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Organic smart materials with Red, Green, and Blue emissions are important in fabricating full-color display device, mutli-

functional sensor, etc. However, achieving RGB emission with high quantum yields using a single-molecule material has
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proved challenging. In this paper, a new stimuli responsive RGB luminescent organic molecule RHBT-G with high quantum

yields was rationally designed based on the combination of an AIEE luminophore and a fluorescent molecular switch. The

ESIPT and TBET mechanism were introduced to realize the RGB emission with single 365nm excitation light in solution and

PMMA film. X-ray single crystal diffraction, UV-Vis and photoluminescence(PL) spectra are carried out to prove the

working mechanism of the dye. The rational design will accelerate the development of stimuli-responsive materials with

excellent optical properties.

Introduction

Smart luminescent organic materials responsive to
environment stimuli reversibly have gain great interests for
their potential applications in displayl, security inksz, sensors3,
etc. Exploring smart luminescent materials with red (R), green
(G) and blue (B) emission is of great importance for full-color
display device, mutli-functional sensor. Compared to mixing
several materials emitting different lights, RGB luminescence
of a single organic molecule is still less reported. Successful
examples realizing RGB emission of single molecule generally
adopted the following two strategies: The first one is mixing
different luminophores into one molecule to form a complex
energy transfer system or mixing different forms of the
molecule in the solution®. The other one is changing the m-
conjugation of the molecules which contain only one m-
conjugated luminophore by altering the conformation or
stacking array under different conditions®. Compared to the
second strategy, the first one is more directional and renders
the molecules or systems with relatively predictable emissions.
However, inconvenience do exist such as different excitation
light must be used and low quantum vyield of certain emission
may occur. To address the challenges, we decided to present a
novel design based on the first strategy.

In order to realize the RGB emission with the single 365 nm
excitation light which is most commonly used and
commercially available, the interference of each chromophore
(red, green and blue) should be narrowed to the minimum. As
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a stimuli-responsive molecule, each luminophore would be
better to work independently towards different stimuli which
could diminish the interference to some degree if different
forms of the molecule could be transformed completely. But
attention must be paid to the pattern of linkage of each
chromophore to prevent the change of the conjugation of
each chromophore which might influence the original
emissions of them. Moreover, to get a strong intensity of the
green and red emission with a large Stocks shift excited with
365 nm light, some special mechanisms such as excited state
intramolecular proton transfer (ESIPT) ®and energy transfer
must be introduced to realize the large Stocks shift.

Herein, we report a rational design based on the
combination of an AIEE luminophore with ESIPT properties and
an acid-responsive fluorescent molecular switch to realize RGB
emission with high quantum yields in solution and PMMA film.

Results and discussion

Molecule design and synthesis

RHBT-G was designed and synthesized as shown in
Supporting  Information. The benzamide of 2-(2-
hydroxyphenyl)-benzothiazole (HBT) was reported to be an
aggregation induced emission enhanced (AIEE) luminophore
emitting green light with high quantum vyield in the aggregates
which possesses ESIPT property.7 The phenolic hydroxyl group
is sensitive to base and a blue emission is expected when the
molecule is stimulated with base. The xanthene moiety of
rhodamine B possessing switchability thanks to the spiro-y-
lactam structure which could be turned on by acid works as
the red luminophore with a high quantum vyield in dilute
solution. What’s more, the phenyl ring with a large torsion an-

J. Name., 2013, 00, 1-3 | 1



Journal-of'Materials:Chemistry C

RHBT-G PHBT-G

(o
(]

Intensity (a.u.)
Intensity (a.u.)

300 400 500 60 700 300 400 50 0 700
Wavelength (nm) Wavelength (nm)

Fig.1 (a) Molecular structures of RHBT-G and PHBT-G; (b) Photoluminescence
(PL)spectra of RHBT-G powders. Inset: Photograph of the powder under portable
365nm light. (c) PL spectra of PHBT-G powders. Inset: Photograph of the powder under
portable 365nm light.

gle to the xanthene moiety could work as a rigid conjugated
spacer preventing the conjugation of the two luminophores
and offering the molecule with the possibility of through bond
energy transfer (TBET).8 The reason why we select an AIEE
luminophore is that the low quantum yield in solution of the
green emission contributes little to the mixed emission
guaranteeing the purity of the emission when the other
luminophore with much higher quantum vyield emits in case
the molecule couldn’t be transformed completely. RHBT-G and
the reference molecule PHBT-G were simply synthesized in
four steps with moderate yields. All the compounds were fully
characterized with 'H NMR, B¢ NMR, and mass spectroscopy
(Fig.532-S39, ESIt).

