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Solutions of 5-N-arylaminothiazoles containing pyridyl groups
exhibited clear halochromism and halofluorism upon addition

of Brønsted and Lewis acids. The addition of triflic acid to solu-
tions of 5-N-arylaminothiazoles in Et2O induced bathochromic

shifts of the absorption and emission bands. DFT calculations

suggested that the spectral changes arise from the protona-
tion of the pyridyl group of the thiazoles in Et2O. Single-crystal

X-ray diffraction analysis of a thiazole and its protonated form
revealed the change of the conformation around the thiazole

ring. The emission of white light was accomplished from
a single fluorescent dye by adjusting the ratio of dye and

B(C6F5)3, whereby the International Commission on Illumination

coordinates showed a linear change from blue to orange.

Acid–base interactions[1] are fundamental chemical phenomena

that can control the visible colors of organic molecules
through the absorption and emission of light. Halochromic

and halofluoric[2] properties have a wide range of applications

in chemosensors and organic electronic devices.[3] Nitrogen-
containing functional groups such as pyridyl,[4] pyrazinyl,[5] pyri-

midyl,[6] alkylamino,[7] and indolizyl moieties[8] in chromophores
can be protonated, and the resulting species usually exhibit

pH-dependent bathochromic shifts of their absorption and
emission spectra. In addition to the halofluorism induced by

Brønsted acids, that triggered by Lewis acids is also of great in-

terest. Structural modifications around Lewis acidic centers
with organic functional groups may provide Lewis acids with
a wide range of properties that should allow the fine-tuning of
Lewis acid–base interactions. In fact, interactions between

structurally modified fluorescent organoboranes[9] and Lewis
bases such as pyridine,[10] or the fluoride anion,[11] have resulted

in a variety of interesting luminescence properties. Interactions
between fluorescent Lewis bases and non-fluorescent organo-

boranes[12, 13] are also expected to display multicolor emissions,
and the combination of such emissions may provide access to

white light.[14, 15]

We have previously reported that the fluorescence proper-
ties of 5-N-arylaminothiazole 1 (Scheme 1) can be controlled

by the substituents, and that the presence of electron-donat-
ing groups on the nitrogen atom at the 5-position batho-

chromically shifts the emission.[16] 5-Aminothiazole 1 contains
monocyclic homo- and heteroaromatic groups, whereby their

conformation is intricately correlated to both solvent and

temperature.

Considering the presence of basic nitrogen and sulfur atoms
in 1, the addition of acids is expected to trigger changes in its

photophysical properties.[17] However, only minimal changes

were observed after the addition of a large excess of triflic acid
(TfOH). Therefore, we have designed and synthesized a series
of 5-N-arylaminothiazoles (2–6) with 4-pyridyl groups at the 2-
position, which act as strong Lewis basic sites, and investigat-

ed the acid-induced changes of their photophysical properties.
The introduction of various substituents at the para position of

the diphenylamino groups should provide a means to tune the
absorption and emission spectra. Herein, we report the struc-
tures as well as the Brønsted- and Lewis-acid-induced changes

of the photophysical properties of 2-(4-pyridyl)-5-N-arylamino-
thiazoles. The judicious choice of the combination of thiazole

and Lewis acid allows the fine-tuning of the emission color,
and the emission of white light can, thus, be accomplished

from a single fluorescent dye and a Lewis acid.

To demonstrate the sensitivity of the absorption and emis-
sion properties of thiazole 2 toward Brønsted acids, we initially

measured the corresponding spectra upon addition of TfOH in
increments of 0.25 equivalents [Eq. (1)] , (Figure 1). Upon addi-

tion of TfOH to 2, a decrease in the intensity of its maximum
absorption at 382 nm was observed, concomitant with the

Scheme 1. 5-N-Arylaminothiazoles.
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emergence of a new absorption band at 474 nm. Owing to the

protonation of the nitrogen atom in the 4-pyridyl group of 2,
the color of the solution changed from colorless to pale

orange, and a clear isosbestic point[18] was observed at 412 nm
(Figure 1 a). These results suggest that two absorbing species

are present in solution, that is, 2 and a 1:1 complex[19] of 2 and

TfOH ([H2][OTf]).

The fluorescence spectrum of 2 also changed upon addition

of TfOH. Initially, we observed light-blue fluorescence (lem =

472 nm) when 2 was excited at 382 nm in Et2O (Figure 1 b).

