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The development of multicolored switches that are triggered
by a mechanical stimulus remains an interesting but challeng-
ing subject because such switches not only possesses signifi-
cance in fundamental research but can also create new
applications for luminescent materials.!! To date, few exam-
ples of external-force-induced multicolored change, such as
a three-color transition, have been reported.m One excellent
example is the tricolored mechanochromic liquid crystal
developed by Sagara and Kato.®! The liquid crystal was
composed of a dumbbell-shaped compound and a dendronlike
molecule but only a single luminophore. It showed reversible
tricolored switching accompanied by different molecular-
packing architectures. Previously, we reported a multicolored
coaggregate whose color changed from blue to green and
reddish in response to an external force. This color change
was enabled by variation of the molecular assembly and ring
opening of the spirolactam. The use of two available
chromophores in this way broadens the range of possible
preparation approaches to mechanical-response materials.””!
However, multicolored emission and a switch that operates by
modulation of the assembled structures of a single organic
molecule by a force-induced reaction have not been de-
scribed.

Motivated by the previous findings, we have been trying to
design and synthesize a simple molecule with two different
chromophores that could show three colors. The discovery of
such a compound may increase our knowledge on the
relationship between molecular structure and luminescence
behavior and enable a molecular-design strategy to be
established for the development of force-sensitive molecules.
Moreover, such organic materials would have the advantages
of well-defined structures, facile preparative methods, readily
tunable properties, and high functionality.

Herein, we report a novel organic molecule M-1 with
tetraphenylalanine as a spacer to link the chromophores of
pyrene and rhodamine B. Compound M-1 could change color
from blue to bluish-green and further to a reddish color. This
color transition could be reversed by heating and treatment of
the sample with solvents. Compound M-1 is a rare example of
a mechanochromic material composed of a single organic
molecule. It is also unusual that its multicolored emission can
be tuned simply by different packing of the chromophores
and a force-induced ring-opening reaction.

The designed molecule M-1 (Scheme 1) was synthesized
from rhodamine B (the ring-opened form), which reacted
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Scheme 1. Structure of M-1.

with ethylenediamine to afford RhB-NH, as the correspond-
ing spirolactam (see Scheme S1 in the Supporting Informa-
tion). Standard coupling of RhB-NH, and fert-butoxycar-
bonyl (Boc)-protected phenylalanine (Phe) in the presence of
N,N'-dicyclohexylcarbodiimide (DCC) was followed by
removal of the Boc group with trifluoroacetic acid and
triethylamine and then linking of the resultant intermediate
to the Boc-protected Phe. In a second reaction cycle, removal
of the Boc group was followed by coupling with Boc-
protected Phe-Phe. Finally, removal of the Boc protecting
group in the product and coupling with 1-pyrenecarboxylic
acid gave the target molecule M-1. The structure of M-1 with
four phenylalanine residues, a pyrene unit, and a rhodamine B
moiety is shown in Scheme 1. 'HNMR and "C NMR
spectroscopy as well as HRMS analysis were used to verify
the structure and purity of M-1. The detailed synthetic
procedures and characterization of M-1 are described in the
Supporting Information.

M-1 displayed reversible multicolored mechanochromic
luminescent (ML) behavior. To observe the three colors more
clearly, we distributed the sample smoothly on an agate
mortar. It could be seen that the powder divided into different
areas of color emission upon grinding: original blue (center
ring), bluish-green (external ring), and reddish (middle ring;
Figure 1a). The blue color was fully recovered by heating the
reddish powder at 120°C for several minutes and then
treating the sample with CH,Cl, at room temperature (Fig-
ure 1c; see also Figure S3).

Figure 1b shows the fluorescence emission spectra of the
powder before and after the application of an external force.
The emission centered at 440 nm [@=0.188, 7,=4.93 ns
(A;=00.34), 1,=22.17 ns (A,=0.66)] for the initial powder
was red-shifted to 480 nm [@=0.272, 7,=19.59ns (A, =
00.49), 7, = 64.84 ns (A, = 00.51)] after grinding. After further
force disturbance, a new peak at 583 nm was detected for the
reddish powder. The emission appeared at 440 nm again when
the reddish powder was heated and then treated with
a solvent. According to pioneering studies® and our previous
results,”*¥ the emissions at 440 and 480 nm mainly originate
from pyrene excimers: a partially overlapping excimer I with
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Figure 1. a) Different emission colors (upon irradiation with 365 nm
UV light) of M-1 on an agate mortar upon grinding: original blue
(center), reddish (middle ring), and bluish-green (external ring).

b) Fluorescence spectra of the initial powder and the same sample
upon grinding (4.,=365 nm). c) Reversible change in the emission
colors in situ. d) SAXS patterns of the blue powder (blue line), bluish-
green powder (green line), and reddish powder (red line).

a short lifetime and low quantum yield, and a sandwich-
packing excimer II with a long lifetime and high quantum
yield, respectively. The reddish color of the sample was due to
a force-induced chemical transformation of rhodamine B
from a spirolactam into a ring-opened amide.

