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Fluorescence properties of polyamines bearing two terminal quinoline fragments with different poly-
amine chain length, such as ethylenediamine (LO), diethylenetriamine (L1), and triethylenetetramine
(L2), have been studied in water. These ligands show Zn®*-induced fluorescence enhancement, while
showing almost no enhancement with other cations. However, stability constants for Zn®>* coordination
and fluorescence response against Zn>* depend strongly on the polyamine chain length. The chain length
also affects the fluorescence wavelength. The Zn**—L1 and Zn?>*—L2 complexes show emission at
410 nm, while Zn?>*—L0 complexes show a blue-shifted emission at 375 nm due to the partial charge
transfer from the excited state quinoline to the Zn?* center.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Zn(Il) is an essential nutrient for human body and plays impor-
tant roles in many physiological and pathological processes.! Design
of fluorescent Zn?* probes has therefore attracted a great deal of
attention because they allow rapid Zn** monitoring by simple
fluorescence analysis.? Various fluorescent Zn®>* probes have been
proposed so far based on several fluorophores, such as fluorescein,>
coumarin,* dansylamide,” and BODIPY.® In particular, quinoline-
based Zn?* probes have attracted much attention because the
quinoline moieties also behave as a ligand for Zn?* coordination.”
Many of Zn?* probes, however, suffer from several problems: (i)
low solubility in water,? (ii) strong background fluorescence even
without Zn?*,54>7%9 and (iii) nonstoichiometrical response to Zn>*
amount.3®62¢ There are only a few reports of water-soluble fluo-
rescent Zn>* probes capable of covering these issues.!

Earlier, we reported a simple quinoline-based ligand, L1, con-
sisting of a diethylenetriamine chain and two terminal quinoline
moieties (Scheme 1), that behaves as a fluorescent Zn?>* probe
capable of overcoming these issues.!’ L1 has a good solubility in
water (up to 1 mM) and shows almost no background fluorescence.
Addition of Zn?*, however, creates a large fluorescence enhance-
ment, whereas, other metal cations do not. The L1 fluorescence
shows a linear and stoichiometrical response to the Zn** amount
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and, hence, allows quantitative Zn?* detection in aqueous media.
The probe still involves some problems, such as relatively low
fluorescence quantum yield (3—4%) and the need of UV light as an
excitation light. However, the above advantages provide important
information for the development of more efficient water-soluble
Zn** probes.
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Scheme 1. Structure of ligands.

The purpose of the present work is to further clarify the
properties of quinoline—polyamine conjugate as a Zn** probe. In
this work, effects of polyamine chain length on the fluorescence
properties have been studied. We synthesized two kinds of ligands
with different chain lengths, such as ethylenediamine (LO) and
triethylenetetramine (L2) (Scheme 1). The fluorescence properties
of these ligands were compared with that of L1. These ligands
display high water solubility, no background fluorescence, and
Zn®*-induced fluorescence enhancement, as does L1. The fluo-
rescence properties of these ligands, however, strongly depend on
the chain length in respect to coordination strength, quantitative
capability, Zn?* selectivity, and emission wavelength. We describe
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here the detailed coordination and fluorescence properties of the
ligands by means of absorption, fluorescence lifetime, and ab initio
molecular orbital calculations.

