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Highly Selective Ratiometric Emission Color Change by Zinc-Assisted

Self-Assembly Processes**
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Switches are key elements in the construction of complex
supramolecular systems and for their use as sensing mole-
cules. In the case of fluorescence sensors, simple “off/on”
switching based on host—guest interaction is the most popular
use at present.'*! However, supramolecular systems involv-
ing multiple species can interconvert between two or more
self-assembled units when these distinct states are on a
relatively flat potential energy surface.*®! This strategy has
opened ways to create unique sensing systems with nonlinear
(e.g., “off/on/off” or “off/off/on”) switching ability.”"® As a
prototypical example, fluorescence probes comprised of
multidentate ligands show nonlinear intensity changes®®!"! or
ratiometric shifts"'>'*! of emission upon sequential binding of
metal ions. This method allows us to assess changes in the
metal ion concentration by observing the threshold of non-
linear intensity changes® ! or ratiometric color changes in
emission.'">*] However, such systems that contain relatively
simple binding motives often show similar fluorescence
modulation to that obtained with the target metal ion,
because ligands also bind with competing metal ions.!""

We report herein a highly selective ratiometric emission
color change of 2-(anthracen-9-ylethynyl)-1-methylbenzimi-
dazole (BzIm-An) by well-defined self-assembly processes
with Zn**.1¥l Interconversion between two successive com-
plex species of BzIm-An with Zn?" enables the first observa-
tion of “off/on/off” switching of anthracene dimer emission
(Scheme 1a).*'! This unique assembling feature of BzIm-
An allows us to create new sensing mechanisms to enable
fine-tuning of the emission color as a function of Zn*"
concentration.

The emission response of BzIm-An to Zn(OTf), (OTf=
OSO,CF;) over a wide concentration range is shown in
Figure 1. We focused on Zn*" in the first experiment because
of its importance as an active ion in biological systems.'”! The
original blue emission of BzIm-An is changed to light yellow
in the presence of low concentrations of Zn*" (3.6 x 10°-1.4 x
107°M), and in turn is subsequently changed to green in the
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Figure 1. CIE chromaticity diagram for the emission of BzIm-An
(5.0x107° m) in the presence of Zn*" (A: Om to B: 7.5x10°m to C:
6.6x1072M) in MeCN at 298 K. Excitation wavelength 1 =438 nm.
Inset: Photographs of solutions of BzIm-An (5.0x107° m) in the
presence of Zn®" (0-1.4x107>m) in MeCN under irradiation with UV
light.

high-concentration region (>7.0 x 10~ M; inset of Figure 1).
The CIE chromaticity diagram (CIE = International Com-
mission on Illumination) for the emission of BzIm-An at
various concentrations of Zn?" demonstrates the fine-tuning
of the emission color from blue to light yellow to green in
response to Zn>" concentration (Figure 1).

UV/Vis and fluorescence spectral titrations of BzIm-An
by Zn?" were performed to understand how BzIm-An allows
multicolor tuning of emission as a function of Zn>" concen-
tration (see below). Upon addition of low concentrations of
Zn*" (< 7.5x107°M) to a solution of BzIm-An in acetonitrile,
UV/Vis spectral changes of BzIm-An were observed with
isosbestic points at 1=438, 346, 325, and 305 nm; the
characteristic anthracene absorption at 1=408 nm (Fig-
ure 2a, red line) was suppressed and a broad absorption
band appeared at longer wavelengths (Figure 2 a, yellow line).
Similarly, the characteristic anthracene fluorescence band at
A =469 nm (Figure 2b, red line) gradually changed to a broad
structureless emission band (Figure 2b, yellow line) with
increasing Zn*" concentration, which is characteristic of the
emission spectrum of anthracene dimers."®!”! The stacking of
anthracene moieties is ascribed to complex formation of
BzIm-An with Zn?*. Hence, the absorbance at A =408 nm and
the emission intensity at A =494 nm were plotted against the
ratio of Zn*" concentration to the initial concentration of
BzIm-An ([Zn*']/[BzIm-An],) to determine the stoichiome-
try of the Zn?" complex (inset of Figure 2a, top and bottom
panels, respectively).
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Scheme 1. Stepwise complex formation of Zn*"

The titration curves reveal a stoichiometry of three BzIm-
An ligands bound per Zn?" ion ([Zn*']/[BzIm-An]=0.33).
However, all possible coordination geometries of a simple 3:1
complex [(BzIm-An);Zn**] could not bring the two anthra-
cene rings in a face-to-face position. Thus, n-stacked anthra-
cene moieties may be ascribed to m-stacking between the 3:1
complexes ([{(BzIm-An),Zn*"},]) [first step of Scheme 1a],
which was evidenced by ESI MS and NOE experiments (see
below).