Solid optical properties and X-ray and crystallography

RHBT-G exhibited vivid green luminescence excited with
380nm in the solid state with high absolute quantum yield ()
(Fig. 1). Actually, the solid luminescent behaviour of RHBT-G
(Aem=510nm, &¢=57%) with a large Stocks shift due to ESIPT
was inherited from PHBT-G (A.,,=505nm, ¢; =41%) perfectly.
The xanthene moiety of RHBT-G has little effect on the band
gap of the bottom luminophore but has a positive effect on
the quantum yield.

To gain deeper understanding of the solid emission of
RHBT-G, the data of the single crystal which was obtained
from slow diffusion of the good solvent CH,Cl, into the poor
solvent MeOH was analysed. Seen from the crystals of RHBT-G
(Fig.2),the HBT moiety was almost coplanar due to the
intramolecular hydrogen bond and only a partial overlap of the
thiazole moiety between the adjacent molecules existed with a
perpendicular distance about 3.766 A suggesting a relatively
weak 11 interaction which was a positive factor to maintain
high quantum yield in the solid state. The xanthene moiety of
the neighbouring molecule was almost perpendicular to the
benzothiazole moiety with a C-H:--1t interaction which was in
favour of the rigidity of the crystal, probably leading to a
higher quantum yield than PHBT-G.

AIEE property and TD-DFT calculations

2| J. Name., 2012, 00, 1-3

Fig.2 Crystal structure of RHBT-G.

The THF solution of RHBT-G was scarcely emissive with the
relative quantum vyield (¢, in relative to anthracene
measured to be 1% (Fig.S30, ESIT) which suggested the AIEE
property was also inherited. So the emission behaviour of
RHBT-G in THF and THF/water mixtures with varying water
fractions was monitored. From the absorption spectra of
RHBT-G in Fig.3a, when the water fraction was more than 80%,
a slight red shift of the peak between 350nm and 400nm
which was ascribed to the PHBT moiety according to the
absorption spectra in Fig.513 and the literature’ occurred
suggesting the J-aggregation started to form. The slight blue
shift and decrease of the peak when the water fraction was
between 60-70% may be caused by the result of the
interruption of the intramolecular hydrogen bond by water
leading to the destruction of the coplanarity and a decreased
conjugation of the HBT chromophore. Accordingly, the PL
spectra in Fig.3b showed a drastic increase of the intensity
when the water fraction reached 80% and a continuous
increase following the increase of water until 95% (A.,=515
nm, ¢r=19%). The decrease of the intensity at 99% might be
caused by the formation of larger nanoparticles with smaller
specific surface area. The PL spectra also demonstrated a slight
red shift of 5-8 nm between the free molecule in pure THF and
the aggregates in 80% water as shown in Fig. S1. The J-
aggregation was in accordance with the results of the TD-DFT
calculations® based on the single crystal data. Since the
disordered structure of benzothiazole caused by the free
rotation of the single bond of the aniline, two different
circumstances were considered and in both situation the angle
between the transition dipole and interconnected axis was
lower than 54.7°. (Fig $2-S3,ESI1)*° The typical J-aggregation
was considered in favour of the solid emission of RHBT-G."
The transition dipole was calculated using the dipole moment
with the largest oscillation strength of which the
corresponding molecular orbitals (HOMO-2 and LUMO) were
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mainly distributed on the PHBT moiety rather than xanthene

moiety as shown in Fig.S4-S7.
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Fig.3 (a) UV-Vis and (b) PL spectra of 1.0x10°M RHBT-G in the THF/water mixture with
different water fraction. (c)Changes of the PL intensity at 520 nm with different water
fraction. Inset: photograph of the solution with water fraction of 0 and 95%

