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Abstract

An anthracene (AN) derivative bearing azacrown ether (1-aza-18-crown-6) and cyclen (1,4,7,10-tetraazacyclododecane) receptors (L.1) has been
synthesized. Effects of proton (H*) and metal cations (K* and Zn?*) on the fluorescence properties of L1 have been studied in water and methanol.
In water, H* addition to L1 leads to a fluorescence intensity (/g) increase. Potentiometrical pH titration reveals that strong Ir enhancement of
L1 requires monoprotonation of both azacrown and cyclen moieties. Addition of Zn?* and/or K* is ineffective for I enhancement because these
cations do not coordinate with the azacrown moiety, leading to an electron transfer (ET) from the azacrown nitrogen to the photoexcited AN
moiety. In methanol, the azacrown and cyclen moieties of L1 coordinate with K* and Zn?*, respectively. Zn** or K* addition to L1 shows very
small or moderate /r enhancement because of ET from the uncoordinated azacrown or cyclen nitrogen to the excited AN. Addition of both K* and
7Zn*, however, still shows moderate I enhancement, although both macrocycles coordinate with the respective metal cations. Ab initio calculation
reveals that the azacrown—K* coordination is weakened by an electrostatic repulsion between K* and Zn>* within the complex. This allows ET

from the azacrown nitrogen to the excited AN, resulting in an insufficient /r enhancement.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There has been much interest in the development of flu-
orescent chemosensors because fluorometric analysis allows
simple and rapid detection of chemical species in solution [1].
Considerable effort has been devoted to the development of
fluorescent chemosensors for detection of pH (H*) and metal
cations [2]. The simplest sensing system for these analytes
consists of a fluorophore (e.g., anthracene: AN) covalently
linked to a receptor (e.g., amino group), which can bind H*
and metal cations [2,3]. In this system, fluorescence appears
when the receptor binds H* or metal cations. However, without
H* and metal cations, the fluorescence is quenched by an
electron transfer (ET) from the nitrogen atom of the receptor to
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the photoexcited fluorophore. Among the fluorescent sensors
driven by the photoinduced ET process, AN derivatives bearing
an azacrown ether (1-aza-18-crown-6) receptor, L2 [4], and
bearing a cyclen (1,4,7,10-tetraazacyclododecane) receptor, L3
[5], are known to be the fundamental and simplest sensors for
detection of H* and metal cations. Azacrown ether behaves
as a receptor for H*, alkali metal, alkali earth metal, and
ammonium cations [6]; therefore, L2 shows Ir enhancement
upon binding these cations due to the suppression of ET from
the azacrown nitrogen to the excited AN moiety [4]. In contrast,
L3 shows Ir enhancement upon binding H* or transition metal
cations with the cyclen moiety [5,7]. So far, various fluorescent
chemosensors have been synthesized based on the azacrown
[8] or cyclen receptor [9]. However, a chemosensor containing
both azacrown and cyclen receptors had not been proposed. In
the present work, an AN-based ditopic fluorescent chemosensor
(L1) containing both azacrown and cyclen receptors was
synthesized. Effects of H* and metal cations (K* and Zn**)


mailto:shiraish@cheng.es.osaka-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.10.013

268 Y. Kohno et al. / Journal of Photochemistry and Photobiology A: Chemistry 195 (2008) 267-276

on the fluorescence properties of L1 were studied in water and
methanol in comparison to that of the L2 and L3 sensors. Ab
initio molecular orbital calculations were also performed to
clarify the fluorescence property of the ditopic L1 sensor.
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2. Experimental
2.1. Synthesis

All of the reagents used were of the highest commercial qual-
ity, which were supplied from Wako and Tokyo Kasei and used
without further purification. Water was purified by the Milli Q
system. L2 [4a,10] and L3 [5a] were synthesized according to
literature procedure. Synthesis route of L1 is summarized in
Scheme 1, and the detailed procedures are as follows.

