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A new fluorophore, 1-(ethoxy-carbonyl-methyl)-4-[2-(5-methoxy)thiazolyl]pyridinium bromide
(4-MeB), has been synthesized and its photophysical properties investigated. In solvents with a

larger dielectric constant (¢), 4-MeB is ionized into free ions, showing a characteristic thiazolyl-

pyridinium cation-centered m — w* electronic transition absorption band in the UV region. In

solvents with smaller ¢ values, such as tetrahydrofuran (THF), 1,4-dioxane (dioxane) and ethyl
acetate (EtOAc), 4-MeB exists in the form of a tight ion pair, and concomitantly displays
characteristic bromide anion-dependent absorption in the visible and UV regions. Among several

other anions, such as PFs™, I” and Cl™, and neutral electron donor Et;N, only I shows a similar

influence on the absorption spectrum of 4-Me ™ to that of bromide anion, confirming the
bromide-dependent spectral properties of 4-MeB. With the help of theoretical calculations, the
absorption in visible region is attributed to the charge-transfer from bromide anion to thiazolyl-
pyridinium cation, which is tuned by the distance between the bromide anion and the thiazolyl-

pyridyl moiety. In all of the solvents employed, 4-MeB also exhibits a dual-emissive fluorescent
property, and the position of its emission peak is influenced by the excitation wavelength.

1. Introduction

Since anions play important chemical and biological roles
in many areas, such as in anion sensors,' > self-assembly
reactions,*° photosynthesis7 and luminescent materials,® the
properties and mechanisms of non-covalent interactions
involving anions have attracted much research interest in the
field of supramolecular chemistry."*!! These non-covalent

interactions mainly include hydrogen bonding,>*!* 1
coordination between anions and organometallic ligands
or Lewis acids,*'>'®'7 and anion—r interactions.':®!8

Recently, we reported a highly luminescent fluorophore,
N-[2-(1',3',4,4’,5',5'-hexafluorocyclopentenyl)]-4-(5-methoxy-
thiazolyl)pyridine (4-MePF), in which the interactions bet-
ween the pyridinium « cation and allyl-type anion, conjugated
through a covalent bond, contribute significantly to its
spectral properties.'” Until now, much of the work concerning
anion—r interactions has been focused on the effect of solvent
on iodide anion-m interactions,’®?® with less studies on
bromide anion—r interactions.”* Compared with iodine, bro-
mine exhibits a larger electronegativity and a smaller anionic
radius, which performs differently in anion—m interactions.
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Therefore, we are motivated to investigate the mechanism
and influencing factors of intramolecular bromide anion—n
interactions. In the present work, we report the synthesis and
photophysical properties of a new molecule, 1-(ethoxy-carbonyl-
methyl)-4-[2-(5-methoxy)thiazolyl]pyridinium bromide (4-MeB),
bearing a bromide anion. Investigations on the absorption
spectrum of 4-MeB in different solvents, combined with
theoretical calculation results, reveal that its solvent-sensitive
absorption properties originate from its different states in
different solvents. In solvents with larger ¢ values, 4-MeB is
ionized into free ions and shows the characteristic thiazolyl-
pyridinium cation-centered m — mw* electronic transition
absorption in the UV region. However, in solvents with
smaller ¢ values, 4-MeB exists in the form of a tight ion pair,
and displays absorption bands in the visible and UV regions
that originates from anion — w charge-transfer. Studies on the
fluorescence properties of 4-MeB demonstrate that, in all the
employed solvents, its dual-emissive property is influenced by
the excitation wavelength.

2. Experimental section
Chemicals and instruments

All chemicals were purchased from commercial suppliers
and used without further purification. All reactions were
performed under an argon atmosphere with solvents purified
by standard methods.

'H and '3C NMR spectra were recorded on a Bruker 400
spectrometer. Chemical shifts are reported in ppm using
tetramethylsilane (TMS) as the internal standard. Mass
spectra were obtained on an LCQ Deca XP Plus mass
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Scheme 1 The synthetic route to compound 4-MeB. a: Triethyl-
amine, chloroform, 0 °C. b: Lawesson’s reagent, toluene, reflux.
¢: Ethyl bromoacetate, chloroform, 20 °C.

spectrometer. Elemental analyses (C, H and N) were
performed on an Elementary Vario EL analyzer. All spectral
characterizations were carried out in HPLC grade solvents at
20 °C within a 10 mm quartz cell. UV-vis absorption spectra
were measured using a Shimadzu UV-3100 spectrometer, and
fluorescence spectra were determined on a Hitachi F-4500
spectrometer. Fluorescence lifetimes were obtained from an
Edinburgh LifeSpec-ps fluorescence lifetime spectrometer.
DFT calculations were carried out using GAUSSIAN 03
software at the MPW1PW91/3-21G level.>*% The fluores-
cence quantum yield was measured at 20 °C using quinine
bisulfate in 1 M H,SOy (¢ = 0.546) as the reference.”

