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An Acid-Responsive Single Trichromatic Luminescent Dye
That Provides Pure White-Light Emission

Keigo Imamura,”® Yoshifumi Ueno,” Seiji Akimoto,” Kazuo Eda,” Yanging Du,®
Chaolu Eerdun,®™ Meiling Wang," Kumiko Nishinaka,” and Akihiko Tsuda*®

A novel acid-responsive single trichromatic luminescent dye
capable of emitting pure white light (WL) is reported. A newly
designed p-phenylene-bridged bipyrrole bearing N-alkylimino
groups (1a) specifically provides WL emission upon mixing
with trifluoroacetic acid (TFA) in a CH,Cl, solution. The emis-
sion originates from the trichromatic luminescent behavior of
1a upon protonation of the imino groups. The blue-light-emit-
ting 1a exhibits dramatic color changes in fluorescence to
orange and green upon mono- and diprotonation, respectively,
providing a wide emission band in the range of 1=400-
800 nm that provide WL when the compound is in a dynamic
equilibrium between the three states. The sample also exhibits
low self-absorption of the emitted light and a high fluores-
cence quantum yield upon excitation with UV light.

Synthesis of colorful luminophoric molecules through artificial
design of a m-conjugation system is desirable in organic
chemistry. With an objective to utilize them in practical lighting
applications, a white-light (WL) luminescent dye, which has
little or no light absorption in the visible region and a high
fluorescence quantum yield, is especially valuable. WL-emissive
materials are generally prepared upon mixing multiple lumino-
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phores with a delicate balance to cover the wide wavelength
range of 1=400-800 nm."" To simplify the preparation proce-
dures and maintain the original color over long periods of
time, synthesis of a molecular luminophore that exhibits WL
emission within one single molecular system has been an im-
portant research subject.” Reported examples of WL-emissive
single molecular luminophores include independent multilumi-
nophoric components in the molecule to give wide emission
bands in the visible region. Protonation and host-guest com-
plexation of a single luminophore, whose luminescence color
varies with the formation of multiluminophoric species in equi-
libria, are also known to achieve WL emission.™® To date, how-
ever, a single luminescent dye that provides WL emission is
still rare. Furthermore, to the best of our knowledge, pure WL
emission with International Commission on lllumination (CIE)
coordinates (0.33, 0.33) has never been achieved in a single
molecular system. In this study, we designed stimuli-responsive
bipyrrole derivatives and found that a p-phenylene-bridged bi-
pyrrole bearing N-alkylimino groups 1 becomes an acid-re-
sponsive single trichromatic BOG (blue, orange, and green)
luminescent dye capable of emitting pure WL in solution.

n-Conjugated bipyrrole derivatives have been reported as
luminophores.”® Their unique optical, electronic, and structural
features enable their utilization as dyes, sensors, and optoelec-
tronic devices, and as building blocks in synthesizing macrocy-
cles and supramolecular architectures.”"® To develop a color-
tunable multichromatic single luminescent dye that is usable
for fabricating smart multicolor lighting materials and devices,
our strategies include insertion of a spacer unit, attachment of
functional groups to the bipyrrole backbone, and control of
the m-electronic interactions with external chemical stimuli.

We synthesized imino-substituted bipyrrole derivatives 1-4,
containing an aryl or heteroaryl spacer, and an amide-substi-
tuted bipyrrole derivative 5 (Scheme 1). Phenylene- or thienyl-
bridged bipyrrole derivatives bearing ethoxycarbonyl groups
at pyrrolic a positions were synthesized according to proce-
dures reported previously (see the Supporting Information)."”
The ethoxycarbonyl groups were then removed upon treat-
ment with NaOH at high temperature, and subsequent Vilsmei-
er—-Haack reactions with DMF and POCl, allowed an addition of
formyl groups at the same positions. The formyl groups are
readily converted into the corresponding imines bearing vari-
ous functional groups on the nitrogen atom through substitu-
tion and elimination reactions with amine in the presence or
absence of an acid catalyst (products isolated in yields of
54-86 %).

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Imino- or amide-substituted bipyrroles containing a phenylene or
thienyl spacer.

We obtained crystals of 1b through a vapor diffusion
method with chloroform and acetonitrile and the crystals were
characterized by means of single-crystal X-ray diffraction analy-
sis (Figure 1; see also Table ST in the Supporting Informa-
tion)." In the crystal, two pyrrole components adopt a twisted
geometry with an anti-folded conformation through the phen-
ylene spacer. The dihedral angle of pyrrole and phenylene
components is 33.3° on average, indicating steric repulsion be-
tween the ethyl group attached to the pyrrole (3 position and
the phenylene ring. The bond length between the aromatic
rings (1.47 A) is consistent with the usual sp>-sp? carbon dis-
tance. With respect to the imino group attached to the pyrrole
ring, the N1-C1-C2-N2 torsion angle and the C1—C2 bond
length are 12.5° and 1.44 A, respectively, indicating their  con-
jugation.