The fluorescence intensity at 472 nm decreased upon increas-
ing the number of added equivalents of TfOH, and the fluores-

cence was completely quenched after addition of 5 equivalents
of TfOH. Conversely, orange fluorescence at 601 nm could be

observed upon addition of TfOH to 2, although the intensity of
the emission was weaker than that of pure 2 (Figure 1 c). The
protonation of 2 induced bathochromic shifts of the absorp-

tion (Dlabs = 92 nm) and emission (Dlem = 129 nm). Upon sub-
sequent addition of Et3N in increments of 0.25 equivalents to

the solution of [H2][OTf] , the absorption and emission proper-
ties reverted to those observed for 2 (Figures 1 d and 1 e),

which clearly demonstrates the reversibility of the protonation

of 2.
The photophysical properties of 2 and 7 are summarized in

Table 1.
The fluorescence lifetime of 7 is shorter than that of 2, and

7 displays orange fluorescence with a fluorescence quantum
yield (FF) of 0.08. The absorption spectra did not reveal any

solvent effects, whereas the fluorescence emission was batho-

chromically shifted to 731 nm in more polar solvents (e.g. ace-
tonitrile) under a concomitant decrease of the emission inten-

sity (see Figure S1 in the Supporting Information).

The structures and absorption spectra of 2 and 7 in Et2O
were also investigated computationally, using DFT calculations

at the B3LYP/6-31 + G(d,p) and CAM-B3LYP/6-31 + G(d,p) levels
of theory (see the Supporting Information for details). Similar

to the experimentally obtained spectra for 2 and 7, a batho-
chromic shift of the absorption maxima was observed. The cal-

culation revealed that the protonation of 2 should stabilize

both the HOMO and LUMO of 7. However, the LUMO should
be stabilized more, which would reduce the HOMO–LUMO

gap.
The molecular structures of 2 and 7 were determined by

using single-crystal X-ray diffraction analysis (Figure 2). The
extent of the p conjugation can be determined by the dihedral

angle (details can be found in the Supporting Information) be-

tween the thiazole plane and the tethered p-electron units,
that is, the 4-pyridyl or 4-pyridinium groups at the 2-position

(A-2), the phenyl plane at the 4-position (A-4), and the N

Figure 1. a) UV/Vis absorption spectroscopic titration of thiazole 2 with TfOH
(in Et2O, c = 10@5 m). b, c) Fluorescence spectroscopic titration of 2 with TfOH
(in Et2O, c = 10@5 m ; lex = 365 and 470 nm). d, e) Photographic images of Et2O
solutions of 2 (left), of 2 after addition of TfOH (middle), and of 2 after con-
secutive addition of TfOH and Et3N (right). d) Under irradiation from a fluores-
cent lamp. e) Under irradiation from a UV lamp (lex = 365 nm).

Table 1. Photophysical properties of 2 and 7 in Et2O and CH3CN.

Solvent Thiazole lex

[nm]
lem

[nm]
t

[ns]
c2 FF

[a] Kr
[b]

(V 108)
Knr

[b]

(V 108)

Et2O 2 382 479 5.85[c] 1.04 0.64 1.09 0.62
7 475 624 1.35[d] 1.10 0.08 0.59 6.81

CH3CN 2 383 523 4.81[e] 1.14 0.37 0.78 1.30
7 474 731 n.d.[f] 0.004 n.d.[f] n.d.[f]

[a] Absolute fluorescence quantum yield. [b] Kr =FF/t, Knr = (1@FF/t).[20]

[c] Excited at 365 nm. [d] Excited at 470 nm. [f] n.d. = no data.

Figure 2. Molecular structures for 2 (top) and 7 (bottom) with thermal dis-
placement parameters set at 50 % probability. Selected dihedral angles (8)
and bond lengths (a): 2 : (top): S1@C2@C6@C7 10.7(0), N3@C4@C8@C9 8.1(4),
S1@C5@N10@C11 51.8(3), C2@C6 1.482(6), C4@C8 1.484(6), C5@N10 1.396(5),
N10@C11 1.428(5) ; 7 (bottom): S1@C2@C6@C7 6.0(7), N3@C4@C8@C9 24.5(7),
S1@C5@N10@C11 60.5(6), C2@C6 1.463(8), C4@C8 1.473(7), C5@N10 1.403(7),
N10@C11 1.402(7).
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planes[21] at the 5-position (A-5). Notably, the dihedral angles
A-4 and A-5 in 7 are higher than those in 2 (7: 278 and 728 ; 2 :

