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A quinoline–polyamine conjugate as a fluorescent chemosensor
for quantitative detection of Zn(II) in water
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Abstract—A simple ligand (L1), a diethylenetriamine bearing two end quinoline fragments, was synthesized. Without metal cations,
L1 shows no fluorescence at pH 2–13; however, Zn2+ addition creates strong fluorescence at pH 5–12. The emission intensity exhib-
its linear and stoichiometrical response to the Zn2+ amount. No remarkable emission enhancement was, however, observed for other
cations.
� 2007 Elsevier Ltd. All rights reserved.
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Scheme 1. Structure of quinoline–polyamine conjugates.
Design of artificial receptors for monitoring biologically
and environmentally important ionic species in aqueous
solution is currently of great importance.1 Zinc(II) is an
abundant component in the human body and is known
to play many important roles in living organisms. Much
effort has therefore been devoted to the design of fluo-
rescent chemosensors for the quantitative detection of
Zn2+,2 because they allow simple and rapid detection
of Zn2+ by a simple fluorescence enhancement without
special instrumentation. So far, various fluorescent
Zn2+ sensors have been proposed; however, most of
these lack sufficient solubility in water.3 Water-soluble
fluorescent Zn2+ sensors have also been proposed; how-
ever, these often suffer from two problems: (i) appear-
ance of background fluorescence even without Zn2+;4

(ii) nonlinear and nonstoichiometrical response to
Zn2+ amount due to weak binding ability.4d–f,5 To the
best of our knowledge, there are only four reports of
the water-soluble fluorescent Zn2+ sensor with linear
and stoichiometrical response to the Zn2+ amount and
without background fluorescence.6

Herein, we report that a simple-structured ligand (L1), a
diethylenetriamine bearing two end quinoline (QN)
fragments (Scheme 1), is a new member of the water-sol-
uble fluorescent Zn2+ sensor capable of showing linear
and stoichiometrical response to the Zn2+ amount with-
out background fluorescence. It is well-known that most
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of the fluorescent Zn2+ sensors show similar fluores-
cence enhancement against Cd2+, because of the elec-
tronic and binding properties of Cd2+ similar to that
of Zn2+.4a–d,6a,b,7 We also describe here that the L1 sen-
sor selectively emits when binding with Zn2+, while
showing no remarkable emission enhancement for other
cations.

The L1 ligand is easily synthesized by one-pot reaction
in ethanol via condensation of diethylenetriamine and
2-quinolinecarbaldehyde followed by reduction with
NaBH4 (81% yield).8

As shown in Figure 1a, L1 dissolved in water (50 lM)
shows almost no fluorescence (kex = 316 nm) at pH 2–
13 (/ < 0.001). This is due to the photoinduced electron
transfer (PET) from the amine nitrogens to the photoex-
cited QN fragments. As shown in Figure 1b (dotted
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Figure 2. (a) pH-dependent change in fluorescent spectra
(kex = 316 nm) of L1 (50 lM) in aqueous NaCl (0.15 M) solution
measured with 1 equiv of ZnCl2. (b) pH-dependent change in the
emission intensity monitored at 410 nm (closed symbols) and mole
fraction distribution of the species (dotted line).
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Figure 1. (a) pH-dependent change in fluorescence spectra
(kex = 316 nm; 298 K) of L1 (50 lM) in aqueous NaCl (0.15 M)
solution measured without metal cations. (b) pH-dependent change in
fluorescence intensity monitored at 410 nm (open symbols) and mole
fraction distribution of the species (dotted line).
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line), mole fraction distribution of the species, which is
calculated from the protonation constants determined
potentiometrically,9 reveals that, at pH > 6, amine nitro-
gens of L1 are partially or fully deprotonated (H2L12+,
HL1+, and L1 species form). These species, therefore,
undergo PET to the photoexcited QN fragments, lead-
ing to emission quenching.3b,10 This is confirmed by
ab initio calculation11 using time-dependent density
functional theory (TDDFT) with the B3LYP/6-
31+G(d) basis (Tables S1 and S412). Electron density
of HOMO orbital of the fully deprotonated L1 species
is located on the polyamine chain, while p-orbital of
the QN fragments is located at the lower energy level
than HOMO,3b indicating that PET actually quenches
the L1 fluorescence. As shown in Figure 1b, at
2 < pH < 6, H3 L13+ and H4 L14+ species exist, where
all three amine nitrogens of both species are protonated
and one QN fragment of the latter species is also proton-
ated;13 however, both species still show no fluorescence.
This is due to the photoinduced proton transfer (PPT)
from the amine nitrogen to the excited-state of the
unprotonated QN fragment.14 This leads to subsequent
PET from the resulting deprotonated amine nitrogen to
the photoexcited QN fragment, resulting in emission
quenching at 2 < pH < 6. As a result of this, background
fluorescence of L1 does not appear at pH 2–13 (Fig. 1).15