Synthesis and characterization of 4-MeB

The synthetic route to 4-MeB is shown in Scheme 1. 5-Methoxy-
2-(4-pyridyl)thiazole (4-MPT) was synthesized by following
a previously reported method with minor modifications.'®-*>
4-MeB was obtained according to the procedure shown below.
Ethyl bromoacetate (0.44 mL, 3.94 mmol) was added into a
stirred solution of 4-MPT (500 mg, 2.60 mmol) in dried
chloroform (15 mL) at 20 °C under an argon atmosphere.
After the mixture had been stirred for 12 h, the reaction
solution was concentrated under reduced pressure. The residue
was recrystallized from EtOAc, affording the final product
(746 mg). Yield: 80%. ESI-MS: m/z = 279 [M + H — Br]; 'H
NMR (400 MHz, CD5CN, 25 °C, TMS): 6 = 1.30 (t, 3H), 4.11
(s, 3H), 4.29 (q, J = 7.12 Hz, 2H), 5.47 (s, 2H), 7.59 (s, 1H),
8.30 (d, 2H) and 8.73 (d, 2H); '*C NMR (100 MHz, CD;CN):
o0 = 13.2, 59.8, 62.6, 62.8, 121.7, 126.2, 145.8, 145.9, 148.8,
165.8 and 170.0. Elemental analysis: calc. for C;3H;5sBrN,O;S:
C,43.46; H,4.21; N, 7.80. Found: C, 42.74; H, 4.19; N, 7.66%.

3. Results and discussion
The absorption spectrum of 4-MeB in different solvents

The absorption spectrum of 4-MeB in different solvents is
shown in Fig. 1. In the UV region of 300400 nm, an
absorption peak with a large molar absorption coefficient of
about 10* M~" cm™! (Table 1) is observed that originates from
a m — m* electronic transition. In addition, two absorption
peaks with smaller molar absorption coefficients of about
10° M~ cm™! (Table 1) in the region between 450 and
600 nm emerge in the absorption spectrum of 4-MeB in
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Fig. 1 The absorption spectrum of 4-MeB in different solvents
(¢c=25x 10" mol LY.

Table 1 Photophysical data of 4-MeB in different solvents at room
temperature

}Vabsmax/nm

(absorption

coefficient/ 2™ ax/NM AT hax/NM
Medium 10* M~ em™) (Jex = 310 nm) (Jex = 366 nm) ¢
1,4-Dioxane 322 (1.14) 385 439 0.308

373 (0.54)

497 (0.26)

525 (0.32)
EtOAc 376 (0.60) 388 441 0.113

497 (0.078)

518 (0.083)
THF 320 (1.28) 388 453 0.330

377 (0.75)

499 (0.38)

527 (0.48)
DCM 394 (2.20) 437 441 0.366
CH;O0OH 385 (2.15) 417 454 0.033
DMF 383 (1.26) 397 448 0.377
CH;CN 385 (2.20) 417 456 0.035
DMSO 385 (1.98) 411 465 0.016
H,0 383 (2.20) 419 452 0.026

solvents with smaller ¢ values, such as 1,4-dioxane, EtOAc
and THF. With increasing ¢ value, the absorbance in the
visible region decreases, implying that the absorption of
4-MeB in the visible region is highly sensitive to its surround-
ings. The changes in the absorption spectrum and color of
4-MeB (Fig. 1 and Fig. 2) in different solvents suggest its
potential as a probe for solvents. As revealed in Fig. 3 and
Fig. S1 (see ESI}), in THF, EtOAc and 1,4-dioxane, the
absorbance of 4-MeB in the visible region displays a linear
dependence on its concentration, indicating the absorption
band is due to the molecular nature of 4-MeB. Comparing
with the absorption spectrum of 4-MPT in all the employed

Fig. 2 Color change of 4-MeB in different solvents (¢ = 1.0 x
10~ mol L™Y).
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Fig. 3 (A) Change in the absorption spectrum and (B) the
absorbance change at a specific wavelength in THF with decreasing
concentration for 4-MeB. The solid lines in (B) represent fit lines
of the absorbance at a specific wavelength to the concentration of
4-MeB. The concentration range of 4-MeB was from 1.2 x 107* to
1.0 x 107> mol L™".