2.1.1. 1-(10'-(4,7,10-tris(tert-Butyloxycarbonyl)-1,4,7,10-
tetraazacyclododecanylmethyl)-9' -anthrylmethyl)-1-aza-
4,7,10,13,16-pentaoxacyclooctadecane, 3

L2 (0.098¢g, 0.22mmol) and paraformaldehyde (0.064 g,
0.21 mmol) were added to a mixture of acetic acid and HBr
(70/30, v/v, 30 mL) and stirred at 313 K for 20 h. Water (50 mL)
was added to the solution and extracted with CHCI3 (50 mL).
The resulting organic phase was dried over Na;SO4 and con-
centrated by evaporation, affording a brown viscous oil of 1 as
a crude product (0.11 g) [10]. Anal. calcd. for CogH36NO5Br:
546.5.MS (FAB): m/z548.0(M + H*).1(0.20 g, 0.37 mmol) and
2 [11] (0.28 g, 0.60 mmol) were refluxed with Na,CO3 (0.28 g,
2.6 mmol) in CHCl3 (40 mL) for 18 h under dry N;. The mix-
ture was cooled to room temperature, and insoluble inorganic
salt was filtered off. The resulting solution was concentrated by
evaporation. n-Hexane and diethyl ether were added to the oily
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residue, and the solid formed was filtered off. The resulting solu-
tion was concentrated by evaporation, and the obtained material
was purified by a silica gel column chromatography with CHCI3
and MeOH. The later fraction was concentrated by evaporation,
affording 3 as a brown solid (0.18 g, 52%). 'H NMR (CDCl3,
270 MHz, TMS): § (ppm)=1.2-1.6 (m, 27H, CH3 of tert-
butyloxycarbonyl), 2.4-3.8 (m, 40H, CH> of cyclen and crown
ether), 4.64.8 (m, 4H, ArCH>), 7.4 (m, 4H, ArH), 8.4-8.7 (m,
4H, ArH). '3C NMR (CDCl3, 270 MHz): § (ppm) = 28.32,28.39,
28.46, 28.64, 49.49, 50.82, 52.01, 52.14, 53.79, 53.89, 70.05,
70.13, 70.29, 70.38, 70.47, 70.51, 70.55, 70.63, 70.72, 70.80,
79.08, 79.27, 124.08, 124.56, 124.82, 124.90, 124.99, 125.09,
125.29,125.41,125.68, 125.87,127.17,128.64, 130.99, 131.19,
155.44. Anal. calcd. for C51H79N5011: 938.2. MS (FAB): m/z
938.7 (M™).

2.1.2. 1-(10'-(1,4,7,10-Tetraazacyclododecanylmethyl)-9 -
anthrylmethyl)-1-aza-4,7,10,13,16-
pentaoxacyclooctadecane,
L1

A mixture of CH,Cl, (10mL) and CF3COOH (5 mL) was
added slowly to a solution of 3 (0.075 g, 8.0 wmol) dissolved
in CH»Cl; (10 mL) and stirred at 311 K for 12 h. The solvents
were removed by evaporation. An aqueous NaOH solution (1 M,
50mL) was added to the residue and extracted with CHCI;
(3x 10mL). The combined organic phase was concentrated by
evaporation. An aqueous HCl solution (0.1 M, 10 mL) was added
to the residue and washed with CHCl3. An aqueous NaOH solu-
tion (5 M, 10 mL) was then carefully added to the resulting HCI
solution and extracted with CHCl3 (3x 10 mL). The combined
organic phase was dried over Na; SO, and concentrated by evap-
oration, affording L1 as a brown solid (0.013 g, yield 26%): 'H
NMR (CDCl3, 270 MHz, TMS): § (ppm)=2.4-3.8 (m, 40H,
CH,; of cyclen and crown ether), 4.5-4.6 (m, 4H, ArCH»), 7.4
(m, 4H, ArH), 8.5 (m, 4H, ArH). '3C NMR (CDCl3, 400 MHz): §
(ppm) =29.67, 45.23, 45.86, 46.11, 47.08, 49.26, 53.83, 57.41,
70.19, 70.24, 70.29, 70.38, 70.51, 70.59, 70.66, 70.76, 70.87,
124.27, 125.04, 125.66, 125.92, 131.15, 133.95. Anal. calcd.
for C36Hs5N505: 637.9; MS (FAB): m/z 638.5 (M +H™*).