The broad emission band of [{(BzIm-An);Zn*'},] at A=
554 nm overlaps with the weak emission peaks at 1 =444 and
472 nm (Figure 2b, yellow line). The excitation spectra
recorded at 1 =444 and 554 nm [inset of Figure 2b (top)]
are close to the absorption spectra of free BzIm-An and
[{(BzIm-An);Zn*>"},], respectively (Figure 2a, red and yellow
lines, respectively), thereby indicating that the weak emission
bands at the shorter wavelengths are due to the fluorescence
of the small amount of BzIm-An generated in the dissociation
equilibrium of [{(BzIm-An);Zn*'},] (leftward arrow in the
first step of Scheme 1a).

Time-resolved fluorescence measurements of BzIm-An in
the presence of a low concentration of Zn*' (6.0 x 107*m)
confirm the ground-state dimerization of anthracene moieties
(see below). Analysis of the excited-state dynamics immedi-
ately after laser irradiation (1.0 ns) of BzZIm-An shows a broad
emission band of [{(BzIm-An),Zn*'},] at 1 =554 nm over-
lapping with the weak fluorescence at 1 =472 nm due to the
unbound BzIm-An [inset of Figure 2b (bottom), green line].
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These two components decay independently, and the fluores-
cence band due to free BzIm-An at a shorter wavelength
totally disappears upon laser excitation within 14.4 ns [inset of
Figure 2b (bottom), yellow line]. The emission lifetimes of
[{(BzIm-An);Zn*>"},] were determined separately from biex-
ponential emission decays (see the Supporting Information
S1). The excited-state lifetime of [{(BzIm-An);Zn>'},]
(23.9 ns) is much longer than that of free BzIm-An (4.0 ns),
indicating anthracene dimer emission from [{(BzIm-
An);Zn*"}].

However, the absorption and emission spectra of [{(BzIm-
An);Zn’>"},] show additional changes in the presence of large
excess of Zn?" (>1.5x107°m) [Figure2a,b, blue lines],
namely, the emission band of the anthracene dimer is replaced
by a broad emission band at shorter wavelength (Figure 2b,
blue line). Such stepwise spectral changes are ascribed to the
conversion of the [{(BzIm-An);Zn?},] complex into another
complex species that has no stacked anthracene moieties
(second step of Scheme 1a). A plot of the emission intensity
at 1=494nm versus the concentration of Zn’" clearly
demonstrates the nonlinear “off/on/off” switchability of the
emission of BzIm-An through stepwise complex formation
(Figure 2c¢): The emission intensity decreases with increasing
Zn*" concentration to approach the saturation value in the
low-concentration region of Zn*" (< 1.5 x 10~ m), after which
the emission intensity starts to increase with increasing Zn**
concentration. The saturated dependence of the emission
intensity on [Zn*'] at the high-concentration region of Zn*"
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Such multiple m-stacking interac-
tions in [{(BzIm-An);Zn*'},] were con-
firmed by NOE experiments (see
below). The '"H and NOE NMR spectra
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of BzIm-An in the presence of Zn*" are
shown in Figure 3b-d.?!! Specifically,
anthracene protons (H-b, H-c, H-d,
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and H-e) of [{(BzIm-An);Zn*"},] (Fig-
ure 3b) show notable upfield shift rela-
tive to those of ligand BzIm-An (Fig-
ure 3a),”? indicating the shielding
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effects from the neighboring aromatic
rings (anthracene and benzimidazole
moieties). NOE effects are observed
between the H-g (or H-f) atom of the
benzimidazole ring and the H-c atom of
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the anthracene ring (Figure 3¢) as well
as between the H-a atom and the H-c
atom of the anthracene rings (Fig-
ure 3d), whereas there is no NOE
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between them for free BzIm-An (see
the Supporting Information S5). These
NOE effects clearly indicate m-stacking
interactions between the anthracene
and the benzimidazole rings as well as
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Figure 2. a) UV/Vis and b) fluorescence spectra of BzIm-An (5.0x107° m) in the presence of
Zn*" [Om (red line) to 7.5x107°m (yellow line) to 6.6x1072m (blue line)] in MeCN at 298 K.
Excitation wavelength 1 =438 nm. Plots of c) emission intensity at =494 nm and d) y=0.75
[BzIm-An],2a®(1—a) ' versus [Zn*'] for the titration of BzIm-An (5.0x 107> M) by Zn*" in MeCN
at 298 K. Insets: a) Plots of absorbance at 1 =408 (top) and emission intensity at 1 =494 nm
(bottom) versus [Zn**]/[BzIm-An],. b) Excitation spectra of BzIm-An (5.0x107°m) in the
presence of Zn?" (6.0x107*m) recorded at 1 =444 (dashed line) and 554 nm (solid line) [top].
Time-resolved emission spectra of BzIm-An (5.0x 107> M) in the presence of Zn*" (6.0x107*m)
monitored at 1.0, 8.4, and 14.4 ns (green, black, and dark yellow lines, respectively) after laser