Zn2+ addition to a solution containing L1 allows an
appearance of distinctive QN fluorescence at 320–
560 nm (Fig. 2a). Figure 2b shows pH-dependent change
in the emission intensity of L1 (monitored at 410 nm)
obtained with 1 equiv of Zn2+, where dotted lines in
the figure denote the mole fraction distribution of the
species, which is calculated from the protonation and
stability constants determined potentiometrically.9 The
emission intensity is almost zero at pH < 4, where
Zn2+-free H4L14+ and H3L13+ species exist. In contrast,
at pH > 4, the intensity drastically increases with a pH
increase, which is in accordance with the formation of
Zn2+–L1 complexes (HZnL13+ and ZnL12+ species).16

The emission appearance upon the coordination of
Zn2+ with L1 is due to the decrease in electron density
of the amine nitrogens17 of L1, leading to the suppres-
sion of PET from the unprotonated amine nitrogens to
the excited QN fragment. TDDFT calculation of
ZnL12+ complex with the B3LYP/LANL2DZ basis (Ta-
bles S2 and S412) reveals that the lowest singlet electron
transition of the complex is pp* and the electron density
located on the polyamine chain, observed for the free L1
(Tables S1 and S412), is neither observed on HOMO nor
on the lower energy level orbitals (HOMO�1, �2, and
�3). This finding clearly suggests that the PET suppres-
sion by the coordination with Zn2+ allows the appear-
ance of the L1 emission.

As shown in Figure 2b, the emission intensity of the
ZnL12+ complex (/ = 0.042 at pH 10.5) is 1.3-fold high-
er than that of the HZnL13+ complex (/ = 0.027 at pH
7.0). This indicates that Zn2+ coordination with all of
the amine nitrogens of L1 produces stronger emitting
species. In addition, nanosecond time-resolved emission
decay measurement reveals that the ZnL12+ emission
has a decay time (14.2 ns) longer than that of HZnL13+

(9.2 ns) (Fig. S412). As shown in Figure 2b, the emission
intensity decreases at pH > 12. This is due to the re-
moval of Zn2+ from the L1 ligand by a Zn hydroxide
formation.

It is notable that L0, L2, and L3 ligands (Scheme 1; see:
Synthesis12), comprised of one QN fragment or different
lengths of polyamine chains, show much weaker emis-
sion intensity (less than half of that of L1) in the pres-
ence of 1 equiv of Zn2+, although background
fluorescence of these ligands is almost zero (Fig. S512).
This implies that the coordination geometry of the
amine and the QN nitrogens to Zn2+ strongly affect
the QN emission intensity.

A notable feature of the L1 emission is the linear and
stoichiometrical response to the Zn2+ amount. As
shown in Figure 3, stepwise Zn2+ additions to L1 both
at pH 7.0 and 10.5 clearly demonstrate the linear in-
crease in the emission intensity, and the increase is pre-
cisely saturated upon the addition of 1 equiv of Zn2+.
This indicates that the Zn2+ coordination with L1 (for-
mation of HZnL13+ and ZnL12+ complexes) is quite
strong. This is consistent with the high stability con-
stants for the respective HZnL13+ (logK(HZnL1/
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Figure 3. Change in fluorescence intensity of L1 (50 lM) monitored at
410 nm with the amount of Zn2+ added at pH (a) 7.0 (KH2PO4–NaOH
buffered solution) and (b) 10.5.
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Figure 4. Fluorescence spectra and intensity (monitored at 410 nm) of
L1 (50 lM) measured with respective metal cations (1 equiv) at pH (a)
7.0 (KH2PO4–NaOH buffered solution) and (b) 10.5.
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HL1ÆZn) = 11.48) and ZnL12+ (log K(ZnL1/ZnÆL1) =
13.14) complexes. L1 and therefore has a potential as
a fluorescent chemosensor for quantitative detection of
Zn2+ in aqueous solution of neutral–basic media (pH
5–12).