2.2. Measurements

Steady-state fluorescence spectra were measured on a Hitachi
F-4500 fluorescence spectrophotometer (both excitation and
emission slit widths: 2.5 nm) [12]. The measurements were car-
ried out at 298 £ 0.1 K using a 10 mm path length quartz cell.
pH of an aqueous solution was adjusted with HC1O4 and/or ben-
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Scheme 1. Synthesis of L1.
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zyltrimethylammonium hydroxide. Measurements in methanol
were carried out in the presence of benzyltrimethylammonium
hydroxide (103M) as a proton scavenger [4]. KClO4 and
Zn(Cl0O4), were used as metal cations. Fluorescence quantum
yields (@f) were determined by comparison of the integrated
corrected emission spectrum of standard quinine, which was
excited at 366 nm in HySO4 (0.5M, ®¢=0.55) [13]. Time-
resolved fluorescence measurements were carried out on a
PTI-3000 apparatus (Photon Technology International) using
a Xe nanoflash lamp filled with N; as an excitation source
[14] at 298 £0.1 K using a 10mm path length quartz cell.
Potentiometric pH titrations were carried out on a COMTITE-
550 potentiometric automatic titrator (Hiranuma Co., Ltd.)
with a glass electrode GE-101 [15]. Aqueous test solutions
(50mL) containing L1 (1.5 pumol) were kept under dry Nj in
the absence or presence of metal perchlorate (1.5 pmol) with
an ionic strength of 7/=0.10 (NaClO4). The titrations were
done at 298 0.1 K with an aqueous NaOH (4.65 mM) solu-
tion as a base, and at least two independent titrations were
performed. Deprotonation constants and stability constants of
L1 in water were determined by means of the nonlinear least-
squares program HYPERQUAD [16], where Kvw (=[H*][OH™])
value used was 1071378 (at 298 K) [17]. Absorption spectra
were recorded on an UV-vis photodiode-array spectrometer
(Shimadzu; Multispec-1500) at 298 + 0.1 K. 'H and 13C NMR
spectra were obtained by a JEOL INM-GSX270 Excalibur and
JEOL JINM-AL400 using TMS as standard. The curve fitting
analysis was carried out with Kaleida Graph version 3.5 (Syn-
ergy Software).

2.3. Computational details

Ab initio calculations were performed with the Gaussian 03
program package [18]. The structure optimization was carried
out with the density functional theory (DFT) using the B3LYP
function. The core electrons of K and Zn were replaced with the
effective core potential, and their valence orbitals were described
with the LANL2DZ basis set. Other atoms were calculated using
the all-electron 6-31G(d) basis set. The polarized continuum
model (PCM) was used for consideration of the solvent effects of
methanol (¢ =32.63). The electronically excitation energies and
the oscillator strengths were calculated with the time-dependent
(TD) formulation of DFT. The percentage contributions of each
electronic promotion into the excited state wave function were
calculated based on the largest CI coefficient expansion [19].

3. Results and discussion
3.1. pH effect in water

Effects of pH on the fluorescence properties of L1 in water
were studied in comparison to that of L3. Fig. 1 shows fluores-
cence spectra of L1 and L3 (Aex =366 nm). Similar vibrational
spectra were observed, where the maximum emission wave-
lengths were determined to be 425 (L.1) and 417 nm (L3),
respectively. The red-shifted fluorescence of L1 is due to the
substitution of electron-donating two methylene groups to the
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Fig. 1. pH-dependent change in fluorescence spectra (Aex =366 nm) of (A) L1
and (B) L3 in aqueous solution. /g of L1 and L3 obtained at pH 10 is set as 1.

AN moiety [5f]. The excitation spectra of the L1 and L3 flu-
orescence agree with the respective absorption spectra (see
Supplementary material Figure S1). Fig. 2 summarizes the pH-
dependent change in the fluorescence intensity (/) of L1 and
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Fig. 2. pH-dependent change in /g (Aex =366 nm) of (A) L1 (Aem =425 nm) and
(B) L3 (Aem =417 nm) and mole fraction distributions of their protonated states
(dotted line), where tri-, tetra-, and pentaprotonated L1 species and di-, tri-, and
tetraprotonated L3 species are shown as their total quantities. /r of L1 and L3
obtained at pH 10 is set as 1.
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Table 1
Logarithm of the protonation constants, K,;, for L1 and L3 determined by
potentiometrical titration in water at 298 K with /=0.10 (NaClO4)