2. Result and discussion
2.1. Free ligand

Properties of free LO—L2 ligands in water were studied first.
Fluorescence spectra of the ligands (Aex=316 nm) measured with-
out cations at different pH are summarized in Figure S1
Supplementary data. All these ligands show almost no fluore-
scence at entire pH range (2—13), with the fluorescence quantum
yield (¢§)<0.002. Figure 1 plots the fluorescence intensity of the
ligands versus pH, where the dotted lines denote the mole fraction
distribution of the different species, which is calculated from the
protonation constants determined by potentiometric measure-
ments (Table 1). No fluorescence of the ligands at the entire pH
range is explained by the protonation states of nitrogen atoms for
polyamine and quinoline moieties, as shown in Scheme 2. At pH
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Figure 1. (Keys) pH-dependent change in fluorescence intensity (Aex=316 nm; 298 K)
of (a) LO (Aem=375 nm), (b) L1 (Ae;;=410 nm), and (c) L2 (Ae;=410 nm) (50 uM) in an
aqueous NaCl (0.15 M) solution measured without metal cations. (Lines) mole fraction
distribution of the species. The fluorescence intensity (FI) of L1 measured with 1 equiv
of Zn?* at pH 11 at 298 K (Jex=316 nm) is set as 1 (see Figs. 2 and 3). The fluorescence
intensities of all figures in this manuscript are expressed as the relative intensity.

Table 1
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Stepwise protonation constants of LO—L2 determined in an aqueous NaCl (0.15 M)

solution at 298 K

Reaction log K
LO L1 L2
6H*+L=HeL5"
SH*+L=HsL>" 36.76+1.00
4H* 4+ L=H4L*" 28.28+0.43 32.57+0.15
3H*+L=H3L3* 22.274+0.56 25.74+0.12 27.20+0.11
2H*+L=H,L?** 17.16+0.38 19.08+0.10 19.39+0.07
H*+L=HL" 9.16+0.31 9.91+0.11 9.96-+0.09
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Scheme 2. Protonation/deprotonation sequence of LO—L2.

10—13, fully deprotonated species exist predominantly (Scheme
2a), whereas, partially protonated species exist mainly at pH
6—10 (Scheme 2b). These species undergo photoinduced electron
transfer (PET) from the deprotonated polyamine nitrogens to the
photoexcited quinoline fragments, resulting in fluorescence
quenching.!"?

The fluorescence quenching of the ligands by the PET mecha-
nism is confirmed by ab initio calculation with the Gaussian 03
program'® using the time-dependent density functional theory
(TDDFT) with the B3LYP/6-31+G(d) basis set. Table 2 shows the
interfacial plots of key molecular orbitals of the fully deprotonated
L0—L2 species. As summarized in Table 3, the dominant orbital
transitions of LO and L2 are HOMO— LUMO, and that of L1 is
HOMO — LUMO+1, respectively. As shown in Table 2, the electron
densities of LUMO and LUMO+1 orbitals for all of the ligands are
located on the quinoline moieties, indicating that these orbitals
have a v+ electronic character. In contrast, the electron densities of
HOMO orbital for all of the ligands are located on the lone pair
electrons on the nitrogen atoms of polyamine chains, where 7 or-
bitals of the quinoline moieties exist at lower energy level orbitals
than HOMO-1. This clearly indicates that PET from the polyamine
nitrogens to the excited quinoline fragments indeed occurs in these
systems.'® This thus results in fluorescence quenching of fully
deprotonated or partially protonated LO—L2 species.

At pH 4—6, all polyamine nitrogens of LO—L2 are protonated
(Scheme 2c¢) and, at pH 2—4, all polyamine nitrogens and one of the
quinoline nitrogens are protonated (Scheme 2d). These species,
however, still do not show fluorescence. This is due to the excited
state intramolecular proton transfer (ESIPT) from the protonated
polyamine nitrogens to the unprotonated quinoline fragments
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2 Gray and blue atoms of the molecular framework indicate the carbon and nitrogen atoms.
b Green and deep red parts on HOMO and LUMO orbitals refer to the different phases of the molecular wave functions, where the isovalue is 0.02 a.u.

Table 3
Excitation energies (E) and oscillator strength (f) for the lowest excited singlet states
of fully deprotonated LO—L2 species obtained by TDDFT calculation

Main orbital transition cic? E (eV) f

Lo HOMO-2—LUMO —0.20498 3.9004 0.0131
HOMO — LUMO 0.65171

L1 HOMO-1—LUMO+1 —0.32254 4.0453 0.0313
HOMO — LUMO 0.27986
HOMO — LUMO+1 0.47417

L2 HOMO-2— LUMO —0.22955 3.8751 0.0088
HOMO-1—-LUMO —0.40451
HOMO — LUMO 0.50760

2 (I expansion coefficients for the main orbital transitions.