We used differential scanning calorimetry (DSC) and
small-angle X-ray scattering (SAXS) measurements to eluci-
date the microstructure of the initial powder (see Figures S4

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and S5). A sharp endothermic peak was observed at 151.9°C
in the first heating cycle. However, it disappeared and was
replaced by a glass-transition peak at 140.9°C when the
sample was ground. This change implies a transition from
a possibly ordered structure in the initial powder to an
amorphous phase in the ground powder. The scattering
profile of SAXS showed two major diffraction peaks at the
low angle with a scattering vector ratio of 1:1/3. These peaks
could be ascribed to a 100/110 reflection of a hexagonal
columnar packing arrangement (Figure 1d), but not to
a perfectly ordered columnar arrangement owing to the
broadness of the diffraction features. After slight grinding, the
columnar array was disrupted, with the disappearance of the
two diffraction peaks; further grinding afforded the reddish
sample without any diffraction signals. These results indicated
that the ground bluish-green or reddish powder was amor-
phous.

As the initial powder emitted a blue color at 440 nm, most
of the pyrenyl groups were assumed to be partly overlapped
with one another. We deduced a helical-like hexagonal
columnar packing mode for the initial powder on the basis
of a combination of the DSC and SAXS results (see Fig-
ure S6). In the columnar arrangement, the molecules were
arranged with the pyrene groups on one side to match the
partly overlapped packing pattern. The column diameter
calculated by SAXS was 2.30 nm, which corresponds to the
optimized geometry of M-1 with a molecular length of
1.98 nm (see Figure S7). This deduction was further sup-
ported by circular dichroism (CD) measurements.” For the
initial powder, a negative band at 288 nm and a broad band in
the range of 345-376 nm were observed, in accordance with
the absorption of the pyrenyl moieties (see Figure S8).F*! To
confirm the helical-like packing of the molecules in the initial
powder, we recorded CD spectra of samples prepared by
dissolving M-1 in dichloromethane and then adding n-hexane
dropwise to the resulting solution until a white precipitate
formed. A strong signal due to the phenylalanine residues was
observed at 266 nm for the dilute solution of M-1. However,
when n-hexane was added dropwise to the solution, the signal
at 288 nm and the broad band at 345-376 nm developed and
increased gradually, thus indicating the establishment of
ordered helical-like column packing of M-1 in the precip-
itation process (Figure 2). Furthermore, in luminescence
studies of solutions of M-1 in mixtures of dichloromethane
and hexane, the emission at 440 nm appeared as n-hexane was
gradually added to the solution, thus indicating that aggrega-
tion also occurred in solution (see Figure S9).

Noncovalent interactions, such as hydrogen bonding of
the amide groups and the n—x stacking of phenyl groups, may
play key roles in the aggregated structure of the initial
powder. We performed Fourier transform infrared (FTIR)
spectroscopy to further confirm the self-assembled structure
at the molecular level (see Figure S10). For the initial powder,
the characteristic stretching absorption band of the hydrogen-
bonded form of amide N—H groups was observed at
3274 cm™!, which is considerably lower than the position of
the absorption band for a free N—H group (ca. 3400 cm™).
This band gradually grew weaker and became broader as the
blue sample was converted into the bluish-green and then the

Angew. Chem. Int. Ed. 2013, 52, 1226812272


http://www.angewandte.org

2_
g O
©
é 4
a ol
g -

4]

300 350 400 250

c 98 —=—0.04mm in CHxCly
(<] . .
'?_ i —e—0.04 mm in CHClo/n-CgHy4 (2:5)
e —A—0.04 mu in CHoCloin-CgHy4 (1:5)
2 04
<

0.0

T
300 350 400 450
Wavelength (nm)

Figure 2. a) CD and b) UV/Vis spectra of the samples prepared by the
dropwise addition of n-hexane to a solution of M-1 in dichloromethane
(solvent ratio: v/v).

reddish samples. This transformation of the FTIR spectrum
indicates the increasing destruction of hydrogen bonds and
the conversion from the ordered structure into the amorphous
phase.