L1 L3*
log K1 8.06 £0.28 8.414+0.04
log Ky» 7.33£0.56 5.79+0.09
log K33 6.14+1.08 <3
log Kaa <6 <3
log K35 <6

4 The values are from ref [5f].

L3 (monitored at 425 nm for L1 and 417 nm for L3). Both sen-
sors demonstrate a typical sigmoidal curve. The fluorescence
quenching of both sensors at basic pH (>10) is due to the ET from
the unprotonated azacrown and cyclen nitrogens to the photoex-
cited AN moiety [4,5,20]. To clarify the relationship between Ir
and the protonation states of L1, the potentiometric pH titration
data (see Supplementary material Figure S2) were analyzed by
acid-base equilibrium in Eq. (1) [17a]. The stepwise protona-
tion constants, Ky;, for five nitrogens of L1 (i=1-5) and four
nitrogens of L3 (i=1-4) were determined using the program
HYPERQUAD [16].

H; LO~D+ L HF
< HLT(Ky = [H;L]/[H_ LV HT)
X({i=1-=5 forLland1 — 4 forL3) @))

The log K,; values are summarized in Table 1, and the mole
fraction distributions of the protonation states of L1 and L3 are
shown by dotted lines in Fig. 2. Comparison of the pH—/F profile
of L3 with the mole fraction distribution of the species (Fig. 2B)
reveals that Ir increase of L3 takes place at pH < 10, which is
consistent with the formation of HL3* species. This indicates
that first protonation of the cyclen nitrogen of L3 efficiently
suppresses ET to the excited AN [5f] (Scheme 2B). In contrast,
as shown in Fig. 2A, L1 shows a slight /r increase at pH 8.5-10
(where HL1* forms mainly), while showing a drastic increase at
pH < 8.5 (where HyL1%* begins to form). As shown in Table 1,
the log K,1 value of L1 (8.06) is similar to that of L3 (8.41),
meaning that the first protonation of L1 occurs on the cyclen
moiety (Scheme 2A). The log K5 value of L1 (7.33) is, however,
much higher than the log K> value of L3 (5.79), but is similar
to the log K1 value of an AN derivative bearing two azacrown
moieties (7.1) measured in a methanol/water mixture [2a]. The
log Ky value of L1 is therefore assigned to the protonation of
the azacrown nitrogen (Scheme 2A). These findings indicate that
strong Ir enhancement of .1 requires monoprotonation of both
azacrown and cyclen moieties.

3.2. Metal cation effect in water

Fig. 3 shows change in fluorescence spectra of L1 and L3 in
aqueous solution of pH 10 with an amount of Zn>* added. As
shown in Fig. 3B, Zn** addition to L3 shows Iz enhancement
because Zn>* coordination with the cyclen moiety suppresses ET
from the cyclen nitrogen to the excited AN [5a,d]. The Ir increase
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Scheme 2. Protonation sequence of (A) L1 and (B) L3 in water.

of L3 becomes almost saturated upon addition of 1 equiv of
Zn%*, indicative of 1:1 coordination of Zn?* with L3, where
the Ir enhancement is determined to be 14-fold. In contrast, as
shown in Fig. 3A, L1 shows very small /r enhancement upon
Zn* addition (1.1-fold when adding 1 equiv of Zn>*). Fig. 4
shows the pH—IF profile of L1 and L3 measured with 1 equiv of
Zn**. As shown in Fig. 4B, L3 shows Ir enhancement at pH > 8
as compared to that obtained without Zn%* (bold line). However,
as shown in Fig. 4A, the pH-/F profile of L1 is similar to that
obtained without Zn>* (bold line). To clarify the binding nature
of Zn>* with the cyclen moiety of L1, stability constants between
the sensors and Zn2+, K, were calculated from the potentiomet-
ric pH titration data (see Supplementary material Figure S2). As
summarized in Table 2, the stability constant for coordination
of Zn?* with the cyclen moiety of L1 is as high as that of L3,

(A) 1 (B35
11 +Zn%*
3eq. 1
1 10 -
m 0.5
0
0.5 1
5
0 T T T 1 0-
400 450 500 550 400 450 500 550

Wavelength ( nm)