excitation at A=400 nm (bottom).

(>1.5x107°M) can be converted into a linear relation
(Figure 2d) given by Equation (1), where a=(I-I))-

K[Zn**] = 0.75 [BzIm-An],’ o (1—a) ! 1

(I.—1,)"', K is the equilibrium constant for conversion of
[{(BzIm-An);Zn**},] into a 2:1 complex [(BzIm-An),Zn**], I,
and I, are emission intensities of [{(BzIm-An),Zn*"},] and
[(BzIm-An),Zn*"] at 1 =494 nm, respectively [for derivation
of Equation (1), see the Supporting Information S2]. Equa-
tion (1) is a fitting equation for a 2:1 model, and a good linear
correlation in Figure 2d indicates that [{(BzIm-An);Zn*"},] is
converted into a simple 2:1 complex [(BzIm-An),Zn”'] at the
high-concentration region of Zn**.? The [(BzIm-An),Zn**]
complex was detected by ESI MS (see the Supporting
Information S4). K was determined to be 2.5x10"*m from
the slope of the linear plot of y versus [Zn*'] (Figure 2d). The
small K value indicates that [{(BzIm-An);Zn*"},] is thermo-
dynamically favored over [(BzIm-An),Zn*], whereby
[{(BzIm-An);Zn*'},] is stabilized by multiple m-stacking
interactions.
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between the anthracene rings in
[{(BzIm-An);Zn*'},]. To investigate
possible m-stacking interactions in
[{(BzIm-An);Zn*"},], the structures of
[{(BzIm-An);Zn*>"},] were modeled by
the Merck Molecular Force Field
(MMFF94)! (Figure 3e,f), where the
vacant sites of [{(BzIm-An),Zn*'},] are
occupied by counter anions
(OSO,CF;"). Two types of m-stacking
interactions were found in the structure
of [{(BzIm-An);Zn*'},] (Figure 3 f):
n stacking between the anthracene and
benzimidazole rings (dashed yellow lines) and between the
anthracene rings (dashed red line). Thus, [{(BzIm-An);Zn*"},]
is stabilized by multiple m-stacking interactions between the
anthracene chromophores and undergoes additional stabili-
zation by donor/acceptor m-stacking interactions between
anthracene and Zn**-coordinated benzimidazole rings.”
The n-stacking interactions between the anthracene and
benzimidazole moieties were further confirmed by a synthe-
sized reference compound, 2-(anthracen-9-ylethynyl)-1-
methylimidazole (Im-An), where the 1-methylbenzimidazole
ring of BzIm-An was replaced by a 1-methylimidazole ring to
suppress n—n interactions with the anthracene units. Im-An
also undergoes stepwise complex formation with Zn*" to
build two successive zinc complexes, [{(Im-An),Zn*"},] and
[(Im-An),Zn*"] (Scheme 1b; see the Supporting Informa-
tion S6). Both complexes were detected by ESI MS. The
positive-ion ESI mass spectrum of a solution of Im-An and
Zn*" in MeCN shows isotopically resolved signals at m/
z2135.2 and 777.1 (Figure 3 g,h), which correspond to {[Zn-
(Im-An);],(OSO,CF;),(OH)}* and {[Zn(Im-An),]-
(OSO,CF,)}*, respectively.”*?! The characteristic distribu-