Optical properties in response to acid

To realize the red emission of RHBT-G, the optical
behaviours under different concentration of TFA in THF were
monitored. As Fig.S8, a
characterized of the ring-opening form of the xanthene moiety
emerged and continuously increased as the concentration of
TFA increased. The solution turned pink from colourless with
vivid orange-red emission (Aem=580nm, ¢pref=44%). Unlike the
continuous increase of the absorption spectra, the intensity of
the fluorescence spectra excited with 557nm reached to the

shown new peak at 557nm

This journal is © The Royal Society of Chemistry 20xx

maximum with 0.2 M TFA and stayed almost unchanged
between 0.2 M and 0.5 M TFA as shown in Fig S9. The
quenching effect of the proton solvent and the aggregation
caused quenching (ACQ) effect are the common factors to
influence Rhodamine dyes and were probably attributed to the
unchanged intensity of the fluorescence. As we expected, the
AlEE-active green emission of the still closed RHBT-G wasn’t
detectable or visible with 0.2 M TFA using the 365 nm
excitation light (Fig.4) proving the necessity of choosing an
AIEE luminophore to avoid a mixed emission. From the
excitation spectra (Fig.510, ESIT), a small peak between 330nm
and 370nm existed and was higher than that of Rhodamine B.
When excited with 365 nm light, RHBT-G showed a three times
stronger red emission than Rhodamine B although the
intensity of Rhodamine B excited with 545nm was much
stronger than that of RHBT-G. Since the bottom green
luminophore was an AIEE motif with weak emission in solution
due to the non-radiative transition caused by vibration and
rotation, FOrster resonance energy transfer (FRET) was
probably not the main attribute for this phenomenon.
However, TBET was reported to be 2 orders faster than the
through space energy transfer of the Forster model which
could neglect the vibration and rotation to some extent 2 and
was considered to be the cause for this large pseudo-Stocks
shift. Of course, the response towards acid was reversible
proved by the absorption and fluorescence
spectra(Fig.S11,ESIT).When  the equivalent  of
triethylamine (TEA) was added to neutralize the acid, the
spectra recovered indicating no side reaction occurred in this

Same

process.
During our further investigation of the effect of TFA, we
surprisingly found that RHBT-G in the mix solution of THF and
TFA with the volume ratio of 3:7emitted a strong blue light
(Aem=430nm, oref=41%) with the solution becoming
colourless. (Fig. S12,ESIT)In order to get a deeper
understanding of this phenomenon, the absorption and
fluorescence spectra of PHBT-G under different conditions
were obtained(Fig.513-S14, ESIT).As shown in Fig.S13, RHBT-G
exhibited a similar absorption peak with PHBT-G mainly cov-
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Fig.4 PL spectra of 1.0x10° M RHBT-G in THF with 0 M and 0.2 M TFA excited
with 365 nm light. Inset: Photograph of the solution with 0 M and 0.2 M TFA
under hand-held 365nm light.
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Fig.5 PL spectra of 1.0x10° M RHBT-G in the THF/TFA mixture with different volume
ratio. Inset: photograph of the mixture with the THF/TFA volume ratio of 5:5 and 4:6.

erring between 300nm and 380nm.The peak shifted to the
range between 390nm and 420nm due to the protonation of

thiazole when acid exceeded the THF/TFA volume ratio of
4:6.Correspondingly, the fluorescence spectra in Fig.S14
showed the same blue emission centred at 430nm of the two
compounds when TFA was more than the volume ratio of
4:6.The results undoubtedly proved that the blue emission
originated from the protonation of PHBT-G. The disappearing
of the peak in the visible region of the xanthene moiety was
most probably due to further protonation of xanthene turning
the donor-acceptor pairs into the acceptor-acceptor pairs
leading to the interruption of the ICT process of the xanthene
moiety. More detailed proofs could be gained when analysing
the whole protonation process. As shown in the absorption
spectra of Fig.512, with the volume ratio of THF/TFA changing
from 9:1 to 6:4 the peak centred between 300 and 350nm
gradually decreased and the peak at 400nm attributed to the
protonation form of PHBT-G moiety gradually increased and
reached to the max at the volume ratio of 6:4.This process
belonged to forming the divalent cation due to the
protonation of thiazole moiety from the ring-opening
monovalent cation of RHBT-G and a mixture of the two forms
coexisted during the process. With further increasing TFA to
the ratio of 5:5, the peak at 557nm decreased dramatically,
indicating the formation of the trivalent cation due to further
protonation on the xanthene moiety. The peak between
300nm and 350nm decreased to the lowest suggesting the
completion of the protonation on the thiazole moiety, so the
divalent and trivalent forms coexisted in the solution. As the
TFA increased to the ratio of 7:3, the trivalent cation
predominated with the red colour disappearing completely
and the peak at 400nm lowered and narrowed to form the
new peak at 370nm. Interestingly, the dominant divalent
cation didn’t show strong blue emission at the volume ratio of
6:4, but suddenly increased at the ratio of 5:5 when xanthene
moiety was largely protonated with the purple emission shown
in Fig.5. That is to say, TBET still existed in the divalent cation
and only when the xanthene moiety was further protonated,
the blue emission could be seen. From Fig.513-S14, the truth
could be gained that PHBT-G was scarcely protonated when