We then focused on the strong basicity of the imino groups
that conjugate with the pyrrole ring, and on the expected

Top View

Side View

Figure 1. ORTEP diagram of 1b, with ellipsoids set at 50% probability.
Hydrogen atoms are omitted for clarity.
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changes in the electronic properties of the bipyrrole deriva-
tives through acid-base interactions. As an example, a '"H NMR
spectroscopic titration experiment of a CD,Cl, solution of 1a
with trifluoroacetic acid (TFA) was demonstrated (Figure 2). Sig-

TFA ™
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Figure 2. Changes in the "H NMR spectra (400 MHz) of 1a upon titration
with TFA in CD,Cl, at 20°C. [1a]=5.7% 10> m.

nals for singlets at 6=28.28, 7.51, 4.70 ppm and multiplets at
7.35-7.22 ppm, respectively, corresponding to the imine, phen-
ylene, benzyl, and phenyl protons, were observed (Figure S1).
When an equimolar amount of TFA was added into the sample
solution, the imine proton was upfield shifted to 6 =7.98 ppm,
while the other signals were shifted downfield to 7.68, 4.76,
and 7.41-7.29 ppm, respectively. All of the signals, especially
for the imine proton, were broadened. These results indicate
that one of the imine nitrogens in 1a undergoes protonation
by TFA in rapid equilibria due to association and dissociation.
Further addition of TFA also brought about peak shifts in the
same manner, but the peaks became sharp. The observed
spectral changes were saturated after an addition of 2.5 equiv-
alents of TFA. At this ratio, the imine proton signal showed
splitting, and an additional two signals that likely originate
from pyrrole-NH and TFA appeared in the lower magnetic field
region. These observed spectral features indicate that 1a com-
plexes with TFA mainly at the imino groups to give 1:1 (1a-H™)
and 1:2 (1a-2H") salts under dynamic equilibria (Scheme 2).
Electrospray ionization Fourier transform mass spectrometry
(ESI-FT MS) for the 1:1 mixture solution actually showed the
presence of both mono- and diprotonated 1a (Figure S2).

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Schematic illustration of white-light emission with an acid-
responsive single BOG luminescent bipyrrole.

(a) 20
—0
—05 ]
15 1.0 ' |
5 1.0 20 ’ . |
-
05
[} 0.7 20
0.0
400 500 600 700
(b)
3
©
z
@
2
k)
E
Alnm
(d) 365 433445
+ H
——430 nm
4 ——454 nm (c) 0s [
© = /
< 506 nm
£ ——565 nm
£ 06
i y . (1a-H")
400 500 600 700

(e)

Intensity / a.u

400 500 600 700
Alnm

Figure 3. a) UV/Vis absorption spectroscopic titration of bipyrrole 1a with
TFA in CH,Cl, at 20°C and corresponding photographs, and b) the corre-
sponding steady-state fluorescence spectra upon excitation at 392 nm and
corresponding photographs under irradiation with a UV lamp (365 nm).
Values (0, 0.5, 1.0 etc) correspond to the number of added equivalents of
TFA. c) Emission colors in a CIE 1931 chromaticity diagram. d) Excitation
spectra of the 1:1 mixture of 1a and TFA monitored for the emission bands
at 430, 454, 473, 506, and 565 nm. e) Deconvoluted fluorescence spectra of
the 1:1 mixture from time-resolved fluorescence spectroscopy.
[1a]=2.0x10">m.

A CH,Cl, solution containing 1a with a concentration of
23x107°m has a pale-yellow appearance and also exhibits
strong blue emission upon photoirradiation with a UV lamp
(=365 nm; Figure 3a,b). In the UV/Vis absorption and fluo-