(Scheme 2c and d)."® This leads to a PET from the resulting
deprotonated polyamine nitrogens to the photoexcited quinoline
fragments and, hence, results in fluorescence quenching. As a result
of this, LO—L2 ligands do not show fluorescence without metal
cations at the entire pH range 2—13 (Fig. 1).

2.2. Effect of Zn(II)

Effects of Zn?* addition on the fluorescence properties of LO—L2
were studied. Figure 2 shows the pH-dependent change in fluo-
rescence spectra of the ligands measured with 1 equiv of Zn**. The
Zn?** addition creates a strong fluorescence at 320—560 nm.
Figure 3 shows the change in fluorescence intensity monitored at
the maximum emission wavelengths, where the dotted lines de-
note the mole fraction distribution of the species, which were
calculated from the protonation and stability constants determined
potentiometrically (Tables 1 and 4). For all ligands, the fluorescence
intensity is almost zero at pH<4, where Zn?*-free species exist. In
contrast, at pH>4, a large fluorescence enhancement is observed,
which is consistent with the coordination of the ligands with Zn?*,

The emission appearance of the ligands upon coordination with
Zn** is due to the decrease in electron density of the polyamine
nitrogens, leading to a suppression of PET from the polyamine
nitrogens to the excited state quinoline fragments.'"!? This is con-
firmed by ab initio calculations. As shown in Table 5, the dominant
orbital transitions of the Zn?>* complexes for all ligands are
HOMO — LUMO and HOMO-1—LUMO. As shown in Table 6, the
electronic clouds of the HOMO, HOMO-1, and LUMO orbitals are
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Figure 2. pH-dependent change in fluorescence spectra (Aex=316 nm; 298 K) of (a) LO,
(b) L1, and (c) L2 (50 uM) in an aqueous NaCl (0.15 M) solution measured with 1 equiv
of ZnCl,. The numbers in the figure denote pH of the solutions.

located on the quinoline moiety, indicating that the electronic
transition has a 7,7+ character, where no electron density is located
on the polyamine chain of the HOMO and HOMO-1 orbital. This
suggests that the energy level of lone pair nitrogen of the
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Figure 3. (Keys) pH-dependent change in fluorescence intensity (Aex=316 nm; 298 K)
of (a) LO (Aem=375 nm), (b) L1 (Ae;;=410 nm), and (c) L2 (Ae;;=410 nm) (50 uM) in an
aqueous NaCl (0.15 M) solution measured with 1 equiv of ZnCl,. (Lines) mole fraction
distribution of the species. The mole fraction distribution of the Zn?*-containing
species is shown in Figure S2 Supplementary data.

Table 4
Stability constants for coordination between LO—L2 and 1 equiv of ZnCl; in an
aqueous NaCl (0.15 M) solution at 298 K

Reaction log K

LO L1 L2
Zn?**+HL*=HZnL** 8.38£0.46 11.48+0.22 12.63+0.23
Zn?*4+L=ZnL* 8.12+0.22 13.14+0.13 13.97+0.16
Zn**4+OH +L=Zn(OH)L* 3.62+0.23

Table 5
Excitation energies (E) and oscillator strength (f) for the lowest excited singlet state
of Zn?* complexes obtained by TDDFT calculation

Species Main orbital transition cic? E (eV) f

HZnLO** HOMO — LUMO 0.70476 2.7142 0.0011
ZnLo?* HOMO—-1—-LUMO 0.44386 3.7418 0.0548
HZnL13* HOMO — LUMO 0.70338 3.0082 0.0015
ZnL1%* HOMO — LUMO 0.70574 3.7217 0.0004
HzZnL23* HOMO — LUMO 0.70611 2.5553 0.0022
ZnL2%* HOMO — LUMO 0.70627 3.0777 0.0001
Zn(OH)L2" HOMO — LUMO 0.57281 4.0983 0.0040

¢ (I expansion coefficients for the main orbital transitions.