The ring-opening reaction of rhodamine B was charac-
terized by UV/Vis and fluorescence spectroscopy. The reddish
powder was dissolved in dichloromethane, and the resulting
solution was compared to the solution of the initial powder in
dichloromethane. New absorption and emission bands at 550
and 580nm emerged in the UV (see Figure S11) and
fluorescence spectra (see Figure S12), respectively, and were
assigned to the maximum absorption and characteristic
emission of the ring-opened rhodamine B species.

Rhodamine B is well-known for its ring-opening reaction,
which occurs either in an acidic environment or upon
complexation with metal cations through the activation of
the carbonyl group in the spirolactam and leads to a strong
fluorescence emission with a pink color.! We analyzed and
estimated the approximate energy required to cleave the
covalent bond between the spiro carbon atom and the amide
nitrogen atom (marked as bond 1 in Figures S13-S16) in the
spirolactam. The energy of this bond may provide insight into
the mechanical reaction. We employed the COGEF method!”
to stimulate the bond 1 cleavage process and calculate the
activation energy of fragmentation (see the Supporting
Information). Bond 1 was found to be relatively weak and
was broken when the energy was increased to 104, 100, and
105 kJmol ' at the selected three points of the N atom, the
carbonyl O atom, and the spiro C atom, respectively. Thus,
the minimum energy necessary for the force-induced ring-
opening reaction is approximately 100 kI mol ' in our system.

The tricolored switching of M-1 is molecular-structure
dependent. The structure of the spacer is crucial for pyrene
excimer formation. As reported, excimer I usually exists in
a restricted environment in which a partially overlapped
packing mode is adopted, such as in crystals and viscous
liquids.”! Hence, the ability to modulate the overlapped
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packing pattern of the pyrene excimer for blue emission is an
important focus for the development of a multicolored switch
in our case. In general, there is a color change between the
two colors of bluish-green and reddish, but the blue color is
missed. For example, with an amidoamine-based structure as
the spacer, no formation of excimerI of pyrene was
observed.®™ To gain further evidence of the role of tetraphe-
nylalanine, we examined the mechanochromic properties of
a 1:1 mixture of 1l-pyrenecarboxylic acid and the Boc-
protected intermediate in the synthesis of M-1 that contained
the tetraphenylalanine spacer and the rhodamine B moiety
but not the pyrene chromophore (see Figure S17). It was
found that the emission of the mixed powder was initially
centered at 490 nm, and that another band at 580 nm
appeared upon grinding. The different behavior from that
of M-1, which shows the emission of excimerI at a lower
wavelength, is due to two factors: 1) excimer II of pyrene is
a more stable in the mixture owing to enhancement of the m—m
interaction; and 2) the tetraphenylalanine spacer facilitates
orderly packing of M-1 in the initial powder; thus, the
movement of pyrene groups is constrained, which leads to the
formation of excimerI as partially overlapping packed
dimeric units.

On the basis of the above results and analysis, the
mechanically induced multicolored switching of M-1 can be
summarized as follows (see Figure S18): The initial powder of
M-1 emits blue luminescence (440 nm) because of the
partially overlapped packing of excimerI in a helical-like
hexagonal column. Upon slightly grinding, the assembled
structures are destroyed, which leads to a sandwich stacking
of the pyrene moieties and results in a change in fluorescence
from blue to bluish-green. Extreme force perturbation
induces the ring-opening reaction of rhodamine B from
a spirolactam to a ring-opened amide with a reddish color.
The emission switches from blue to bluish-green to reddish in
sequence as the external force increases. However, quantifi-
cation of the applied force to induce the color change is still
pending” as an important and tough topic of the future
research in our laboratory.

In summary, we have prepared a material composed of
a single organic molecule that undergoes multicolored
fluorescence switching by combining mechanisms of the
force-induced transformation of assembled structures and
chemical reactivity, that is, “one molecule, two mechanisms,
three colors”. The tetraphenylalanine spacer plays a crucial
role in the formation of the aggregated architecture of the
initial powder with its blue color. Owing to its straightforward
synthesis, molecule M-1 may have the potential for applica-
tion in fluorescent sensors, security inks, and probes.
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