Another notable feature of L1 is the high emission selec-
tivity to Zn2+. As shown in Figure 4, other metal cations
show no remarkable emission enhancement both at pH
7.0 and 10.5. Absorption spectra of L1 scarcely change
upon the addition of Li+, K+, Mg2+, Ca2+, Fe3+, and
Al3+ (Fig. S612). This is because, as is also observed
for related polyamine ligands,17d,e L1 scarcely coordi-
nate with these cations. Other metal cations coordinate
with L1. Co2+, Ni2+, Cu2+, and Mn2+, however, lead
to an energy transfer from the photoexcited QN frag-
ment to their empty d-orbital,17 thus resulting in emis-
sion quenching. Hg2+, Pb2+, and Ag+ accelerate the
intersystem crossing (ISC) of singlet excited-state (S1)
QN to its triplet (nonfluorescent) excited-state (Tn) via
a spin–orbital coupling,17c–e,18 thus also resulting in
emission quenching.

A noteworthy feature of L1 is the very low response to
Cd2+ (Fig. 4). As reported,4a–d,6a,b,7 diamagnetic Cd2+

usually shows coordination behavior and emission re-
sponse similar to the diamagnetic Zn2+; the ratio of
the fluorescence intensity obtained with Zn2+ in relation
to that obtained with the same amount of Cd2+ is less
than 5, with few exceptions.19 However, the intensity ra-
tio of the present L1 sensor is about 7 (Fig. 4). Potentio-
metrical9 and fluorescence titration measurements (Figs.
S7 and S812) reveal that Cd2+ strongly coordinates with
L1 and forms 1:1 complex (HCdL13+ and CdL12+ spe-
cies form), as is also the case for Zn2+, although the sta-
bility constants for these complexes (log K(HCdL1/
CdÆHL1) = 10.64; (CdL1/CdÆL1) = 11.01) are relatively
lower than that of the Zn complexes (log K > 11.4).9

These indicate that the low fluorescence response to
Cd2+ (Fig. 4) is due to the photophysical properties of
the Cd2+–L1 complexes. TDDFT calculation of the
CdL12+ complex reveals that the lowest singlet elec-
tronic transition is pp* (Tables S3 and S412), as is also
the case for ZnL12+. However, phosphorescence inten-
sity of the CdL12+ complex, when measured in metha-
nol/water glass (4/1 v/v; pH 10.5) at 77 K,20 is larger
than twice that of the ZnL12+ complex (Fig. S912). This
suggests that ISC of the S1 state QN is much accelerated
within the CdL12+ complex and is definitely the reason
for the low fluorescence response to Cd2+. As reported,
the ISC efficiency depends strongly on (i) the energy gap
between S1 and Tn lying just below the S1 state (DEST)21

and (ii) the spin–orbital coupling effect.17,18 TDDFT cal-
culation (Tables S2 and S312) reveals that DEST (S1!T4)
of the CdL12+ complex (0.4104 eV) is larger than DEST

(S1!T4) of the ZnL12+ complex (0.1883 eV). As re-
ported,21 ISC occurs efficiently within the system with
a smaller DEST value. These findings indicate that the
ISC enhancement of the S1 state QN fragment driven
by the spin–orbital coupling with Cd2+ results in the
low fluorescence intensity of the Cd2+–L1 complexes
(Fig. 4).

In conclusion, we have synthesized a new water-soluble
fluorescent Zn2+ sensor, L1, which shows linear and sto-
ichiometrical fluorescence response to Zn2+ at pH 5–12
without the appearance of background fluorescence. L1
may be applicable as one of the fluorescent chemosen-



7772 Y. Shiraishi et al. / Tetrahedron Letters 48 (2007) 7769–7773
sors for quantitative detection of Zn2+ in aqueous solu-
tion. The emission enhancement of L1 is responsive for
Zn2+, while other cations, especially for Cd2+, show no
remarkable emission enhancement. This unusual low re-
sponse to Cd2+ is due to the enhanced ISC of the S1

state QN fragment by the Cd2+ coordination. The ob-
tained findings indicate that the ligand design using a
quinoline moiety may open the way toward the develop-
ment of water-soluble fluorescent chemosensor for selec-
tive Zn2+ detection.
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