ChemPhotoChem 2017, 1, 427 - 431 www.chemphotochem.org
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rescence spectra, the sample solution exhibited the lowest-
energy absorption band at 4,,,,=368 nm with a molar absorp-
tion coefficient e=3.46x10°m'cm™" and emission bands at
Amax=430 and 454 nm with a fluorescence quantum yield &=
0.53, respectively. When a CH.,Cl, solution of 1a was titrated
with TFA, the absorption band was red-shifted to A=
417 nm, and the observed spectral change was saturated at
a 2.0-2.5 equiv of added TFA. The association constants of 1:1
and 1:2 complexation in the CH,Cl, solution at 20°C were esti-
mated to be K;=8.5x10% and K,=3.8x10"m ", respectively,
through curve fitting in the computer simulation of the titra-
tion profile. Taking a closer look at the absorption spectra of
the 1:1 and 1:2 mixtures, the former is relatively broad, and its
band tail extends to 500 nm. The color of the sample solution
turned from yellow through to yellow/green. In the fluores-
cence spectra, dramatic spectral changes were observed in the
corresponding titration profile. The 1:1 mixture upon excitation
at 1=392 nm gave rise to broad emission bands in the range
of 400-700 nm with emission maxima at 431, 472 and 581 nm.
However, in contrast, the 1:2 mixture provided sharp emission
bands at 473 and 502 nm without the lower energy emission
band. Their fluorescence quantum yields upon excitation at
375 nm also stayed high, with @,=0.53 and 0.59 for 1:1 and
1:2 mixtures, respectively. Accordingly, the 1:1 and 1:2 mixtures
showed dramatic emission color changes, from blue to green
via white. Then, with a careful titration experiment, we found
that the pure WL emission at CIE coordinates (0.33, 0.33) was
achieved at a ratio of 1:0.7 of 1a and TFA (Figure 3 c). Polystyr-
ene films of 1a, and 1:0.3 and 1:2 mixtures of 1a and TFA also
provided blue, yellowish white, and green emissions, respec-
tively (Figure S3).

Fluorescence excitation spectra of the 1:1 mixture of 1a and
TFA monitored for the distinguishable emission bands provid-
ed different profiles (Figure 3d). When the higher energy emis-
sion bands at 430 and 454 nm were monitored, the excitation
spectral bands mainly appeared at A,,,,=365 nm, which corre-
sponds to the lowest energy absorption band of 1a. In con-
trast, red-shifted spectra with a shoulder around 433 nm were
observed through monitoring at wavelengths of 473 and
506 nm. The lowest energy emission band at 565 nm provided
the more red-shifted excitation spectrum with A, =445 nm
and a shoulder around 400 nm. Judging from these excitation
spectra and considering together with the titration profiles in
absorption and fluorescence spectra, emission bands observed
at 430 and 454 nm, 473 and 506 nm, and 565 nm may mainly
originate from 1a, 1a-:2H", and 1a-H", respectively. As sup-
port for this consideration, relative band intensities of
Amax Values in the fluorescence spectrum could also be varied
by changing the excitation wavelength (Figure S4).

Time-resolved fluorescence spectroscopy, together with the
fluorescence lifetime measurement upon excitation at 408 nm,
revealed that the observed fluorescence spectrum of a 1:1 mix-
ture of 1a and TFA is actually composed of three species with
the respective fluorescence lifetimes t=1.24, 2.38, and 0.54 ns
(Figure S5 and S6). By reference to the steady-state fluores-
cence spectra of Ta and the 1:2 mixture of 1a and TFA, they
can be characterized as 1a, 1a-H" and 1a-2H", respectively.

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Then, spectral deconvolution of the observed fluorescence
spectrum of the 1:1 mixture could be demonstrated as shown
in Figure 3e. The deconvoluted spectrum clarified that the mo-
noprotonated 1a provides a single emission band at A=
588 nm, corresponding to an orange color with CIE (x, y) coor-
dinates of (0.51, 0.48), as shown in Figure 3c. Conclusively, the
1:1 mixture of 1a and TFA yields blue-, orange-, and green-
emissive species, originating from 1a, 1a-H" and 1a-2H", re-
spectively, in solution (Scheme 2). The relatively longer lifetime
of Ta-H" may allow an increase in the fluorescence intensity in
the lower energy region in the steady-state fluorescence spec-
trum so as to achieve WL emission.

The wavelength and intensity of the lowest energy emission
band originating from 1a-H" was highly dependent on the sol-
vent (Figure S7), indicating that it can be attributed to an intra-
molecular charge transfer (CT) emission."® The CT may occur
from an electron-donating imino group to the electron-accept-
ing protonated group through a m-conjugated phenylene-
bridged bipyrrole core. This hypothesis is actually supported
by the density functional theory (DFT) calculations at the cam-
B3LYP/6-31G level for N-methyl substituted 1¢, and mono- and
diprotonated 1c¢ (Figure 4)."” The highest occupied molecular