Fig. 3. Change in fluorescence spectra of (A) L1 and (B) L3 (Aex =366 nm) in
aqueous solution of pH 10 with the amount of Zn?** added. I of L1 and L3
obtained without metal cations at pH 10 is set as 1.
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Fig. 4. pH-dependent change in Ir (Aex =366 nm) of (A) L1 (Aem =425nm)
and (B) L3 [5f] (Aem =417 nm) in aqueous solution containing 1 equiv of Zn?*
and (dotted line) mole fraction distributions of the species, where metal-free
tri-, tetra-, and pentaprotonated L1 species and di-, tri-, and tetraprotonated L3
species are shown as their total quantities. The bold lines in the figure denote
the pH—Ig profiles for L1 and L3 obtained without Zn?* (Fig. 2). Ir of L1 and
L3 obtained without metal cations at pH 10 is set as 1.

indicating that the cyclen moiety of L1 also strongly coordinates
with Zn?*. Fig. 4 (dotted lines) shows the mole fraction distribu-
tions of the species. As shown in Fig. 4B, at pH > 8, ZnL3(OH)*
complex exists. In that, Zn>* coordination with the cyclen moi-
ety of L3 efficiently suppresses ET from the cyclen nitrogen to
the excited AN, resulting in strong /r enhancement [5f]. In the
case of L1 (Fig. 4A), at pH > 8, ZnLL1(OH), complex exists. The
very low I of the complex, in spite of the coordination of Zn%+
with the cyclen moiety, is because the ET from the uncoordi-
nated azacrown nitrogen quenches the AN fluorescence [4]. This
means that the suppression of ET from the azacrown nitrogen to

Table 2
Logarithm of the stability constants for coordination between sensors and Zn*,
K, determined by potential titration in water at 298 K with /=0.10 (NaClOy4)

Reaction L1 L3

Zn?* + L=ZnL?** 7.34 £+ 0.30 8.41 £ 0.17%
ZnL?** + OH~ =ZnL(OH)* 6.62 + 0.46
ZnL?* +2(OH™)=ZnL(OH), 11.27 4+ 0.63

2 The value is from ref [5f].
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Fig. 5. Change in fluorescence spectra of (A) L1, (B) L2, and (C) L3
(Aex =366 nm) in methanol upon addition of K*. Ir of L1, L2, and L3 obtained
without metal cations is set as 1. The measurements were carried out in the pres-
ence of benzyltrimethylammonium hydroxide (10~ M) as a proton scavenger.

the excited AN is the crucial factor for strong /r enhancement
of L1. However, crown moiety has poor binding ability to K*
in water as well as Zn2* [6a,21]. As expected, addition of K* or
both K* and Zn* to an aqueous solution containing L1 scarcely
shows Ir enhancement. This suggests that the addition of these
cations in water is ineffective for Ir enhancement of L1.

3.3. Metal cation effect in methanol

It is well-known that, in methanol, crown moiety strongly
coordinates with alkali metal cations [6]. The fluorescence prop-
erties of L1 in methanol were therefore studied. Effects of K*
addition were studied first. As shown in Fig. 5A, addition of K*
to a methanol solution containing L.1 shows Ir enhancement, as
is also the case for L2 (Fig. 5B) [4]. As summarized in Fig. 6A
and B (black), K™-induced Ir enhancement of L1 (4.2-fold when
adding 6 equiv of K*) is relatively lower than that of L2 (7.5-
fold when adding 6 equiv of K*). To clarify the binding ability
of the azacrown moiety of L1 with K*, the stability constant for
coordination of L1 with K*, K,(KL1%) was calculated from the
fluorescence titration data with K* (Fig. 6, black) based on the
definition in Eq. (2) [17,22].

™ h
)

Using the total ligand concentration, [L]r, the free ligand
concentration, [L], is expressed as Eq. (3).

Mt + L < ML"t K,(ML"t) = [ML"*]/[M"*][L]

[L] = [L]p — [ML""] 3

Using the total metal cation concentration, [M"*]t, concen-
tration of free metal cation, [M™*], is expressed as Eq. (4).

M""] = [M"F]p — [ML""] “

When introducing a parameter, «, defined as the ratio of [L]
and [L]T, Eq. (2) can be expressed as Eq. (7) [22b].