18 and 668), whereas the dihedral angle A-2 in 7 is smaller
than that in 2 (7: 48 ; 2 : 118). Moreover, the 4-pyridinium group

is almost co-planar with the thiazole ring.
To induce further bathochromic shifts in the absorption and

emission spectra, we introduced electron-donating substitu-
ents at the para position of the aryl groups of the nitrogen

atom at the 5-position (3–5) (Table 2, entries 1–3). As expected,

the addition of TfOH to Et2O solutions of 3–5 showed redshifts
upon the formation of 1:1 complexes (Table 2, Figures S2–S10),

and the longest absorption wavelengths shifted by approxi-

mately 100 nm, from 398:10 to 500:12 nm. Similar to the
formation of 7, the equilibrium constants[22] for the reactions

between 3–5 and TfOH were larger than that between 2 and
TfOH [Ka = (8.9:2.4) V 104] . However, the emission of 8–10 was

quenched differently to that of 7. To avoid emission quench-
ing, phenyl groups were introduced at the 3,5-positions of the
4-pyridyl group (entry 4).[23] Thus, thiazole 6 displayed visually

confirmed fluorescence at 609 nm, but the presence of phenyl
groups at the 3,5-positions of the 4-pyridyl group in 6 inhibit-
ed the protonation of the pyridyl group of 6 with TfOH. Ac-
cordingly, the equilibrium constant between 6 and TfOH is by

approximately two orders of magnitude smaller than that of
the reaction between 2 and TfOH (Figure S10).[24]

Subsequently, we examined the sensitivity of 5-N-arylamino-
thiazoles 2–6 toward Lewis acids. For that purpose, BCl3, AlCl3,
and GaCl3 were added to CH2Cl2 solutions of 2 (Table 3, Figur-

es S14–S23). New absorption and emission features were ob-
served at 474–482 nm and 604–607 nm, respectively. Although

comparable changes were observed upon addition of BCl3 and
AlCl3, the equilibrium constant for the reaction between 2 and

BCl3 was, by a factor of 36:11, greater than that for the reac-
tion between 2 and AlCl3 (entries 1 and 2). In contrast, the ad-

dition of GaCl3 induced a different effect (entry 3). Up to the
addition of 0.5 equivalents of GaCl3, the spectrum of the solu-
tion of 2 changed in a manner similar to those that were treat-

ed with BCl3 and AlCl3. However, after further addition of GaCl3,

the wavelengths of the absorption and emission bands shifted
to 526 and 635 nm, respectively, indicative of the formation of
more than two absorbing/emitting species in solution.[25]

Furthermore, we examined the influence of the Lewis acid
B(C6F5)3

[12] in toluene (Table 4, Figures 3 a and 3 b). For that pur-

pose, B(C6F5)3 was added to toluene solutions of 2 and 6,

Table 2. Photophysical properties of thiazoles 3–6 and 8–11.[a]

Entry Thiazole labs

[nm]
lem

[nm][b]

IP
[nm][c]

Thiazole labs

[nm]
lem

[nm][b]

Ka

[m@1]

1 3 390 494 421 8 488 – (5.9:1.3) V 105

2 4 404 518 434 9 500 – (3.2:0.78) V 104

3 5 408 533 443 10 512 – (1.1:0.27) V 105

4 6 388 476 420 11 488 609 (4.5:0.21) V 102

[a] In Et2O, c = 10@5 m. [b] Excited at the wavelength of the maximum ab-
sorption. [c] IP = isosbestic point.

Table 3. Photophysical properties of Lewis acid adducts of 2.[a]

Entry Complex labs

[nm]
lem

[nm]
IP
[nm]

Ka

[m@1]

1 2·BCl3 482 605 418 (1.4:0.26) V 106

2 2·AlCl3 476 607 416 (3.9:0.49) V 104

3 2·GaCl3 474[b] 604[b] 414[b]

526[c] 635[c] 488[c]

[a] In CH2Cl2, c = 10@5 m. [b] 0.25–0.5 equiv of GaCl3. [c] 0.75–3 equiv of
GaCl3.

Table 4. Photophysical properties of 2 and 6 upon the addition of
B(C6F5)3.[a]

Entry Species lex

[nm]
lem

[nm]
FF

[b]

1 2 330 479 0.65
387 479 0.78

2 2·B(C6F5)3 345 575 0.55
482 576 0.46

3 6 330 482 0.84
394 483 0.69

4 6·B(C6F5)3 359 607 0.38
502 608 0.37

[a] In toluene, c = 10@5 m. [b] Excited at lex.