4| J. Name., 2012, 00, 1-3

less than 0.9 M TFA was added indicating only the neutral and
monovalent forms of RHBT-G existed in the condition of Fig.4.
It could be further proved by that the absorption peak
belonged to PHBT-G moiety stayed unchanged before 0.7 M
TFA was added. So the acid effect could be concluded as
shown in Scheme S2, ESIT. We also tried to prove the process
by monitoring 'H NMR under different conditions in
CD,Cl,.Comparing Fig. S16 to Fig. S15, we can see when 0.05
mICF;COOD was added, the triplet peak belonging to “-CH;” of
N, N-diethylamino group split into two triplet peaks, and peak
of the “-CH2-” became a quintet peak from the original quartet
peak. All the aromatic hydrogens became more complex and
the integral was no longer close to an integer. All these
characteristics proved that mixed forms exist under this
condition. Since the chemical shift of all the hydrogens
changed a lot and were totally different to the neutral form,
the monovalent and divalent cations were deduced to coexist
now. From Fig. S17, the peaks of aromatic hydrogens became
simple again and the integrals were close to integers meaning
a single form existing when 0.1 mICF;COOD was added. The
quartet peak of “-CH,” turned into two broad peaks with
equal integral which was an evident proof of the protonation
of the N, N-diethylamino group on the xanthene which caused
different chemical environment of the “-CH,.” linked to the
different nitrogen atom. And all the aromatic hydrogens
shifted irregularly a lot compared to Fig.510 which was not
possibly caused by the change of the solvents, so the nitrogen
of the thiazole was believed to protonated as wellso the
trivalent cation was obtained and proved under this condition.
All the changes and trends could be seen clearly from fig. S18
and S19. Overall, the UV-Vis spectra, PL spectra of RHBT-G and
the reference molecule PHBT-G, the NMR spectra all support
our hypothesis very well.

Optical properties in response to base

The response to base of RHBT-G was investigated torealize
a different emission. As shown in Fig.520, a new peak centred
at 396nm characterized of phenol oxygen anion emerged with
the addition of base. As shown in Fig.6, the peak centred at
520 nm excited with 355nm of the neutral form decreased,
while a new peak located at 460nm excited with 400nm of the
anion form with a small Stocks shift increased. The max
intensity of the blue emission was only a little higher than the
green emission which meant the quantum vyield of the anionic
luminophore was not high enoughand still quite suffered from
the non-radiative decay. The small emission peak located at
400nm was considered to be the normal emission of RHBT-G
without ESIPT because of the breakage of intramolecular
hydrogen bond by the introduction of methanol, a kind of
protic solvent. Of course, the response behaviour was also
reversible seen from the spectra of Fig.S21.