_

= 5
= L ©)
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Fig. 6. Change in If of (A) L1, (B) L2, and (C) L3 with the amount of Zn?* and/or K* added [Aey =425 nm (L1) and 417 nm (L2 and L3)]. /¢ of L1, L2, and L3

obtained without metal cations is set as 1.

n+

l—a= M (6)
(L]t

KMty = L8 ™

When the fluorescence intensity is monitored at the same
emission wavelength, « can be written as follows [22b]:

o= ( IFmax - IF > (8)

Irmax — Iro

Iro is the fluorescence intensity obtained without metal cations,
and Ipmax i1s the maximum fluorescence intensity where the
intensity is saturated. Fig. 7A shows the plots of « versus
log[K*]T (Aem =425 nm) and the curve fitting results obtained
based on Eqs. (7) and (8). As summarized in Table 3, the
logKs(KL1") value (5.31) is similar to that of logKs(KL2")
(4.91), indicating that the binding ability of the azacrown moiety
of L1 with K* is similar to that of L2. As shown in Fig. 6A and
B (black), Ir enhancement of both L1 and L2 is almost saturated
upon addition of 6 equiv of K*. This confirms the similar bind-

(A) 15 (B)1
T o L2 1 @
0.5 4 0.5 1
5 L1,
i \ i
(X ]
0 T T T 1 0 T T T 1
6 -5 -4 6 -5 -4
log[ K" I+ log[ Zn?* 1

Fig. 7. Plots of the parameter, a, vs. (A) log[K* ]t for L1 (black) and L2 (white)
and (B) log[an“']T for L3. The curve fitting (lines) for the experimental data
(symbols) was carried out based on Egs. (7) and (8).

Table 3

Logarithm of stability constants, K, for coordination between sensors and metal
cations in methanol determined by the curve fitting analysis of the fluorescence
titration data®

L1 L2 L3

logK(KL*)
logK,(ZnL?*)

5.31+0.04 4.914+0.02

6.76 £0.28

2 The curve fitting of the fluorescence titration data were carried out based on
Eqgs. (7) and (8). The fitting curves are shown in Fig. 7.

ing ability of the azacrown moieties of L1 and L2. The lower I¢
increase of L1 than that of L2 upon addition of K* is therefore
probably due to the ET from the uncoordinated cyclen nitrogen
to the photoexcited AN, as summarized in Scheme 3A.

Effects of Zn>* were then studied. Fig. 8 shows change in
fluorescence spectra with the amount of Zn>* added. As shown
in Fig. 8C, 7Zn?* addition to L3 shows clear Ir enhancement,
indicating that the cyclen—Zn?* coordination suppresses the ET
from the cyclen nitrogen, as is also the case in water (Fig. 3B). As
summarized in Fig. 6C (white), Ir enhancement of L3 becomes
almost saturated upon addition of 1 equiv of Zn>*, implying
that the cyclen—Zn>* binding in methanol takes place quantita-

(A) (B) (C)
"weak bindmg"
o/—\ox (o 03
ot
£o N <~o

HN\__/NE H[NQ/NQ H[NQ/NQ

KL1* ZnL12*
moderate Ig very weak Ig

KZnL1%*
moderate I¢

Scheme 3. Schematic representation of fluorescence properties of L1 com-
plexes.
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Fig. 8. Change in fluorescence spectra of (A) L1, (B) L2, and (C) L3
(Lex =366 nm) in methanol upon addition of Zn?*. Iz of L1, L2, and L3 obtained
without metal cations is set as 1.

tively, as is also the case in water. As summarized in Table 3, the
log Ks(ZnL3?*) value is determined by the curve fitting analysis
to be 6.76, indicating that the cyclen moiety of L3 strongly coor-
dinates with Zn?* in methanol. In contrast, as shown in Fig. 8A,
addition of Zn** to L1 shows very small /g enhancement (1.1-
fold when adding 1 equiv of Zn**). ESI mass analysis [23] of
a methanol solution containing L1 and 1 equiv of ZnCl; (see
Supporting Information Figure S3) shows a strong peak at m/z
739.3, assigned to [ZnL1+ CI]* ion, indicating that the cyclen
moiety of L1 coordinates with Zn®*. As shown in Fig. 8B, addi-
tion of Zn>* to L2 does not show any fluorescence response.
This suggests that the very low Ir enhancement of L1 even upon
coordination with Zn2* (Fi g.8A) is due to the ET from the unco-
ordinated azacrown nitrogen to the excited AN (Scheme 3B), as
is also the case in water.