solvents, it is notable that a remarkable bathochromic shift of
280 in the UV region occurs in the absorption spectrum of
4-MeB, similar to that of protonated 4-MPT (4-MPT-H™)
(Chart 1). This is ascribed to the similar bonding nature
between the nitrogen atom in the pyridyl ring of 4-MPT and
the ethoxy carbonyl methyl group/proton.”> Compared with
that of 4-MePF (Chart 1),' a blue-shift of 225, in the UV
region and two absorption peaks in the visible region (4-MeB
in solvents with smaller ¢ values) were observed in the
absorption spectrum of 4-MeB, which is attributed to the
different bonding characteristics between the pyridinium
cation and corresponding anion parts of the two molecules.
In 4-MeB, the fourth bond to the nitrogen atom in the pyridyl
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Chart 1 The molecular structures of 4-MPT, 4-MPT-H", 4-MePF
and 4-MeB.

ring is formed with a methylene group, and only one ionic
bond exists between the pyridinium cation moiety and the
bromide anion; while for 4-MePF, a covalent bond conjugates
the cation and anion moieties. Thus, from the absorption
spectra of 4-MPT, 4-MPT-H*, 4-MePF and 4-MeB, it is
easy to conclude that different molecular structures
determine their various photophysical properties, which may
guide us to design functional compounds based on our
demands of their photophysical properties.

The addition of AgPFg into THF or 1,4-dioxane solutions
of 4-MeB made its absorption in the visible region disappear
(Fig. 4 and Fig. S2 (see ESIT). When AgPF was added, Ag(1)
reacted with bromide anion to produce an AgBr precipitate
and resulted in the formation of 4-MeP (Fig. 4B). Because of
the high symmetry and small polarization potential of the
PF¢ ™ anion, it is impossible for it to have a strong interaction
with the 1-(ethoxy-carbonyl-methyl)-4-[2-(5-methoxy)-thiazolyl]-
pyridinium cation (4-Me ™). Thus, the 4-Me™* cation and PF¢~
anion exist as free ions. A subsequent addition of (n-Bu);NBr
to the above mixture recovered 4-MeB, and thus restored the
absorption of 4-MeB in the visible region (Fig. 4). This
regenerated spectral behaviour further confirms that the
absorption of 4-MeB in the visible region depends on an
interaction between the bromide anion and pyridinium cation.

Absorbance

0.0 ’ ’ ; » S -
300 400 500 600 700
Wavelength / nm

®/= N-
<o \(N@—{SJ\?&@
)
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N/ S
° o)
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Fig. 4 (A) Absorption spectra of 4-MeB in THF (¢ = 1.20 x
10~* mol L") (solid line: 4-MeB only, dashed line: 4-MeB with AgPFq
added, dotted line: 4-MeB with AgPF4 and (n-Bu)4;NBr added
sequentially). Inset: the color change of 4-MeB in THF (from left to
right: 4-MeB only, 4-MeB with AgPF4 added, 4-MeB with AgPF¢ and
(n-Bu)4NBr added sequentially). (B) The interconversion between
4-MeB and 4-MeP.
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The addition of (n-Bu)4,NI into the 4-MeP solution also
restored the absorption band in the visible region (Fig. S3, see
ESI¥), indicating that the 4-Me™ cation and iodide anion also
form a tight ion pair. Because of the bigger ionic radius and
polarization potential of iodide anions compared to bromide
anions, the maximum absorption wavelength displayed a
distinct red-shift. However, the addition of Me4NCl to a
solution of 4-MeP brought no changes to the absorption
spectrum of 4-MeP (Fig. S4, see ESIt), because the smaller
ionic radius and polarization potential of the chloride anion
does not allow it to form a tight ion pair with the 4-Me™*
cation. When a neutral electron donor, Et;N, was added to a
solution of 4-MeP, no obvious changes were detected (Fig. S5,
see ESIt), demonstrating that Et;N shows no strong inter-
actions with the m cation 4-Me ™, which can be attributed to
their unmatched molecular orbitals.

Theoretical calculations of 4-MeB and the 4-Me ™ cation

To further interpret the absorption properties of 4-MeB,
theoretical calculations were performed on this system, both
for the entire neutral 4-MeB molecule and the free cation
4-Me ™, at the MPW1PW91/3-21G level using GAUSSIAN 03.

