in the MTHF glass state
was structured and more blue-shifted, indicating that the
conformational change of 1 in the excited state was suppressed
to a greater extent in the glass state. On the other hand, the
excitation spectra showed no temperature dependence from
296 to 77 K, regardless of the emission wavelengths (SI). As a
result, the conformational flexibility should play an important
role in the excited state on the fluorescence rather than in the
ground state on the absorption properties.
To gain insights into the structural change in the excited

state, theoretical calculations were conducted for the skeleton
1′ (Figure 1) using the TURBOMOLE quantum chemistry
program15 at the PBE0/def-SV(P) level of theory (Figure 3b).
The geometries of 1′ in the S1 excited state were first optimized
with the constraint of the COT bent angle θ from 0 to 45° in 5-
degree changes, and then the energy minimum points were
fully optimized. The calculations demonstrated that, while the
V-shaped structure with θ = 40.6° gave the lowest energy
potential in the S0 ground state, the most stable geometry in the
S1 excited state is a planar conformation (θ = 0°) (SI). Thus,
the “flapping” of the anthracene wings is the mode of
conformational change upon photoexcitation.
Importantly, the S1 state has a local minimum at θ = 22.8° in

addition to the global minimum at θ = 0° (SI). Radiative decay
processes from these two states should be responsible for the
dual fluorescence. Namely, the blue emission results from the
shallow V-shaped excited state, while the green emission occurs
from the planar excited state. The temperature dependence
should be due to the restricted conformational change in the
excited state at the lower temperature. In the range from 296 to
163 K, compound 1 undergoes the conformation change into
the planar global minimum, which emits the green fluorescence.
Upon approaching the freezing point of MTHF (137 K), the
planarization in the excited state is gradually suppressed due to
the increasing solvent viscosity at the lower temperature.
Instead, the radiative decay process from the V-shaped local
minimum becomes dominant, resulting in the blue fluores-
cence. Whereas the energy difference between the planar and
shallow V-shaped conformations in the S1 state (ΔES1,V‑P) is as
low as 0.062 eV, the planar conformer is much more unstable
than the shallow V-shaped conformer by 0.21 eV in the S0 state.
As a consequence, this structural change results in the
significant change in the fluorescence colors (Figure 3). The
small energy difference ΔES1,V‑P can also explain the fact that
the blue emission band was observed as a shoulder together
with the green emission bands even at room temperature in
solution. The ΔES1,V‑P value implies that both the V-shaped and
planar conformers can coexist in the ratio of 1:12 at 296 K in
the excited state.
In contrast to the roles of the flexible COT core for gaining

the dual fluorescence of the blue and green colors, the rigid and
planar anthraceneimide wings in 1 are essential for gaining the
red emission in the crystalline state. To elucidate the structural
impact on the solid-state fluorescence, we next determined its
crystal structure and compared its solid-state properties to that
of an anthraceneimide monomer 2 as a reference compound.

Single crystals of 1 were obtained by careful recrystallization
from a hot o-dichlorobenzene solution by slowly decreasing the
temperature. A synchrotron radiation single crystal X-ray
diffraction analysis demonstrated that 1 forms a stacked array
structure in spite of the nonplanar V-shaped conformation with
θ = 44° (Figure 4). In this structure, the planar wings are

stacked on both sides of the COT core. In other words, the
central tub-shaped COT core forces the two-fold π-stacked
array structure. The π-stacking of the anthraceneimide moieties
is in a slipped fashion along the long axes of the anthracene
moiety with the short interfacial distance of 3.39 Å. The strong
π-stacking ability is responsible for the low solubilities in
common organic solvents (for example, 7 mg/L in CH2Cl2, 60
mg/L in CHCl3) and readily formation of fibrous microcrystals
(SI).
The reference compound 2, a rigid substructure of 1, showed

blue emissions both in solution and in the PMMA matrix
(Figure 5). The similarity in their emission spectra to each

other are reasonable for considering its rigid skeleton. In the
crystalline state, this compound forms π-stacked dimers,
showing an excimer emission (τ = 88 ns) with the λem = 538
nm. However, the extent of the red shift (4140 cm−1) from that
in the PMMA film is far smaller compared to 1 (5790 cm−1).
Consequently, the emission color of the crystals was only
greenish yellow. The significantly red-shifted excimer-like
emission observed for 1 should be due to its characteristic
two-fold π-stacked array structure, which may be more suitable
for the formation of the contact excimer or the excited
oligomer.16

In conclusion, we have designed and synthesized a π-
conjugated system that consists of a flexible π joint and two

Figure 4. Two-fold π-stacked array structure of 1 in the crystalline
state (50% probability for thermal ellipsoids).

Figure 5. (a) Photographs and (b) spectra of the luminescence of 2 in
PMMA matrix (left, blue line), in CH2Cl2 (middle, black line), in
crystals (right, green line). λex = 300, 300, and 400 nm, respectively.
(c) π-stacked dimer of 2 in crystals (50% probability for thermal
ellipsoids).
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rigid π wings. This system shows two remarkable character-
istics, namely (1) a dynamic conformational change in the
excited state from a nonplanar V-shaped form to a planar form,
leading to a dual fluorescence, and (2) a unique two-fold π-
stacked array of the V-shaped molecules. These features result
in generating each red, green, and blue emissive state based on
a single luminophore, depending on its environment. The
combination of a flexible scaffold and a rigid π skeleton is a
potent versatile design of functional molecules, in which their
dynamic motion would perturb not only optical properties, but
also electrochemical, magnetic, and carrier-transporting proper-
ties.
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