Effects of addition of both K* and Zn** were then studied.
Fig. 9A shows change in fluorescence spectra obtained upon
addition of K™ to a solution containing L1 and 4 equiv of Zn>*.
As summarized in Fig. 6A (blue), Ir increase is larger than that
obtained without Zn%* (black), but the increase becomes smaller
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Fig. 9. Change in fluorescence spectra of L1 (Acx =366 nm) obtained (A) upon
addition of K* to a methanol solution containing L1 and 4 equiv of Zn®* and
(B) upon addition of Zn?* to a methanol solution containing L1 and 6 equiv of
K*. Ir of L1 obtained without metal cations is set as 1.

with increasing the K* amount; /g obtained with 6 equiv of K*
(blue) is similar to that obtained without Zn®* (black). Fig. 9B
shows change in fluorescence spectra upon addition of Zn**
to a solution containing L1 and 6 equiv of K*. As shown in
Fig. 6A (red), Zn>* addition scarcely affects Ir. In both cases
containing K* and Zn?* together (Fig. 6A, blue and red), the
azacrown and cyclen moieties of L1 probably coordinate with
the respective K* and Zn** cations (KZnL13* complex forma-
tion), which might lead to the suppression of ET from both
azacrown and cyclen nitrogens. However, in both cases with
6 equiv of K* and 4 equiv of Zn>* (Fig. 6A, blue and red),
Ir is similar to that obtained only with 6 equiv of K* (black).
Time-resolved fluorescence measurements reveal that the L1
solution containing 6 equiv of K* (KL1* complex) shows a flu-
orescence with 1.5 ns lifetime, while the solution containing 6
equiv of K* and 4 equiv of Zn”>* together (KZnL1** complex)
shows a fluorescence with 2.4 ns lifetime, indicating that the
respective emissions originate from the different species. This
finding suggests that the KZnL13* complex actually forms in
solution, although the complex shows /g similar to that of the
KL1" complex.

3.4. Computational analysis of fluorescence behavior

To clarify the reason for very weak /g of the KZnL13* com-
plex, ab initio calculations were performed with the Gaussian
03 program (see 2.3 Computational details) [18]. The geome-
try optimization was performed using the DFT theory with the
B3LYP/LANL2DZ/6-31G(d) basis. The excitation energies and
the oscillator strengths of the compounds were calculated with
the TD-DFT theory. The optimized geometry and the interfa-
cial plots of HOMO and LUMO orbitals of the free L1 and its
complexes are shown in Table 4, where the electronic transi-
tion properties of these compounds are summarized in Table S1
(see Supplementary material). The first electronic transition of
the free L1 and the complexes (ZnL1%*, KL1*, and KZnL13*)
corresponds to a HOMO-LUMO transition, as is also the case
for the free L2 and L3 and their complexes (see Supplementary
material Tables S3 and S5). As shown in Table 4a, the electron
density of LUMO orbital of the free L1 is located on the AN
moiety, showing a m* electronic character. In contrast, HOMO
orbital of the free L1 has lone pair electrons on the azacrown
and the benzylic cyclen nitrogens together with w-electron on
the AN moiety. The appearance of the lone pair electrons [24]
clearly indicates that, without metal cations, the ET from the
azacrown and the benzylic cyclen nitrogens to the excited AN
actually suppresses the L1 fluorescence.

Upon coordination of Zn** with L1 (ZnL1?* complex), as
shown in Table 4b, the lone pair electron density on the benzylic
cyclen nitrogen of the HOMO orbital is drastically reduced. In
the case of L3 (see Supplementary material Table S4), similar
decrease in the lone pair electron density on the benzylic cyclen
nitrogen is observed upon Zn>* coordination. This indicates that
the Zn>* coordination with the cyclen moiety of L1 actually
suppresses the ET from the cyclen nitrogen to the AN moiety.
However, as shown in Table 4b, uncoordinated azacrown nitro-
gen of the ZnL1?* complex still has a lone pair electron on the
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HOMO orbital. This allows the ET from the azacrown nitrogen
to the AN moiety, thus resulting in emission quenching (Fig. 6A,
white; Scheme 3B). Upon coordination of K* with L1 (KL1*
complex), as shown in Table 4c, the electron density on the aza-
crown nitrogen of the HOMO orbital decreases, as is also the
case for L2 (see Supplementary material Table S2). However,
the uncoordinated cyclen nitrogen still has a lone pair electron
on the HOMO orbital (Table 4c). This allows the ET from the
cyclen nitrogen within the KL1* complex (Scheme 3A), result-
ing in lower Ip enhancement than the KL2* complex (Fig. 6A
and B, black).