For the free cation 4-Me ™", the highest occupied molecular
orbital (HOMO) is mainly located on the methoxy-thiazolyl
group and the lowest unoccupied molecular orbital (LUMO)
on the pyridyl ring (Fig. 5). As shown in Table 2, the TD-DFT
calculation results demonstrate that the absorption of the
4-Me™ cation mainly arises from HOMO to LUMO,
HOMO — 3 to LUMO and HOMO — 1 to LUMO transitions.
The calculated transitions are in good agreement with the
absorption spectra of 4-MeB in solvents with larger ¢ values,
e.g. water, in which one intense excitation at 367 nm is

Fig. 5 The (A) HOMO and (B) LUMO of the 4-Me™ cation
calculated at the MPWIPW91/3-21G level using GAUSSIAN 03.

Table 2 Excitations of the 4-Me" cation that contribute to its
transitions in 300450 nm range, along with their relative contribu-
tions given by their expansion coefficient

Oscillator Expansion

Aex/NM Ee/eV strength (f) Excited state coeflicient
HOMO -

367.33 3.3753 0.5133 LUMO 0.64622
HOMO - 3 -

319.39 3.8819 0.0016 LUMO 0.66366
HOMO -1 -

309.86 4.0013 0.0050 LUMO 0.68819
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Fig. 6 The absorption spectrum of 4-MeB in water at r.t. and the
calculated transition energies (from TD-DFT) of the 4-Me™ cation
shown as bars.

observed, plus two weak excitations at 319 and 309 nm, with
no excitations being found in the visible region (Fig. 6 and
Table 2). Thus, in solvents with larger ¢ values, 4-MeB is
ionized into free ions and there is no significant electronic
coupling between the bromide anion and the 4-Me™ cation in
the ground state.

As the absorption spectrum of 4-MeB in the visible region
depends on interactions between the bromide anion and
pyridinium cation, different distances between the bromide
anion and nitrogen atom of the pyridyl ring may result in the
different absorption properties seen for 4-MeB. To investigate
the influence of this distance on the absorption properties of
4-MeB, theoretical calculations were performed while
changing it from 4.05 to 9.45 A. This shows that the HOMO,
LUMO, LUMO + 2 and LUMO + 3 of 4-MeB hold their
locations at the bromide anion, thiazolyl-pyridyl moiety and
ethoxy carbonyl methyl group, respectively (Fig. 7A-D and
Fig. S6-S9, see ESIY).

TD-DFT calculations on 4-MeB with different distances
between the bromide anion and nitrogen atom of the pyridyl
ring were also executed. 4-MeB with a distance of 4.05 A
between the bromide anion and nitrogen atom of the pyridyl
ring is exemplified here to investigate the origin of the absorp-
tion properties of 4-MeB. The calculation results are in good
agreement with the absorption spectra of 4-MeB in solvents
with smaller ¢ values, such as THF (Fig. 8 and Table 3).
Besides the excited state at about 335 nm, two additional
excited states at about 440 and 455 nm are also observed in the
TD-DFT calculation results (Fig. 8). As demonstrated in
Table 3, the excitations of 4-MeB in the UV region mostly
result from an electron transition from HOMO — 3 to LUMO,
and those in the visible region mostly from HOMO to
LUMO + 2 and HOMO to LUMO + 3, which implies that
absorption in the visible region originates from bromide
anion — thiazolyl-pyridinium cation charge-transfer.

To further study the influence of the interaction between the
bromide anion and the 4-Me ™ cation on the absorption band
in the visible region of 4-MeB, the relationship between the
oscillator strength (f) of the excitation from HOMO to
LUMO + 2 and the distance between the bromide anion
and nitrogen atom in the pyridyl ring was also investigated.
With this distance varying from 4.05 to 9.45 A, the f'value of
the excitation from HOMO to LUMO + 2 decreased (Fig. 9),
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Fig. 7 The (A) HOMO, (B) LUMO, (C) LUMO + 2 and
(D) LUMO + 3 of 4-MeB calculated at the MPW1PW91/3-21G level
using GAUSSIAN 03 while the distance between the bromide anion
and nitrogen atom of the pyridyl ring is set as 4.05 A.
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Fig. 8 The absorption spectrum of 4-MeB in THF at r.t. and the
calculated transition energies (from TD-DFT) of 4-MeB shown as
bars. Inset: the magnified transition energies (from TD-DFT) of
4-MeB in the visible region.

demonstrating that this excitation is tuned by the distance
between the cation and the anion within the tight ion pair.
Thus, it is concluded that only when the bromide anion and
thiazolyl-pyridinium cation are strongly coupled in the ground
state can absorption in the visible region be observed.