Table 6
Interface plots of the key molecular orbitals for Zn?>* complexes*®

Optimized structure Molecular orbitals

-
+4,8,°%9

) rl
Zn(OH)L2"

HOMO

LUMO

@ Gray, blue, orange, and red atoms of the molecular framework indicate the
carbon, nitrogen, zinc, and oxygen atoms.

b Green and deep red parts on HOMO and LUMO orbitals refer to the different
phases of the molecular wave functions, where the isovalue is 0.02 a.u.

polyamine chain becomes lower than that of the quinoline m
electrons upon Zn** coordination. This thus suppresses the PET
quenching process and allows fluorescence appearance.

As shown in Figure 3, Zn>* complexes for all ligands have two
emitting species, such as HZnL** formed at ca. pH 7 and ZnL**
formed at ca. pH 10. These species, however, show different fluo-
rescence behaviors. In the case of L0 (Fig. 3a), HZnL0>* formed at ca.
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pH 7 shows a strong fluorescence, but the intensity of ZnL0** formed
at ca. pH 10 is much lower. In contrast, for L1 (Fig. 3b), HZnL1>*
shows a fluorescence intensity lower than ZnL1%*. In the case of L2
(Fig. 3c), HZnL23* and ZnL2?* species show similar fluorescence
intensity. These data indicate that L1 shows fluorescence enhance-
ment at the widest pH range, 6—12. Table 7 summarizes the fluo-
rescence quantum yield (¢g) of the respective species measured at
pH 7 and 10. The gr values of HZnL?"* species (pH 7) for all ligands are
similar (0.02—0.03). In contrast, at pH 10, ZnL1?* has a higher ¢
value (0.04) than the other ZnL** species (0.02).

Table 7
Quantum yield? (¢¢) and fluorescence decay times (t) of the respective species
HZnLO**  ZnLO** HZnL1**  ZnL1?* HZnL23*  ZnL2%*
(pH7) (pPH10)  (pH7) (pH10)  (pH7) (pH 10)
b 0.031 0.015 0.028 0.041 0.020 0.018
T 0.8 0.8 9.2 14.2 43 4.2
¥ 243 1.84 1.45 2.10 1.57 225

¢ determined with a standard quinine (30 uM) in 0.1 N H,SO4 (¢=0.55).

b The measurements were carried out with 1 equiv ZnCl, in an aqueous NaCl
(0.15 M) solution at different pH (1ex=316 nm, 298 K). The detailed decay profiles
are shown in Figure S3 Supplementary data.

As shown in Figure 3, the fluorescence intensity for all ligands
decreases at pH>12. In the case of LO and L1, as shown in Figure S2
Supplementary data, a hydration of Zn?* occurs at pH>12, forming
Zn hydroxide species, such as Zn(OH),, Zn(OH)3, and Zn(OH)3 .
This leads to a removal of Zn?>* from the ligands and, hence, results
in fluorescence quenching. In the case of L2, the Zn®* removal from
the complex does not occur. However, in this case, a hydroxide
anion (OH™) coordinates to the Zn®* center of the complex, with
the formation of Zn(OH)L2™ species (Fig. 3c). This leads to a fluo-
rescence quenching by PET from the OH™ group to the photoexcited
quinoline moiety.!® As shown in Tables 5 and 6, electron density of
HOMO orbital for the Zn(OH)L2" species is located on the OH™
group attached to the Zn* center, while that for the ZnL2?* species
is located on the quinoline moiety. This clearly indicates that the
PET from OH™ to the excited quinoline quenches the Zn(OH)L2*
fluorescence.