T
0.08

Angew. Chem. Int. Ed. 2010, 49, 51105114


http://www.angewandte.org

a) ae b hd

2.0 8.0 7.0
< ppm

Angewandte
imemationaldiion. CEMI@

e) &
o@
|2
o) h)
i) i U .
Ll
2130 2135 2140 2145 2150 776 778 780 782 784

m/z

-~ mz —»

Figure 3. "TH NMR (a,b) or NOE (c,d) spectra of BzIm-An (1.6x1072m) in the a) absence and b—d) presence of Zn>* (1.3x1072M) in CD;CN at
298 K. Without (b) or with irradiation of H-g (or H-f) (c) or H-a protons (d). e,f) Structures of [{(BzIm-An),Zn**},] modeled by MMFF94: e) top
view and f) front view. C blue; N purple; O red; S yellow; F dark yellow; H white. Red and yellow dashed lines denote the 7t stacking between the
anthracene rings and that between anthracene and benzimidazole rings, respectively. g—j) Positive-ion ESI MS of a solution of Im-An (1.5x 107> m)
in MeCN in the presence of Zn** (1.5x107* M) with isotopically resolved signals and the calculated isotopic distributions for {[Zn(Im-An),],-

(OSO,CF;),(OH)}* and {[Zn(Im-An),](0SO,CF;)}*.

tion of isotopomers in those signals agrees closely with their
calculated isotopic distributions (Figure 31,j). The equilibrium
constant (K=3.4x10"m) for conversion of [{(Im-
An);Zn*'},] into [(Im-An),Zn*"] is approximately 14 times
larger than that for conversion of [{(BzIm-An),Zn?},] into
[(BzIm-An),Zn*"] (K=2.5x10"%M) [see the Supporting
Information S6]. The larger K value indicates that swt-stacking
interactions between anthracene and imidazole moieties in
[{(Im-An);Zn"},] are suppressed relative to those in [{(BzIm-
An),Zn*"},], which induces a shift in the equilib-
rium in favor of the dissociation of [{(Im-
An);Zn*"},] to [(Im-An),Zn*"] (rightward arrow
in the second step of Scheme 1b) relative to the
BzIm-An/Zn*" system (Scheme 1a).

With these results in hand, we examined the
emission selectivity of BzIm-An to Zn>" over a 4A¢
wide range of competing metal ions. The emission
response of BzIm-An to a series of metal ions is
summarized in Figure 4 (for UV/Vis absorption
and fluorescence spectra, see the Supporting
Information S8). BzIm-An provides insignificant
changes in emission color for competing metal
ions, whereas it exhibits a visually noticeable blue-
to-light-yellow emission color change upon addi-
tion of 5.0x107*M of Zn®" (Figure 4a). The
corresponding CIE chromaticity diagram shows
the high selectivity of BzIm-An to Zn*" (Fig-
ure 4b).>30

In conclusion, we have achieved a highly
selective ratiometric emission color change in
BzIm-An by adjusting the concentration of Zn*".
BzIm-An forms the 6:2 complex ([{(BzIm-
An);Zn*'},]) upon addition of Zn*", allowing a
distinct color change in emission from blue to light
yellow, whereas no appreciable change in emission
color is observed for a wide range of competing
metal ions. With increased concentrations of Zn>*,

a)
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the [{(BzIm-An);Zn*'},] complex is converted into a 2:1
complex [(BzIm-An),Zn*"], which exhibits green emission.
The spectral signature of the anthracene dimer emission from
[{(BzIm-An);Zn*'},] is sufficiently different from that of
monomer fluorescence from free BzIm-An as well as that of
[(BzIm-An),Zn*"]. