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A Fluorescent Molecular Switch Driven by the Input Sequence of Metal
Cations: An Azamacrocyclic Ligand Containing Bipolar Anthracene

Fragments

Go Nishimura, Hajime Maehara, Yasuhiro Shiraishi,* and Takayuki Hirai'

Abstract: An azamacrocyclic ligand
(L) containing two anthracene (AN)
fragments connected through two trie-
thylenetetramine bridges has been syn-
thesized, in which each of the bridges
can coordinate with one metal cation.
The effects of pH and metal cations
(Zn** and Cd**) on the emission prop-
erties of L were studied in water. With-
out metal cations, L does not show any
emission at basic pH values. The addi-

that approach each other by Zn**
binding. In contrast, Cd** addition
does not result in excimer emission be-
cause the Cd**—AN & complex, formed
by donation of a m electron of the AN
fragments to the adjacent Cd**, sup-
presses m-stacking interactions of the
AN fragments. The most notable fea-
ture is the appearance of excimer emis-
sion controlled by the input sequence
of metal cations: Zn?*—Cd** sequen-

tial addition (each one equivalent)
allows excimer emission, whereas the
reverse sequence (Cd**—Zn?*) does
not. In the Zn**—Cd** sequence, Cd**
coordination is structurally restricted
by the first Zn** coordination with the
other polyamine bridge, leading to the
formation of a weak Cd**-AN m com-
plex. In contrast, for the reverse se-
quence, the first Cd** coordination
forms a stable Cd**-AN mx complex,

tion of Zn*" leads to the production of
excimer emission, which is due to a
static excimer formed by direct excita-
tion of the intramolecular ground-state
dimer of the bipolar AN fragments

excimers

Introduction

The design of supramolecular systems whose optical or elec-
tronic properties can be modulated by external stimuli is an
area of intense research activity.!! In particular, molecular
systems that perform as elementary electronic devices are of
tremendous significance to the development of miniaturized
device components. The potential application of these com-
ponents in optical and electronic memory devices has at-
tracted considerable effort to this research area.”! Of partic-
ular interest is the design of fluorescent molecular switches,
as they can precisely control the fluorescence properties by
simple chemical input, even down to the level of single mol-
ecules or ions under ambient conditions.”! Various molecu-
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which is not weakened by sequential
Zn** coordination, resulting in no exci-
mer emission.

cations

lar switches have been proposed based on systems whose
emission properties can be modulated by external inputs,
such as temperature,' light,”) redox potential,’® and ions.”!
Metal cations are often used as the input chemicals because
the metal cation binding often triggers several photoinduced
processes, such as electron transfer,**® charge transfer,?*’l
and energy transfer,'” thus enabling the modulation of
emission properties. However, most of these are driven by a
single metal-cation input.’! Recently, more integrated
switches, driven by a combination of multiple metal cation
inputs, have been proposed.'” However, a system in which
the “sequence” of metal cation inputs changes the emission
properties had not been proposed.

In this work, we synthesized a simple azamacrocyclic
ligand (L) with two anthracene (AN) fragments connected
through two triethylenetetramine bridges (Scheme 1), in
which each of the bridges can coordinate with one metal
cation. The effects of pH and metal cations (Zn?* and Cd**)
on the emission properties were studied in water. We found
that Zn>* coordination with L leads to the production of ex-
cimer emission, which is due to a static excimer formed by
direct excitation of the intramolecular ground-state dimer
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Scheme 1. Schematic representation of excimer emission switching of L
driven by the input sequence of metal cations.

(GSD) of the bipolar AN fragments that approach each
other by Zn** coordination. In contrast, Cd** addition does
not result in excimer emission because the Cd*>*—AN 7 com-
plex, formed by donation of a melectron of the AN frag-
ments to the adjacent Cd*" center, suppresses formation of
the GSD. The most notable feature of L is the effects of the
input sequence of metal cations (Scheme 1): Zn**—Cd** se-
quential addition (one equivalent each to L) allows excimer
emission, whereas the reverse sequence (Cd>*—Zn>*) does
not. To the best of our knowledge, this is the first molecular
switch driven by the input sequence of chemicals. We report
here that this unprecedented excimer emission switching is
driven by a stability difference of the Cd**—~AN m complex,
which is directed by the metal cation that is added first.

Results and Discussion

Synthesis: Ligand L was readily synthesized in a manner
similar to the azamacrocyclic ligand containing two AN
fragments connected through two diethylenetriamine
bridges.'¥ Anthracene-9,10-dicarbaldehyde and triethylene-
tetramine were stirred in a mixture of CH;CN/CH;OH at
323 K. The resultant solution was treated with NaBH, in
CH;OH at 323 K. The raw material obtained was purified
by precipitation with a concentrated aqueous HCI solution
in ethanol followed by recrystallization in diethyl ether/etha-
nol, affording L as a brown powder in 20 % yield.

Effect of pH: The emission properties of L without metal
cations were studied first. Figure 1A shows the pH-depen-
dent change in the fluorescence spectra of L measured in
water (A, =368 nm). Ligand L shows a distinctive fluores-
cence at 380-500 nm, assigned to a monomer emission from
the locally excited AN fragment. Figure 1B plots the intensi-
ty of the monomer emission (/) monitored at 420 nm
against pH, for which the dashed lines denote the mole frac-
tion distribution of the different L species, which is calculat-
ed from the protonation constants determined potentiomet-
rically (Table 1). The Iy is strong at acidic pH values, but de-
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Figure 1. A) pH-dependent change in fluorescence intensity (I; A=
368 nm; 298 K) of L (50 um) in aqueous NaClO, (0.15m) solution without
metal cations. B) pH-dependent change in I, (monitored at 420 nm, o)
and mole fraction distribution of different L species (-----), in which
HL** and H,L’* species and HL* and fully deprotonated L species are
shown as their total quantities. Each spectrum in A) corresponds to the
plots in B).

creases with increasing pH and becomes almost zero at
pH>7. As is also observed for related AN-conjugated poly-
amines,' this I decrease is because the deprotonation of
the nitrogen atoms of L, associated with a pH increase,
leads to electron transfer (ET) from the unprotonated nitro-
gen atoms to the photoexcited AN monomer, resulting in

Table 1. Logarithms of the protonation constants of L determined in
aqueous NaClO, (0.15m) solution at 298 K.

Reaction!

2H+L —H,L 18.79 +£0.07
H+H,L—H,L 8.81+0.07
H+H;L—H,L 8.1440.08
H+H,L—HsL 7.08+£0.08
H+H;L—H(L 6.1740.08
H+H.L—H,L 4.70+£0.08
logp 53.68

[a] Charges are omitted for clarity.
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quenching of the excited AN monomer. Figure 2A shows
the absorption spectra of L; the spectra scarcely differ over
the entire pH range. As shown in Figure 2B, the excitation
spectra of L collected at 420 nm are similar to the absorp-
tion spectra.

Intensity

L L L L A |
350 400 450 500
Alnm

Figure 2. pH-dependent change in A) absorption and B) excitation spec-
tra collected at 420 nm (monomer emission) of L (50 um) in aqueous
NaClO, (0.15m) solution without metal cations (298 K). Each of the spec-
tra corresponds to the plots in Figure 1B.

Effect of Zn** addition: Figure 3A shows the pH-dependent
change in the emission spectra of L measured with two
equivalents of Zn**. Figure 3B (open symbols) plots the
change in /y; with pH, for which the dashed lines denote the
mole fraction distribution of the species, which is calculated
from the protonation and stability constants determined po-
tentiometrically (Tables 1 and 2). The Iy, decreases with in-
creasing pH, but is constant at pH>7 (at 90% decreased
level), whereas the absence of Zn** shows almost zero I, at
pH>7 (Figure 1B). As is also observed for related AN-con-
jugated polyamines,™ the appearance of monomer emission
at basic pH is due to the decrease in electron density of the
nitrogen atoms of the polyamine bridges through Zn** coor-
dination, which suppresses ET from the nitrogen atoms to
the excited AN fragment. A notable feature of L inspired
by the addition of Zn’* is the appearance of a red-shifted
emission at 450-600 nm, assigned to an intramolecular exci-
mer formed between the bipolar AN fragments that ap-
proach each other by Zn’* coordination.'*) As shown in
Figure 3B (filled symbols), the intensity of this excimer
emission (Ig) monitored at 500 nm increases at pH>7, for
which the increase corresponds to the formation of OH -co-
ordinated [Zn,L(OH)]** and [Zn,L(OH),]** species.

Figure 4A shows the pH-dependent change in the absorp-
tion spectra of L measured with two equivalents of Zn’*.
The absorbance of L at >400 nm “rises” with the pH in-
crease in the range of 4-7, for which OH -free Zn**-L com-
plexes ([Zn,H,L]**, [Zn,HL]’*, and [Zn,L]**) exist (Fig-
ure 3B). With Zn**, no precipitation occurs at any pH
value, and filtration of the solution does not lead to any
change in Iy, Iz, and absorption spectra. In addition, the
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Figure 3. A) pH-dependent change in fluorescence spectra (4.,=368 nm;
298 K) of L (50 um) in aqueous NaClO, (0.15m) solution with Zn**
(2 equiv). B) pH-dependent change in Iy (monitored at 420 nm, o), I
(monitored at 500 nm, @), and mole fraction distribution of the different
L species (-----), in which HgL*" and H,;L’" species are shown as their
total quantities. Each spectrum in A) corresponds to the plots in B).

Beer’s Law plot (concentration of L+42Zn*" versus the ab-
sorbance at 450 nm) gives a straight line over the entire pH
range. These findings indicate that the absorption rise at
>400 nm (Figure 4A) is due to neither intermolecular ag-
gregation of L nor precipitation of L in solution. As report-
ed for several ligand-conjugated aromatics," coordination
of metal cations with the ligand leads to formation of a
metal-aromatic moiety ; complex via donation of a m elec-
tron of the aromatic moiety to the adjacent metal cation at
room temperature. The rising absorption of L at >400 nm
(Figure 4A) may therefore be due to the formation of a
Zn**—AN 7 complex. A similar increase in absorption is ob-
served for some ligand-conjugated AN molecules through
Zn**—~AN @ complex formation."” As shown in Figure 3B,
almost no I increase is observed at pH 4-7. This is likely to
be because the Zn**—AN m complex suppresses the photo-
excitation of the AN fragments.'®! However, as shown in
Figure 4A, the absorption of L decreases at pH >7, at which
OH -coordinated [Zn,L(OH)]** and [Zn,L(OH),]** species
form (Figure 3B). This is because OH™ coordination to the
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Table 2. Logarithms of the stability constants for complexation between
L and one or two equivalents of metal cations determined in aqueous
NaClO, (0.15m) solution at 298 K.

Reaction!” Zn** (2 equiv) Cd** (2 equiv)
2H+2M+L—H,M,L 37.804+0.98 35.204+0.09
H+2M+L—HM,L 31.63+0.44 28.63+0.09
2M+L—-M,L 23.40+2.38 19.90+0.13
2M+L+OH—M,L(OH) 30.104+2.38 24.90+0.13
2M+L+2OH—M,L(OH), 35.40+2.38 29.60+0.13
H+H,M,L—H,M,L 54
H-+HM,L—H,M,L 62 6.6
H+M,L—HM,L 82 8.7
M,L+OH—M,L(OH) 6.7 5.0
M,L(OH)+OH —M,L(OH), 53 47
M+ML—M,L 8.1 7.0
Zn** (1 equiv) Cd** (1 equiv)

4H+M+L—HML 42.724+0.08
3H+M+L—H;ML 38.33+0.24 36.63+0.11
2H+M+L—H,ML 31.84+0.21 30.65+0.07
H+M+L—-HML 24.49+0.21 22.83+0.08
M+L—ML 15.33+0.38 12.89+0.55
M+ L+OH —ML(OH) 20.13+038 1829+0.55
3H+2M+L—H;M,L 40.56 +0.15
H+H.ML—HML 6.1
H+H,ML—H,ML 6.5 6.0
H+HML—-H,ML 7.4 7.8
H+ML—-HML 9.2 9.9

ML + OH—ML(OH) 48 54

[a] Charges are omitted for clarity.

Zn** centers within L leads to a decrease in electronegativi-
ty of Zn®* and, hence, suppresses the formation of the Zn>*
—AN 7 complex,®! thus probably allowing the appearance
of the excimer emission at pH >7 (Figure 3A).

Figure 4B shows the pH-dependent change in the excita-
tion spectra of L collected at 420 nm (monomer emission)
with two equivalents of Zn>*. The spectra are similar to that
obtained without metal cations (Figure 2B). In contrast, as
shown in Figure 4C, excitation spectra collected at 500 nm
(excimer emission) show a red-shifted band (400-440 nm) at
pH>7, at which OH -coordinated [Zn,L(OH)]’* and
[Zn,L(OH),]** species exist (Figure 3B). This band increas-
es with increasing pH, which is consistent with the increase
in Iy (Figure 3B). This result implies that the excimer emis-
sion of L is due to a “static” excimer formed by direct pho-
toexcitation of the intramolecular GSD!*182 of the bipo-
lar AN fragments within L.

Figure 5 shows decay profiles of the monomer and exci-
mer emissions of L (1.,=370 nm) measured with two equiv-
alents of Zn** at pH 10.3, at which [Zn,L(OH),]** exists.
Table 3 summarizes the decay times and preexponential fac-
tors of the emitting components. Both profiles are success-
fully fitted by the sums of two exponentials with short and
long lifetimes, for which no negative preexponential, that is,
a rise time, is detected. The respective emitting components
are assigned to the monomer (8.3 ns) and excimer (38.6 ns)
species. These findings clearly indicate that the excimer
emission of L is due to the “static” excimer formed by
direct photoexcitation of the GSD formed between the bi-
polar AN fragments. The lack of a red-shifted GSD excita-
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Figure 4. pH-dependent change in A) absorption spectra and excitation
spectra collected at B) 420 nm (monomer emission) and C) 500 nm (exci-
mer emission) of L with Zn?* (2 equiv) in aqueous NaClO, (0.15m) solu-
tion at 298 K.

tion band at pH 4-7 (Figure 4C) is because the Zn?*-AN
7t complex suppresses the m-stacking interaction of the bipo-
lar AN fragments, resulting in suppression of GSD forma-
tion. The appearance of the red-shifted GSD excitation
band at pH >7 (Figure 4C) is because the OH™ coordination
to the Zn** centers leads to a decrease in the electronega-
tivity of Zn** and, hence, suppresses the formation of the
Zn**—AN m complex. This allows n-stacking interactions of
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Figure 5. Decay profiles (4,=370nm; 298 K) of monomer emission
(monitored at 420 nm, o) and excimer emission (monitored at 500 nm,
@) of L measured with Zn’* (2 equiv) in aqueous NaClO, (0.15m) solu-
tion at pH 10.3. For judging the quality of the fit, autocorrelation func-
tions (A.C.) and weighted residuals (W.R.) are also shown.

Table 3. Decay times (7) and preexponential factors (a) of monomer and
excimer components for emissions of the respective L complexes at
pH 10.3 (A,,=370 nm).

Species Aem [AM] Toyonomer [05] Texcimer [115] '
(@monomer [])  (dexcimer [%0])
[ZnL(OH)]* 420 8.4 (97.5) 39.0 (2.5) 2.19
500 8.4 (46.5) 39.0(535) 312
[Zn,L(OH),]** 420 8.3 (98.4) 38.6 (1.6) 2.05
500 8.3 (43.4) 38.6(56.6)  1.94
[ZnCdL(OH),]** 420 8.0 (97.3) 371 (27) 2.69

(Zn** —Cd** sequence)

500 8.0 (70.5) 37.1 (29.5) 2.00

[CAL(OH)]* 420 7.9 (100) 2.98
[Cd,L(OH),]** 420 8.1 (100) 2.09
[ZnCdL(OH),J** 420 10.0 (100) 1.55

(Cd**—Zn** sequence)

the bipolar AN fragments (GSD formation), resulting in an
increase in Iy at pH > 7 (Figure 3B).

Figure 6A shows the emission spectra of L obtained with
one equivalent of Zn?*. As is also the case with two equiva-
lents of Zn** (Figure 3A), excimer emission appears at basic
pH values. As shown in Figure 6B, I increases dramatically
at pH>8, along with the formation of OH -coordinated
[ZnL(OH)]* species. As shown in Figure 6C, the absorb-
ance of L at >400 nm rises with increasing pH in the range
of 5-8, at which OH -free Zn**-L complexes ([ZnH,L]’",
[ZnH,L]**, and [ZnHL]**) exist. This increased absorption,
however, drops at pH>8, at which the OH -coordinated
[ZnL(OH)]* species forms. This is because OH™ coordina-
tion to the Zn** center suppresses the formation of the
Zn**-AN m complex, as is also the case with two equiva-
lents of Zn>*.

Chem. Eur. J. 2008, 14, 259-271
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Figure 6. A) pH-dependent change in fluorescence spectra (4.,=368 nm;
298 K) of L (50 um) in aqueous NaClO, (0.15m) solution with Zn**
(1 equiv). B) pH-dependent change in Iy, (monitored at 420 nm, o), I
(monitored at 500 nm, @), and mole fraction distribution of different L
species (-----), in which HgL®* and H;L’* species are shown as their total
quantities. C) pH-dependent change in absorption spectra.

Figure 7A shows the change in the emission spectra of L
with stepwise Zn?* addition at pH 10.3. Changes in I; and
I, are summarized in Figure 7B. Addition of Zn** leads to
an increase in I, but the increase is saturated upon addition
of one equivalent of Zn>*. At pH 10.3 with one equivalent
of Zn** (Figure 6B), [ZnL(OH)]™ exists, in which one poly-

www.chemeurj.org — 263


www.chemeurj.org

CHEMISTRY—

Y. Shiraishi et al.

A EUROPEAN JOURNAL

A)
0\|IIII|IIII|II\I|IIII|
400 450 500 550 600
Alnm
B) a +Zn? b +Zn* [
|
1
i
t
|
1
0.1 - H
|
1
1
i
— 1
|
H
i
1
]
E i
1
1
1
|
1
1
1
!
H
0 T f T |
0 1 2
[Zn*)/IL]
C) -
5
T
£
s i
T
=
= | b
<
c
T a
0 T T T 1 T T T T [ T T T T |
350 400 450 500
Alnm

Figure 7. Changes in A) fluorescence spectra, B) Iy and g, and C) ab-
sorption spectra of L at pH 10.3 (298 K) with amount of Zn?*: a) zero,
b) 1 equiv, c) 2 equiv.

amine bridge of L coordinates with Zn?* and the other has
four deprotonated and metal-free nitrogen atoms. In con-
trast, with two equivalents of Zn** at pH 10.3 (Figure 3B),
[Zn,L(OH),]** exists, in which each of the bridges of L co-
ordinates with one Zn** center. The saturation of the in-
crease in Iy, upon addition of one equivalent of Zn** (Fig-
ure 7B) means that [Zn,L(OH),]** shows an I value simi-
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lar to that of [ZnL(OH)]*, although ET from the nitrogen
atoms to the excited AN monomer might be much sup-
pressed within [Zn,L(OH),]** because all nitrogen atoms
coordinate with Zn>*. The lack of a gain in I, upon coordi-
nation of two Zn** centers is due to the weak coordination
of the second Zn?*, which leads to ET from nitrogen atoms
to the excited AN monomer. The first Zn*" coordination
with one polyamine bridge of L leads to a distortion of the
other bridge; therefore, the second Zn?* coordination is
structurally restricted, resulting in weak coordination. In
particular, as reported,”!! benzylic nitrogen atoms of the
bridges are coplanar and close to the AN fragment, which
may mainly contribute to the weak coordination with the
second Zn’* center. As shown in Table 2, the stability con-
stant for coordination of L with a second Zn** center (Zn**
+[ZnL]**—[Zn,L]**; logK,=8.1) is lower than that of the
first Zn’* center (Zn**+L—[ZnL]**; logK,=15.3); this
finding supports the weak coordination with the second
Zn** center. These results indicate that the weak coordina-
tion of the second Zn** center still leads to ET to the excit-
ed AN monomer, resulting in almost no gain of Iy; by the
second Zn** coordination (Figure 7B). As shown in Table 3,
the lifetime of the monomer component of [Zn,L(OH),]**
(8.3 ns) is almost the same as that of [ZnL(OH)]* (8.4 ns).

As shown in Figure 7B, I;; also increases with Zn>* addi-
tion; however, the addition of two equivalents of Zn’* leads
to a 10% lower I than that obtained with one equivalent of
Zn?>*. This finding is explained by the distance between the
bipolar AN fragments within L. Table 4 summarizes the dis-
tances within [ZnL(OH)]" and [Zn,L(OH),]** complexes
determined by semiempirical molecular orbital (MO) calcu-
lations. The average distance between the bipolar AN frag-
ments is 6.64 A ([ZnL(OH)]*) and 7.44 A ([Zn,L(OH),]**),
which means that the second Zn’* coordination brings the
AN fragments apart. As a result of this, the m-stacking inter-
action of the AN fragments becomes weaker (GSD stability
decrease), thus leading to a decrease in Ig upon the second
Zn** coordination (Figure 7B). As shown in Table 3, the
lifetime of the excimer component of [Zn,L(OH),J** is
shorter than that of [ZnL(OH)]*, which means that the
GSD is actually destabilized by the second Zn** coordina-
tion.

Effect of Cd** addition: Figures 8A and 9A show the pH-
dependent change in the emission spectra of L obtained
with two and one equivalents of Cd**, respectively. As sum-
marized in Figures 8B and 9B, I, decreases with pH increase
but is constant at pH>6 (at 90% decreased level), with
pH-I,; profiles similar to those obtained with Zn?* (Figur-
es 3B and 6B, open symbols). The appearance of monomer
emission even at basic pH values is because Cd** coordina-
tion with a polyamine bridge suppresses ET from the nitro-
gen atoms to the excited AN fragment,'® as is also the case
with Zn**. A notable feature of the emission spectra of L
obtained with Cd** is that excimer emission does not
appear at any pH. At pH>8 with two and one equivalents
of Cd**, OH -coordinated [CdL(OH)]* and [Cd,L(OH),]**
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Table 4. Distance between the bipolar AN fragments within L determined by semiempirical MO calculations.
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[ZnL(OH)]* 8.06 that, as reported for ligand-
;g; conjugated AN molecules,l”!¥

(6.64) the Cd*"—AN m complex is

stronger than the Zn**-AN

4.76 wt complex. The appearance of

‘1"14?3 the increased and red-shifted

[Zn,L(OH),J* 1119 absorption of L with Cd**
6.65 even at basic pH (Figures 8C

6.40 and 9C) suggests that the Cd**

(7.44) —AN 7 complex is much stron-

334 ger and is not relieved by OH™

9.02 coordination to the Cd** cen-

5.89 ters. The formation of the

[CAL(OH)]* 6.69 strong Cd**-AN  m complex
332 suppresses the m-stacking inter-

(7.29) action of the bipolar AN frag-

ments and, hence, suppresses

5.65 formation of the GSD, result-

?'17(1)9 ing in no excimer emission

[Cd,L(OH),J** 1110 (Flgu'res .8A and 9A). These re-
6.96 sults indicate that L behaves as

7.06 a fluorescent molecular switch

(7.93) capable of showing Zn’*-selec-

species form predominantly, as is also the case with Zn**;
however, no excimer emission appears.

Figures 8C and 9C show the pH-dependent change in the
absorption spectra of L obtained with Cd**. The absorbance
of L “rises” with increase in pH, as is also the case with
Zn** (Figures 4A and 6A). However, the absorbance “red-
shifts” (about 4nm) with a pH increase (see around
400 nm), which is associated with the coordination of Cd**
(Figures 8B and 9B). The increased and red-shifted absorp-
tion of L may be due to the formation of a Cd**-AN
7t complex through donation of a m electron of the AN frag-
ments to the adjacent Cd** center."® Notably, the absorp-
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tive excimer emission. So far,

this type of emission has been

achieved by two molecules;*
however, these systems employ a pyrene or naphthalene flu-
orophore. The present L system is the first example showing
Zn**-selective AN excimer emission.