Table 3 Excitations in 4-MeB that contribute to its transitions in
300-600 nm range, along with their relative contributions given by
their expansion coefficient

Oscillator Expansion

Aex/IM E/eV strength (f)  Excited state coefficient
HOMO -3 -

335.22 3.6986 0.7426 LUMO + 1 0.60930
HOMO -

440.02 2.8177 0.0056 LUMO + 3 0.51180
HOMO -

455.39 2.7226 0.0078 LUMO + 2 0.68552

~
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Distance between Br™ and nitrogen of pyridyl ring / 0.1 nm

Oscillatar Strength from TD-DFT / 10™

w
!

Fig. 9 The dependence of the oscillator strength (f) of the excitation
from HOMO to LUMO + 2 on the distance between the bromide
anion and the nitrogen atom in the pyridyl ring.
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Fig. 10 The interconversion of 4-MeB in different solvents.

In association with the solvent-sensitive absorption spectra,
the TD-DFT calculation results of the 4-Me™ cation and
4-MeB confirm that 4-MeB exists in different forms in different
solvents. In solvents with larger ¢ values, 4-MeB is ionized into
free ions and mainly exhibits electronic transition behavior of
the 4-Me ™" cation. In the solvents with smaller ¢ values, 4-MeB
exists in the form of tight ion pair and exhibits not only the
absorption properties of the 4-Me™ cation, but also those
characteristic of 4-MeB in the form of the tight ion pair.
Fig. 10 describes the different forms of 4-MeB in different
solvents.

The dual-emissive fluorescent property of 4-MeB

Fig. 11 shows the emission/excitation spectra of 4-MeB in
acetonitrile at different excitation/emission wavelengths. Upon
changing the excitation wavelength from 310 to 366 nm, a
large bathochromic shift of the emission peak (from 417 to
456 nm) is observed in the emission spectrum of 4-MeB. The
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Fig. 11 (A) Emission spectra of 4-MeB in acetonitrile upon excitation

at 310 and 366 nm. (B) Excitation spectra of 4-MeB in acetonitrile at
emission wavelengths of 410 and 450 nm.

excitation spectrum of 4-MeB exhibits a distinct bathochromic
trend, with the emission wavelength shifted from 410 to
450 nm. Similar results were also obtained with the other
selected solvents (Fig. S10-S17, see ESIt) and Table 1).
Considering together the emission/excitation spectra of
4-MeB at different excitation/emission wavelengths in different
solvents (Fig. 11 and Fig. S10-S17 (see ESIY)), it is easy to
conclude that a shorter excitation wavelength benefits the
higher energy emission and a longer excitation wavelength
benefits the lower energy emission. In all of the selected
solvents, the fluorescence decay curves were fitted to double-
exponential decays (Fig. S18-S26, see ESIY), demonstrating
that two fluorescence decay processes exist. Further studies on
the lifetimes of 4-MeB in all the adopted solvents demonstrate
that the fraction of the longer lifetime component decreases,
with the emission wavelength red-shifted at the same excita-
tion wavelength (Tables S1-S9, see ESIf), except for the
DMEF solution of 4-MeB. This suggests that shorter lifetimes
correspond to the longer wavelength emissions.

Conclusions

In summary, a new fluorophore, 4-MeB, has been synthesized
based on 4-MPT, and its photophysical properties studied
in detail. Investigations of its absorption spectra and theore-
tical calculation results demonstrate that the existence of
different forms of 4-MeB in different solvents determine its

solvent-sensitive absorption properties. In solvents with larger
¢ values, 4-MeB is ionized into free ions and shows a thiazolyl-
pyridinium cation-centered m — w* electronic transition
absorption band in the UV region. In solvents with smaller ¢
values, such as THF, 1,4-dioxane and EtOAc, 4-MeB exists in
the form of a tight ion pair and displays a bromide anion-
dependent absorption band in the visible region, except for
that in the UV region. Studies on the effect of a neutral
electron donor, Et;N, and other monovalent anions, such as
PF¢~, I and CI™, on the absorption spectrum of the 4-Me "
cation illustrated that only I displays a similar influence to
that of the bromide anion. This is because of their suitable
ionic radii and polarization potentials, further indicating that
4-MeB exists in the form of a tight ion pair in solvents with
smaller ¢ values, and that its absorption behaviour depends on
the bromide anion. With the help of theoretical calculations,
the characteristic absorption in visible region can be attributed
to charge-transfer from the bromide anion to the thiazolyl-
pyridinium cation, and it can be tuned by the distance between
the bromide anion and the nitrogen atom of the pyridyl ring.
Studies on its fluorescence emission properties show that
4-MeB exhibits a dual-emissive property in all the solvents
we employed, and that the emission positions and relative
intensities are influenced by the excitation wavelength.
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