Figure 3. a) UV/Vis absorption spectroscopic titration of thiazole 2 with
B(C6F5)3 (in toluene, c = 10@5 m). b) Emission spectroscopic titration of thia-
zole 2 and B(C6F5)3 (in toluene, c = 10@5 m, lex = 387 and 482 nm). c) Photo-
graphic images of solutions of 2 that contain different concentrations of
B(C6F5)3 in toluene under UV irradiation (lex = 365 nm).
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which resulted in changes to their photophysical properties,

similar to those observed after treatment with other acids

(vide supra). The addition of B(C6F5)3 induced a bathochromic
shift of the absorption wavelengths of 2 and 6 by 95 and

108 nm, respectively (entries 1 vs. 2 and 3 vs. 4, respectively).
As a result, the emission color of 2 and 6 changed from blue

to orange, and fluorescence was observed at 576 and 608 nm,
respectively. The changes in the emission color of the solution

of 2 was measured upon addition of increasing amounts of

B(C6F5)3 by using a UV lamp (lex = 365 nm) (Figure 3 c).

Interestingly, white emission was achieved upon addition of

0.5 equivalents of B(C6F5)3 (Figure S30). This color is most likely
the result of an overlap from the emission bands of the blue

fluorescence of 2 and the emission bands of 2·B(C6F5)3, al-
though further studies are necessary to disclose the detail of

the mechanism of the excitation of 2·B(C6F5)3. The emission of

multiple colors from a single fluorescent dye[26] in one flask
may, thus, lead to an emission that approximates white light.

However, the 1:1 complex 2·B(C6F5)3 is readily formed, and the
appropriate ratio between 2 and 2·B(C6F5)3 that leads to the

emission of highly pure white light could not be realized, as
evaluated by the International Commission on Illumination
(CIE) coordinates (Figure S30, Table S2).

We then focused on the steric effects of the phenyl groups
around the pyridyl group in 6, in the hope of being able to
fine-tune the basicity of 6. In fact, the smaller equilibrium con-
stant between 6 and B(C6F5)3 allowed a fine-tuning of the emis-
sion color by varying the ratio of 6 and 6·B(C6F5)3, resulting in
the emission of purely white light (Figure 4). To evaluate the

obtained colors, their CIE coordinates were calculated from the
fluorescence spectra of solutions containing 6 and varying
amounts of B(C6F5)3 (Figures 4 and S31, Table S3). Under excita-

tion at 365 nm and continuous addition of B(C6F5)3, the blue
fluorescence of 6 [CIE: 0.15, 0.32; 0 equiv of B(C6F5)3] changed

to white [CIE: 0.33, 0.35; 4.5 equiv of B(C6F5)3] and eventually
to orange [CIE: 0.58, 0.39; 100 equiv of B(C6F5)3] in a linear

manner. Most white emissions are observed from RGB or com-

plementary colors (e.g. blue and yellow), usually obtained from
the combination of multiple fluorescent dyes.[14, 15] In contrast,

the present white-light emission is achieved by adding a non-
fluorescent Lewis acid to a 5-aminothiazole as a single-compo-

nent fluorescent dye[7, 26] with a broad emission band (400–
700 nm).

In conclusion, the absorption and emission spectra of 5-ami-

nothiazoles containing 4-pyridyl groups exhibited bathochro-

mic shifts upon addition of TfOH, and the resulting protonated
5-aminothiazoles displayed orange fluorescence, albeit at the

expense of lower quantum yields. The addition of Et3N to solu-
tions of these protonated 5-aminothiazoles and TfOH resulted

in the complete reversion of the absorption and emission
spectra. 5-N-Arylaminothiazoles with electron-donating groups

on the nitrogen atom at the 5-position displayed more pro-

nounced bathochromic shifts of their absorption and emission
spectra, as well as lower equilibrium constants. The addition of

Lewis acids such as BCl3 and AlCl3 to the 5-N-arylaminothia-
zoles also changed their halochromic and halofluoric proper-

ties in a fashion similar to that observed for the addition of
Brønsted acids, whereas the addition of GaCl3 caused changes

in the spectra that were consistent with the formation of sev-

eral absorbing/emitting species. Notably, the use of B(C6F5)3 as
a Lewis acid enabled the fine-tuning of the chromaticity of the

emission spectra of the 5-aminothiazoles. Our system thus pro-
vides a new concept for the generation of white-light emis-

sion, that is, the combination of Lewis acids and fluorescent
Lewis bases affords single fluorescent dyes, for example, by

mixing 5-aminothiazole 6 and B(C6F5)3 in a 1:2.5 ratio. Further

studies on the applications of 5-N-arylaminothiazoles as fluo-
rescent dyes are currently in progress in our laboratory.
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