Figure 11A shows the change in the emission spectra of L
with stepwise Cd** addition at pH 10.3. No excimer emis-
sion appears because of the formation of the Cd*T-AN
7t complex: the increased and red-shifted absorption appears
after addition of the entire amount of Cd** (Figure 11C). In
contrast, as shown in Figure 11B, I, increases with increas-
ing amount of Cd** but is saturated upon addition of one
equivalent of Cd**, as is also the case for Zn>* (Figure 7B).
At pH103 with one and two equivalents of Cd**,
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Figure 8. A) pH-dependent change in fluorescence spectra (4.,=368 nm;
298 K) of L (50 um) in aqueous NaClO, (0.15m) solution with Cd**
(2 equiv). B) pH-dependent change in I; (monitored at 420 nm) and
mole fraction distribution of the species (----- ), in which HgL** and
H,L’* are shown as their total quantities. C) pH-dependent change in ab-
sorption spectra. Each spectrum in A) corresponds to the plots in B).

[CAL(OH)]* and [Cd,L(OH),]*" exist (Figures 8B and 9B).
In the [CAL(OH)]* complex, one polyamine bridge of L co-
ordinates with the Cd** center and the other has four de-
protonated and metal-free nitrogen atoms. In contrast, in
the [Cd,L(OH),]** complex, all nitrogen atoms coordinate
with Cd**. The lack of a gain in Iy even upon coordination
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Figure 9. A) pH-dependent change in fluorescence spectra (1., =368 nm;
298 K) of L (50 um) in aqueous NaClO, (0.15m) solution with Cd**
(1 equiv). B) pH-dependent change in I, (monitored at 420 nm) and
mole fraction distribution of the species (-----), in which HgL** and
H,L’* are shown as their total quantities. C) pH-dependent change in ab-
sorption spectra. Each spectrum in A) corresponds to the plots in B).

of two Cd** centers (Figure 11B) is due to the weak coordi-
nation of the second Cd** center with a polyamine bridge,
as is also the case with Zn**: the first Cd** coordination
with one bridge of L leads to distortion of the other bridge
and, hence, leads to weak coordination of the second Cd**
center. This leads to ET from the nitrogen atoms to the ex-
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Figure 10. "H NMR spectra of L in D,0/CD;CN (80:20, v/v; pH 10.3) so-
lution measured a) without metal cations and with b)1equiv and
c) 2 equiv of A) Zn** and B) Cd’*. pH (=pD—0.4) of the solution was
adjusted with DCI and NaOD.

cited AN, resulting in almost no /y; gain upon coordination
of the second Cd** center. As shown in Table 2, the stability
constant for coordination of the second Cd** center (Cd** +
[CAL]**—[Cd,L]**; logK,=7.0) is lower than that of the
first Cd** center (Cd®* +L—[CdL]**; logK,=12.9). This
result supports the weak coordination of the second Cd**
center. Table 3 summarizes the lifetimes of monomer emis-
sion for the [CAL(OH)]" and [Cd,L(OH),]*" complexes.
The lifetimes of both complexes (7.9 and 8.1 ns) are relative-
ly shorter than that for [ZnL(OH)]* and [Zn,L(OH),]**
complexes (8.4 and 8.3 ns). This may be because the stron-
ger Cd>*-AN m complex quenches the excited AN mono-
mer more significantly.!'”!*!

Effect of input sequence of metal cations: The most notable
feature of L is the irreversible switching of excimer emission
driven by the input sequence of metal cations. Figure 12A
shows the change in the emission spectra of L upon sequen-
tial addition of Zn** and Cd?* (each one equivalent) at
pH 10.3 (Zn** —Cd** sequence). As shown in Figure 12B,
Iy, remains constant even upon addition of Cd** to a solu-
tion containing one equivalent of Zn>*, as is also the case
for the Zn**—Zn?" sequence (Figure 7B). In this case, Iy
decreases with the addition of Cd** due to the formation of
the Cd**-AN x complex, but still appears at a 50% de-
creased level.

Figure 13A shows the change in the emission spectra of L
upon sequential addition of Cd®>* and Zn** (each one equiv-
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Figure 11. Change in A) fluorescence spectra, B) I, and C) absorption
spectra of L at pH 10.3 (298 K) with amount of Cd**: a) zero, b) 1 equiv,
c) 2 equiv.

alent) at pH 10.3 (Cd**—Zn** sequence). As shown in Fig-
ure 13B, upon addition of one equivalent of Zn’* to a solu-
tion containing one equivalent of Cd**, I remains constant,
but excimer emission does not appear. These findings indi-
cate that the Zn**—Cd** sequence allows the appearance
of both monomer and excimer emission, whereas the re-
verse sequence allows only monomer emission. As shown in
Figure 12C, in the Zn’*—Cd** sequence, Cd’* addition
scarcely shows red-shifted absorption. In contrast, for the re-
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Figure 12. Change in A) fluorescence spectra, B) Iy and Ig, and C) ab-
sorption spectra of L at pH 10.3 (298 K) with the addition of cations in
the sequence Zn?*—Cd>** (each 1equiv): a)zero; b) 1 equiv of Zn**;
c) 1 equiv of Cd**.