In contrast, upon addition of both Zn?* and K* to L1
(KZnL1%** complex), as shown in Table 4d, electron density
on the HOMO orbital is located on the azacrown nitrogen,
while the electron on the cyclen nitrogen almost disappears. This
means that, within the KZnL13* complex, ET occurs from the
azacrown nitrogen to the excited AN, although the azacrown
moiety coordinates with K*. The appearance of the lone pair
electron on the azacrown nitrogen of the KZnL13* complex is
explained by the weak coordination of K* with the azacrown
moiety due to the adjacent cyclen-Zn>* complex. As shown in
Table 4d (side view), the azacrown—K* moiety of the KZnL13*
complex is significantly distorted as compared to that of the
free L1 and the ZnL1** and KL1* complexes. Neither free L2

nor KL2* complex shows such distortion (see Supplementary
material Tables S2 and S4), meaning that the distortion of the
azacrown—K* moiety of the KZnL13* complex is triggered by
the presence of the adjacent cyclen—Zn>* moiety. This is prob-
ably due to the electrostatic charge-charge repulsion occurring
between the Zn>* and K* cations within the complex [25]. As
shown in Table 3, the stability constant for cyclen—Zn2+ coordi-
nation of L3 is larger than that for azacrown-K* coordination of
L1, indicating that the cyclen—-Zn>* complex within KZnL13*
is more stable. As a result of this, K* is forced to stay away
from Zn2*, and hence, leads to the distortion of the azacrown
moiety. The distance between K* and the azacrown nitrogen
within the KZnL13* complex is determined to be 3.16 A, which
is longer than that within the KL1* complex (3.10A), con-
firming the weak binding of K* and azacrown moiety within
KZnL13* [9f]. Consequently, lone pair electron is located on
the azacrown nitrogen of the HOMO orbital (Table 4d), lead-
ing to ET from the azacrown nitrogen to the excited AN moiety
(Scheme 3C). These are the reason for low I of the KZnL13*
complex (Fig. 6A, blue and red). The obtained findings demon-
strate that, for the design of the ditopic fluorescent chemosensor
containing both azacrown and cyclen receptors, location of these
receptors and their distance are the important factors for strong
fluorescence enhancement.
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4. Conclusion

An anthracene (AN) derivative bearing azacrown and cyclen
receptors (L1) has been synthesized. Effects of H* and metal
cations (K* and Zn>*) on the fluorescence properties of L1 were
studied in water and methanol, with the following results:

(1) In water, fluorescence intensity (/r) of L1 increases with
a pH decrease. Strong /r enhancement of L1 takes place
upon monoprotonation of both azacrown and cyclen moi-
eties of L1, leading to suppression of electron transfer (ET)
to the photoexcited AN moiety. Addition of K* and/or Zn?*,
however, scarcely leads to Ir enhancement. This is because
neither K* nor Zn?* coordinates with the azacrown moiety,
thus allowing ET from the uncoordinated azacrown nitrogen
to the excited AN moiety.

(2) In methanol, the azacrown and cyclen receptors of L1 coor-
dinate with K* and Zn?*, respectively. Addition of Zn>* or
K* to L1 leads to very small or moderate Ir enhancement
because of ET from the uncoordinated azacrown or cyclen
nitrogen to the excited AN, indicating that the suppres-
sion of ET from the both nitrogens is important for strong
Ir enhancement. Addition of both K* and Zn?* is, how-
ever, ineffective. This is because the electrostatic repulsion
between K* and Zn>* weakens the azacrown—K* binding,
thus allowing ET from the azacrown nitrogen to the excited
AN.
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