Optical properties and responsive behaviorsof the PMMA film

In order to make the RGB luminescent molecule RHBT-G

This journal is © The Royal Society of Chemistry 20xx
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Fig.6 PL spectra of 1.0x10°M RHBT-G in the THF/Methanol (volume ratio:80/20)
mixture with different amounts of sodium methoxide. (Solid line:excited with 355nm,
dash line: excited with 400nm)

more convenient for application, the PMMA film of 1% wt.
RHBT-G was made. 20% wt. propylene carbonate was doped
as the plasticizer to prevent the compactness of PMMA and
responding rate. All the
dissolved with dichloromethane and a trace of TEA to

enhance the ingredients were
neutralize the acid generated by CH,Cl, The as-prepared film
showed strong green emission (A;,,=505nm, $r=31%) under
hand-held 365nm light. To our delight, the film treated with
diethylamine (DEA) emitted strongly (Acm=450nm, ¢=30%)
declaring that the rigid environment could restrict the rotation
and vibration of the anion form which was proved by the PL
spectra in Fig.523 by changing the viscosity of the solution by
adding glycerol. The intensity at 450 nm gradually increased as
the volume ratio of glycerol increase from 60% to 90% proving
the viscosity-dependent nature of the luminophore. The blue
emission of the film could be recovered by heating under 70°C
for 5 minutes. The film also exhibited a fast response towards
the acidic vapor and a similar luminescent behavior compared
to the solution. Fumed with the vapor of TFA for several
seconds, the film emitted blue light strongly (A.»,=430nm,
$r=33%) without any color to the naked eye which was the
same with the emission peak in solution of the trivalent cation
(Fig.S22, ESIT). The blue emission was not stable and turned to
red emission (A.n=595nm, $=84%, ex: 365nm) within one
minute at 70°C with a little red shift compared to the solution
due to the aggregation to some degree. And, the red emission
was stable and can be recovered only by fuming with base.
Owing to the ESIPT and TBET mechanism, besides the blue
emission, both the green and red emission of the film could
emit brightly excited with the commonly used 365 nm light.
The working mechanism was concluded as shown in Fig.7. To
further prove the working mechanism, TD-DFT calculation had
been carried out using B3LYP/6-31+g (d) method. As shown in
Fig.524, the allowed transition with max probability was from
HOMO-2 to LUMO both of which distributed on benzothiazole,
proving the PHBT moiety was the luminophore in the neutral
form. The ground state of the monovalent cation in Fig. S25
showed two transition ways on the xanthene and PHBT moiet-

This journal is © The Royal Society of Chemistry 20xx
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Fig.7 (a) Transformation and mechanism of the tunable RGB luminescence excited with
365nm light.(b)Photographs of the RGB luminescence in PMMA film.

ies respectively, however, the excited state in Fig.526 showed
only one radiative transition from the xanthene moiety
without the fluorescence of PHBT moiety. These results clearly
proved the TBET process existing in the monovalent cation in a
theoretical way. And the rest HOMOs and LUMOs of the
allowed transitions with largest probabilities in Fig.527-29 all
distributed on the luminophores in accordance with our
assumptions.

As a concept of proof, we tried to find some applications in
anti-counterfeiting and information storage using the PMMA
solution. By writing on a glass using a plastic dropper filled
with the PMMA film, the letters could emit strongly after
several seconds for drying the CH,Cl,. After treating the letters
with DEA, TFA, and heating, the information emitting RGB light
could be recorded easily as shown in Fig 8a. Potential
applications in anti-counterfeiting was also demonstrated by
writing a green “5” on the “money”. Only when the “5”
emitted blue after treated with base and emitted red after
treated with acid and heated, can the “money” possibly be
genuine as shown in Fig 8.

Fig.8 (a) Photograph of a simple Information storage device with the letters

J. Name., 2013, 00,1-3 | 5
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emitting different lights. (b) Photographs of the “money” with our molecules
written on it as a way of anti-counterfeiting.

Conclusions

In summary, we have designed and synthesized RHBT-G
composed of an AIEE luminophore and fluorescent switch that
is responsive to the acid/base to realize the RGB emission with
single molecule both in solution and PMMA film. Due to the
ESIPT and TBET mechanisms, all the emission could be realized
excited with 365nm light with high quantum yields. The
multichannel of the distinctive optical signal endows RHBT-G
with potential applications in anti-counterfeiting and logic
gates with prominent colour contrast of the luminescence.
And we believe the ration design will be suitable for designing
more smart materials with excellent sensitivity and optic
properties.
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An organic single-molecule RGB luminescence material with high quantum yields was realized by

introducing ESIPT and TBET mechanism and combining an AIEE luminophore with a fluorescent

switch.
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