verse sequence, red-shifted absorption still remains upon
Zn** addition (Figure 13C). As shown in Figures 3B, 6B, 8B,
and 9B, the mole fraction distributions of the species ob-
tained with one or two equivalents of Zn** or Cd** reveal
that, at pH 10.3, all species contain OH -coordinated Zn>*
or Cd** centers ([ZnL(OH)]*, [Zn,L(OH),]**, [CAL(OH)]*,
and [Cd,L(OH),]**). This suggests that, at pH 10.3, both
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Figure 13. Change in A) fluorescence spectra, B) I, and C) absorption
spectra of L at pH 10.3 (298 K) with the addition of cations in the se-
quence Cd**—Zn’* (each 1equiv): a)zero; b)lequiv of Cd**;
¢) 1 equiv of Zn**.

Zn**—Cd** and Cd**—Zn’* sequences produce the
[ZnCdL(OH),]** complex, in which each of the Zn>* and
Cd** centers coordinates with OH™. These results mean that
the [ZnCdL(OH),)** complex produced by the Cd**—Zn**
sequence forms a Cd**~AN m complex stronger than the
complex formed by the reverse sequence, despite the same
chemical composition.

Figure 14A shows the change in the "H NMR spectra of L
with sequential Zn?>*—Cd** addition. The spectra do not
show a downfield shift of the AN resonance, as is also the
case for the Zn** —Zn** sequence (Figure 10A). In contrast,
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Figure 14. Change in '"H NMR spectra of L in D,0/CD;CN (80:20, v/v;
pH 10.3) with the addition of cations in the sequence A)Zn’T—Cd**
(a) zero, b) 1 equiv of Zn**, c)1equiv of Cd’*) and B) Cd**—Zn’*
(a) zero, b) 1 equiv of Cd**, ¢) 1 equiv of Zn**). The pH (=pD—0.4) of
the solution was adjusted with DCI and NaOD.

for the Cd**—Zn** sequence (Figure 14B), the AN reso-
nance shifted downfield by the first Cd** coordination still
remains upon sequential Zn** coordination. This suggests
that the first Cd** coordination leads to formation of a
strong Cd**-AN & complex. In contrast, for the Zn**—
Cd** sequence, Cd** coordination is structurally restricted
by the first Zn’>* coordination with the other polyamine
bridge, thus probably leading to formation of a weak Cd**—
AN 7 complex. As a result, the m-stacking interaction be-
tween the AN fragments is maintained even upon Cd** co-
ordination and, hence, leads to GSD formation, allowing the
production of excimer emission. In contrast, for the Cd**—
Zn** sequence, the first Cd** coordination forms a stably
configured strong Cd**~AN & complex whose configuration
is maintained even upon sequential Zn?>* coordination, re-
sulting in no excimer emission (Figure 13A).

The mechanism for excimer emission switching by the
input sequence of metal cations is confirmed experimentally.
Figure 15A shows the change in the emission spectra of L
upon addition of Zn?* (one equivalent) and Cd** (one
equivalent) at the same time. /y; increases with the simulta-
neous addition of Zn?>* and Cd>*, but excimer emission
does not appear. In this case, as shown in Figure 15B, an in-
creased and red-shifted absorption appears, indicating that
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Figure 15. Change in A) fluorescence (4.,=368 nm; 298 K) and B) ab-
sorption spectra of L (50 um) in aqueous NaClO, (0.15m) solution at
pH 10.3, when Zn** and Cd** were added at the same time: a) zero,
b) 1 equiv each of Zn>* and Cd**.

the simultaneous addition of Zn?* and Cd** leads to the for-
mation of a strong Cd**~AN x complex. This is because, as
described,”” Cd** coordination with a polyamine ligand in
water occurs more rapidly than Zn** coordination. This
result clearly suggests that the production of excimer emis-
sion of L is directed by the coordination of the metal cation
added first.