1c 1c-H* 1c-2H*

4 Ay - de & " »r
0 @ ¥ '?( { 6 24, et

LUMO < ’ \.R"“. oo e p

™ - b M

-0.002 eV -0.262 eV -0.356 eV
& ig® " s
S &
T O TUTNUTIEY
5 , ‘”. k = ,,'( e ®c

-0.219 eV -0.318 eV -0.441 eV

Figure 4. DFT calculations of HOMO (bottom) and LUMO (top) of N-methyl
substituted 1¢, 1c-H™, and 1¢:2H™ with their energies calculated at the
cam-B3LYP/6-31G level. Calculations were demonstrated with X-ray crystallo-
graphic data of 1b with an N-H* distance=2.1 A.

orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of 1c¢ mainly consist of the  and mt* systems of the
phenylene-bridged bipyrrole backbone. However, in sharp con-
trast, the HOMO and LUMO of 1c:-H" have larger contributions
from the unprotonated side of the bipyrrole backbone and the
opposite protonated imino group, respectively. Then, 1¢:2H™
exhibits large contributions from the m-conjugated backbone
and two sets of the protonated imino groups in the HOMO
and LUMO, respectively. These results suggest that the monop-
rotonation only allows opposite contributions of the HOMO
and LUMO in the molecule to cause the charge transfer upon
photoexcitation. The calculated absorption spectral profiles of
1¢, 1TccH', and 1c2H™ (Figure S8), reflecting these features,
reasonably explain the changes detected in the absorption
and fluorescence excitation spectra of 1a upon the addition of
TFA in Figure 3a and Figure 3d.

WL emission was also observed with other Brgnsted acids
such as HCl and HNO;, and even with organic salts such as

ChemPhotoChem 2017, 1, 427 - 431
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tetra-n-butylammonium chloride and bromide (Figure S9-11).
We then investigated structural requirements of the bipyrrole
derivatives for acid-responsive luminescence to be possible by
modification of the N-substituent groups and the aromatic
spacer moiety. N-hexylimine-substituted 1b, having a higher
solubility in organic solvents, showed essentially the same tri-
chromatic luminescent behaviors as 1a, with relatively lower
@:=0.23 (Figure S12), but N-phenylimine-substituted 2, having
an extended m-conjugation structure, provided an extremely
weak red-shifted fluorescence spectrum, with @.=0.01 (Fig-
ure S13). N-benzylamide-substituted 5 weakly binds TFA, and
a steady decrease and broadening of the emission bands were
observed with an increasing concentration of TFA (Figure S14).
m-Phenylene-bridged 3, a core-modified version of 1a, provid-
ed the lowest energy absorption band at 4., =334 nm, indi-
cating weak m-conjugation compared with that of 1a (Fig-
ure S15). 3 showed very weak blue emission, with @;=0.06,
and no notable color changes were observed upon titration
with TFA. However, a thienyl-bridged bipyrrole bearing N-ben-
zylimino groups 4 provided trichromatic emission upon titra-
tion with TFA, as observed in 1a and 1b (Figure 5). It exhibits
the lowest energy absorption band at A,,,,=404 nm, which is
lower than that of 1a, and brought about spectral changes in
the lower energy region, resulting in color changes from green
to orange to yellow (GOY). These results suggest that the BOG
(blue, orange, and green) emissions giving pure WL with

0 1.0 2.0

400 500 600 700

(b)

Intensity / a.u.

400 500

Alnm

06 920
1.5
y 001,0

Figure 5. a) UV/Vis absorption spectroscopic titration of bipyrrole 4 with TFA
in CH,Cl, at 20°C and selected corresponding photographs. b) The corre-
sponding steady-state fluorescence spectra upon excitation at 432 nm and
corresponding photographs under irradiation with a UV lamp (365 nm).

¢) Emission colors in a CIE 1931 chromaticity diagram. [4]=2.1x 107> m.
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a high fluorescence quantum yield is a specific property origi-
nating from the molecular structure of 1.

In conclusion, we have successfully synthesized an acid-re-
sponsive single trichromatic luminescent dye capable of exhib-
iting WL emission. p-Phenylene-bridged bipyrrole bearing N-
alkylimino groups 1 provides a blue emission in CH.Cl, solu-
tion, but exhibits an orange CT emission and a green emission
upon mono- and diprotonation, respectively. Such a stimuli-re-
sponsive  multichromatic luminophore is advantageous for
tuning the emission color at the molecular level. This BOG lu-
minophore could be tuned to exhibit pure WL emission with
a high fluorescence quantum yield when mixed with 0.7 equiv-
alents of TFA. These results suggest a new method and pro-
vide a rational molecular design for preparing a stimuli-respon-
sive single multichromatic luminescent dye capable of emitting
WL. Such smart luminescent dyes could have fascinating uses
for a variety of applications, such as inks, paints, cosmetics,
sensors, and optoelectronic devices.
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