2.3. Quantitative detection
Fluorescence response of LO—L2 to the Zn?* amount was stud-
ied. Figure 4 shows the change in fluorescence intensity with the

Zn?* amount. In the case of L2 (Fig. 4c), stepwise Zn>* addition
leads to a linear increase in the fluorescence intensity at both pH 7
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Figure 4. Change in fluorescence intensity (lex=316nm; 298 K) of (a) LO
(Aem=375nm), (b) L1 (Aem=410nm), and (c) L2 (Aem=410 nm) (50 uM) with the
amount of Zn?* added, (closed keys) at pH 7.0 (KH,PO4—NaOH buffer) and (open keys)
at pH 10.0 (NaHCO3;—NaOH buffer). Change in fluorescence spectra is shown in
Figure S4 Supplementary data.

and 10, and the increase is saturated upon addition of 1 equiv of
Zn®*, as is the case for L1 (Fig. 4b). This indicates that L1 and L2
strongly coordinate with Zn?*. As shown in Figure 4a, L0 also shows
a linear intensity increase with the Zn®* amount at both pH 7 and
10, but the intensity increase is not saturated upon addition of
1 equiv of Zn®>*. As shown in Table 4, L1 and L2 have high stability
constants for Zn®* coordination; logk (HZnL/Zn-HL) >11.48 and
logK (ZnL/Zn-L) >13.14. LO, however, has much lower values; logK
(HZnL/Zn-HL)=8.38, logK (ZnL/Zn-L)=8.12. The low stability con-
stants of LO therefore result in insufficient fluorescence response of
LO to the Zn®>* amount. The results suggest that L1 and L2 enable
quantification of Zn?* in neutral—basic media, but L0 does not.

2.4. Zn(II) selectivity

Fluorescence response of LO—L2 to other metal cations was
studied. As shown in Figure 5, addition of Zn?* to L0 and L2 creates
a large fluorescence enhancement, while most of other metal cat-
ions (Li*, K*, Mg?*, Ca®*, Fe3*, A>T, Co®*, Ni®*, Cu®*, Mn?*, Hg?*,
Pb%*, Ag*) show almost no fluorescence, as does L1. The mecha-
nism for almost no emission enhancement of LO and L2 by these
cations is probably similar to that of L1, as described previously." It
is well known that most of early reported Zn®>* probes show similar
fluorescence enhancement against Cd**.*>° As described pre-
viously!! and shown in Figure 5b, the L1 probe shows very low
fluorescence enhancement against Cd2*; the fluorescence intensity
obtained with Zn?* is more than 7-fold of that obtained with Cd**
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b e
none
_ other cations
[
o+ ) T
400 500
/nm
a ml I

0;
none K* Ca®* AP* Ni* Mn2* Pb% Zn2*
Lit Mg Fe3* Co?* Cu** Hg* Ag- Cd?*

none
other cations

Fl

none K*  Ca? APB* Niz* Mn* Pb%* Zn*
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Figure 5. Fluorescence intensity (1ex=316 nm; 298 K) of (a) LO (Aem=375 nm), (b) L1
(Aem=410 nm), and (c) L2 (Ae;=410 nm) (50 uM) measured with 1 equiv of respective
metal cations, (black bar) at pH 7.0 (KH,PO4—NaOH buffer) and (white bar) pH 10.0
(NaHCO3—NaOH buffer). (Inset) Fluorescence spectra obtained at pH 10.0. The spectra
obtained at pH 7.0 are shown in Figure S5 Supplementary data.
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at both pH 7 and 10. However, as shown in Figure 5a and c, the
intensity of L0 and L2 obtained with Zn?* is less than 5-fold of that
obtained with Cd** at both pH 7 and 10. This indicates that L1
shows the most selective emission enhancement against Zn?+.
Further experiments were conducted to see the effects compet-
ing cations on the L1 fluorescence. Figure 6a shows the fluorescence
intensity of L1 when measured at pH 10 with 1 equiv of Zn?* to-
gether with 1 equiv of each other cation. The Zn®*-induced fluo-
rescence enhancement is scarcely affected by Li*, K*, Mg?*, Ca®™,
Fe3*, AI**, Mn?*, and Pb?*. In contrast, other transition metal
cations, such as Co®*, Ni?*, Cu?t, Hg?>*, Ag™, and Cd**, strongly
quenche the fluorescence. This indicates that these cations co-
ordinate more strongly with L1. Figure 6b shows the fluorescence
intensity of L1 measured with 0.5 equiv of Zn?* together with
0.5 equiv of each other cation. In this case, sufficient amount of L1 for
Zn** coordination exists; therefore, other cations do not affect the
Zn**-induced fluorescence enhancement. As shown in Figure S6
Supplementary data, similar results are obtained at pH 7. The
result indicates that addition of excess amount of L1 enables selec-
tive detection of Zn®* even in the presence of competing cations.
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Li* Mg2* Fe3* Co? Cu?* Hg? Ag*

Figure 6. Fluorescence intensity (4ex=316 nm; 298 K) of L1 (50 uM) monitored at
Jem=410 nm at pH 10 (NaHCOs;—NaOH buffer), when measured with (a) 1 equiv of
ZnCl, together with 1 equiv of each other cation and (b) 0.5 equiv of ZnCl, together
with 0.5 equiv of each other cation. The change in 'H NMR spectra upon addition of
Zn?* andfor Cd?* is shown in Figure S7 Supplementary data.

2.5. Emission wavelength

The emission wavelength of the Zn?>* complexes of LO—L2 also
depend on the polyamine chain length. As shown in Figure 2b and
¢, fluorescence spectra of L1 and L2 obtained with Zn?* shows
a maximum intensity at 410—420 nm. This is assigned to the
emission from the 7,7+ excited state of quinoline, as observed for
many quinoline derivatives.”” In contrast, as shown in Figure 2a, L0
shows a blue-shifted emission at 370—380 nm. As shown in
Figure S8 Supplementary data, addition of excess amount of proton
(5M HCIO4) to the solution containing the respective LO—L2
ligands shows a quinoline fluorescence at 420 nm. In that, the
protonation of all polyamine and quinoline nitrogens suppresses
the ESIPT and PET quenching processes and allows fluorescence
appearance. The spectra are similar to the spectra of L1 and L2
obtained with Zn?*. This indicates that the blue-shifted fluores-
cence of LO is due to the coordination with Zn>*.

Table 7 shows the fluorescence lifetime of Zn?* complexes. The
lifetimes of the LO complexes are very short (0.8 ns) as compared to

those of L1 and L2 complexes (4.2—14.2 ns), indicating that the
excited state LO complexes are unstable. As shown in Table 6, the
electronic excitation of the L1 and L2 complexes is a ,7* transition
of the quinoline moiety, where no electron density is extended to
the Zn** center both on HOMO and LUMO orbitals. In contrast, for
L0 complexes, the excitation is also a 7,7t* transition, but 7 electron
of the quinoline moiety in the LUMO orbital is extended to the Zn>*
center, where the electron density extension to Zn?' is not
observed on HOMO or HOMO-1 orbitals. This indicates that the
electronic excitation of the LO complexes probably involves a par-
tial charge transfer from the quinoline moiety to the Zn** center.
However, as shown in Figures S9 and S10 Supplementary data,
absorption spectra of the LO complexes are similar to that of free LO.
In addition, absorption and excitation spectra of the LO complexes
are similar to those of the L1 and L2 complexes (Fig. S11,
Supplementary data). These findings suggest that the partial
charge transfer of the LO complexes occurs in the excited state,'®
and this probably leads to a fluorescence blue shift of the LO
complexes.

The excited state charge transfer is probably due to the steric
tightness of the LO complexes. As reported,'® the charge transfer
transition energy generally increases with a decrease in the dis-
tance between the metal cation and the ligand atom and, hence,
results in a fluorescence blue shift. As shown in Table 8, the dis-
tances between quinoline nitrogens and Zn>* for the LO complexes
are determined by ab initio calculation to be 2.002—2.066 A. In
contrast, the distances of L1 and L2 complexes are 2.062—2.179 A
and 2.098—2.112 A, respectively. This suggests that the LO com-
plexes indeed have relatively shorter Zn—N distances than the L1
and L2 complexes. The shorter Zn—N distance of the LO complexes
probably leads to a blue shift of the fluorescence.

Table 8
The distance (A) between Zn?* and quinoline nitrogens (Q1, Q2) or polyamine ni-
trogens (A1—A4) of the Zn** complexes determined by ab initio calculation®

HZnLO>* ZnL0** HZnL13* ZnL1?* HZnL23* ZnL2%*
Zn?*..-Q1 2.035 2066 2.099 2179 2112 2.098
Zn?*.--Q2 2.002 2.065 2.062 2115 3.835 3.850
Zn?*.--A1 3.572 2.129 3.816 2.183 3.872 3.208

(protonated) (protonated) (protonated)
Zn**--A2 2.186 2178 2.226 2310 2.200 2.120
Zn%*.--A3 2.138 2.168 2.143 2.204
Zn*t---A4 2.127 2.143

2 The positions of the nitrogen atoms for the respective complexes are indicated
in Table 6.

3. Conclusions

Coordination and fluorescence properties of polyamines
bearing two terminal quinoline fragments, LO, L1, and L2, have
been studied in water. Without cations, these ligands show no
fluorescence at entire pH range, but addition of Zn®>* leads to
strong fluorescence enhancement at pH>4. For all ligands, mono-
or nonprotonated HZnL3* and ZnL?** species behave as emission
components; however, their emission properties depend strongly
on the polyamine chain length. Coordination of L1 or L2 with Zn%*
is strong and shows linear and stoichiometrical response to the
Zn?* amount, while LO shows insufficient response due to low
binding constants. The emission selectivity of L0 and L2 for Zn** is
lower than that of L1; they show relatively strong fluorescence
against Cd?*. The Zn®>* complexes of L1 and L2 show fluorescence
at 410 nm derived from ,7* transition of quinoline, while the
complexes of LO show a blue-shifted emission at 375 nm. Ab initio
calculation revealed that the emission blue shift is derived from
the partial charge transfer process from the excited state quinoline
moieties to Zn?*.
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4. Experimental
4.1. Materials

All reagents used were supplied from Wako and Tokyo Kasei and
used without further purification. Water was purified by the Milli Q
system. L1 was synthesized according to a procedure described
previously."! LO and L2 were synthesized as follows:

Compound LO. 2-Quinolinecarbaldehyde (0.47 g, 3.0 mmol) and
ethylenediamine (0.09 g, 1.5 mmol) were stirred in EtOH (50 mL) at
298 K for 17 h under dry N,. NaBH4 (1.03 g, 27 mmol) was added to
the solution and stirred at 323 K for 4 h. The resultant was
concentrated by evaporation, and water (30 mL) was added to the
residue. The solution was extracted with CH,Cl, (30 mLx3), and the
combined organic layer was dried over Na;SO4 and concentrated by
evaporation. The residue was dissolved in EtOH and precipitated by
an addition of HCl, affording a beige powder of LO as a HCI salt
(0.45 g, yield: 72 %). '"H NMR (270 MHz, DMSO-dg, TMS): 6=3.65 (s,
4H, CH; of polyamine), 4.65 (s, 4H, ArCH;), 7.65—8.51 (m, 12H, ArH).
13C NMR (68 MHz, DMSO-dg, TMS): 6=152.33, 146.08, 137.16,
129.99, 127.96, 127.83, 126.96, 126.77, 120.18, 50.53, 43.20. FAB-MS:
calcd for CyHpoN4: 342.18. Found: mjz 343.2 (M+H™). HRMS
(FAB™): calcd for CypHa3N4 [M+H™]: 343.1923. Found: m/z 343.1931
(M+H"). ™H, 3C NMR and FAB-MS charts are shown in Figures
S12—-S14.

Compound L2. This was synthesized in a manner similar to LO
with 2-quinolinecarbaldehyde (0.47 g, 3.0 mmol) and triethylene-
tetramine (0.22 g, 1.5 mmol), as a beige powder of L2 as a HCI salt
(0.60g, yield: 69 %). 'H NMR (270 MHz, DMSO-dg, TMS):
0=3.28—3.55 (m, 12H, CH, of polyamine), 4.65 (s, 4H, ArCH;),
7.64—8.50 (m, 12H, ArH). >°C NMR (100 MHz, DMSO-dg, TMS):
0=152.34, 146.19, 137.17, 130.04, 128.10, 127.87, 127.00, 126.81,
120.13, 50.58, 42.84, 42.62,42.25. FAB-MS: calcd for CygH3;Ng:
428.27. Found: mjz 429.3 (M+H'). HRMS (FAB™): calcd for
Cy6H33Ng [M+H]: 429.2767. Found: m/z 429.2754 (M+H). 'H, 13C
NMR and FAB-MS charts are shown in Figures S15—S17.

4.2. Spectroscopic measurements

Steady-state fluorescence spectra were measured on a Hitachi F-
4500 fluorescence spectrophotometer.?’ The spectra were mea-
sured at 298+1 K using a 10 mm path length quartz cell. Absorption
spectra were measured on an UV—visible photodiode-array spec-
trophotometer (Shimadzu; Multispec-1500) at 298+1 K. Fluores-
cence lifetime was measured on a PTI-3000 apparatus (Photon
Technology International) at 29841 K using a Xe nanoflash lamp
filled with N5.2! All measurements were carried out with NaCl to
maintain the ionic strength of the solution (I=0.15 M). Metal salts
used were LiCl, KCIl, CaCl,, MgCl,, CoCly, NiCl,, FeCls, CuCly, ZnCly,
CdCl,, HgCly, AICl;, Pb(NOs3);, and AgNOs, respectively. All
measurements were carried out in an aerated condition. 'H and *C
NMR spectra were obtained by a JEOL JNM-GSX270 Excalibur. FAB-
MS spectra were obtained by a JEOL JMS-700 Mass Spectrometer.

4.3. Potentiometric titrations

This was performed on a COMTITE-550 potentiometric auto-
matic titrator (Hiranuma Co, Ltd.) with a glass electrode GE-101.2°
Aqueous solution (50mL) containing respective ligand
(0.027 mmol) with or without metal cation was kept under dry
nitrogen with an ionic strength of I=0.15 M (NaCl) at 298 K. The
titration was done at 298+1 K using an aqueous NaOH (4.3 mM)
solution. The program HYPERQUAD was employed for de-
termination of the protonation and stability constants.?? K, (=[H"]
[OH™]) value used is 1071409 (298 K). The stability constants used
for Zn hydroxide (298 K) were logK (Zn(OH)/Zn-OH)=-9.21, logk

(Zn(OH),/Zn-20H)=-17.14, logK (Zn(OH)3/Zn-30H)=-28.4, logk
(Zn(OH)4/Zn-40H)=-40.71, logK (Zny(OH)/2Zn-OH)=-8.75, and
logK (Zny(OH)g/2Zn-60H)=—57.55, respectively.?>

4.4. Computational details

Ab initio calculations were performed with the Gaussian 03
program.!® Geometry optimization was carried out with the density
functional theory (DFT) using the B3LYP function. Metal-free
compounds were calculated using the 6-31G(+d) basis set. Zn>*
complexes were calculated using the LANL2DZ basis set. The elec-
tronic excitation energies and oscillator strengths were calculated
with the time-dependent density functional theory (TDDFT).
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