As summarized in Table 3, the lifetimes of the monomer
and excimer emissions also depend on the input sequence.
In the Zn**—Cd** sequence, Cd** addition shortens the
lifetimes of both emissions (monomer, 8.4—8.0 ns; excimer,
39.0—-37.1 ns). This is because Cd** coordination with L de-
stabilizes the excited monomer and excimer due to forma-
tion of the Cd**—~AN x complex. In contrast, in the Cd**—
Zn** sequence, Zn’* addition lengthens the lifetime of the
monomer emission (7.9—10.0 ns). This monomer lifetime is
longer than those of all other complexes (< 8.4 ns), although
the first Cd** coordination may destabilize the excited mo-
nomer by formation of the strong Cd**—~AN x complex. As
shown in Table 4, the distances between the 10-10" positions
of the AN fragments of the [ZnL(OH)]* and [CdL(OH)]*
complexes are 7.33 and 7.75 A, respectively. This means that
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the metal-free (vacant) polyamine ligand of [CAL(OH)]*
has a metal-binding space larger than that of [ZnL(OH)]*;
in other words, the vacant polyamine ligand of [CdL(OH)]*
can coordinate with metal cations more flexibly. This is be-
cause the coordination of Cd?*, of larger ionic radius
(1.10 A) than Zn** (0.74 A),?* pulls the bipolar AN frag-
ments apart. The vacant polyamine ligand of [CdL(OH)]™,
therefore, coordinates with Zn**, of smaller ionic radius
than Cd**, more strongly. This probably leads to an efficient
suppression of ET from the nitrogen atoms of the ligand to
the excited AN, thus lengthening the lifetime of the mono-
mer emission.

Conclusion

The emission properties of an azamacrocyclic ligand (L)
containing two AN fragments have been studied in water.
We found that L acts as the first fluorescent molecular
switch driven by the input sequence of metal cations (Zn’*
and Cd**). The basic concept presented here, which cleverly
controls excimer emission by simple polyamine ligand and
metal cation inputs, may contribute to the development of
more miniaturized and more integrated fluorescent molecu-
lar devices.

Experimental Section

General: All of the reagents used were of the highest commercial quality,
and were supplied by Wako and Tokyo Kasei and used without further
purification. Water was purified by the Milli Q system.

Azamacrocyclic ligand L: Anthracene-9,10-dicarbaldehyde (0.54 g,
2.3 mmol) and triethylenetetramine (0.37 g, 2.5 mmol) were stirred in a
mixture of CH;CN and CH;0H (60:40 mL/mL) at 323 K under dry N.,.
After 50h of stirring, the solvents were removed by evaporation.
CH;O0H (50 mL) was added to the residue, and NaBH, (0.57 g, 15 mmol)
was added carefully. After 12 h of stirring at 323 K, the solvents were re-
moved by evaporation. Water (40 mL) and CH,Cl, (90 mL) were added
to the residue, and the resulting organic layer was dried over Na,SO, and
concentrated by evaporation. The semisolid residue obtained was dis-
solved in ethanol and precipitated as the HCI salt by addition of concen-
trated aqueous HCI solution. The salt was recrystallized in diethyl ether/
ethanol, affording L as a brown powder (0.45g, 20%). 'HNMR
(270 MHz, D,0O, TMS): 6=3.11-3.57 (m, 24H; CH,, polyamine), 5.46 (s,
8H; ArCH,), 7.82-8.46 ppm (m, 16H; ArH); *C NMR (270 MHz, D,0,
TMS): 0=130.7, 128.6, 124.7, 123.8, 45.5, 44.4, 44.1 ppm; FAB-MS: m/z:
caled for CyHsgNg: 696.46; found: 697.8 [M+HT].

Analysis: Steady-state fluorescence spectra were measured on a Hitachi
F-4500 fluorescence spectrophotometer.” Absorption spectra were mea-
sured on a UV/Vis photodiode-array spectrophotometer (Shimadzu;
Multispec-1500).%!  Time-resolved fluorescence decay measurements
were performed by time-correlated single photon counting on a PTI-3000
apparatus (Photon Technology International) by using a Xe nanoflash
lamp filled with N, as excitation source. All of the measurements were
carried out in the presence of NaClO, to maintain the ionic strength of
the solution (/=0.15m) and at 298+1K by using a quartz cell with
10 mm path length. The measurements in the presence of metal cations
were carried out after adding a metal cation followed by stirring for
5 min, because >5 min stirring does not lead to any change in the spec-
tra. For reproduction of the data, all of the measurements were carried
out in aerated conditions. Potentiometric titrations were carried out on a

2710 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMTITE-550 potentiometric automatic titrator (Hiranuma) with a
glass electrode (GE-101).””" An aqueous solution (50 mL) with an ionic
strength of /=0.15 (NaClO,) containing L (0.01 mmol) with or without
metal cation was kept under dry argon. At least two independent titra-
tions were performed at 298+1K with an aqueous NaOH solution
(0.35 mm). The protonation and intrinsic complexation constants of L
were determined by the nonlinear least-squares program HYPERQUAD,
for which the K,, (=[H*][OH]) value used was 1077 at 298 K.** The
stepwise protonation constants for L and stability constants for interac-
tion between L and metal cations are summarized in Tables 1 and 2, re-
spectively. '"H and “C NMR spectra were obtained by a JEOL JNM-
GSX270 Excalibur spectrometer with tetramethylsilane (TMS) as stan-
dard. FAB-MS spectra were obtained by a JEOL JMS-700 mass spec-
trometer. Semiempirical MO calculations were performed by the
[D]JMNDO method within the WinMOPAC version 3.0 software (Fu-
jitsu).?)
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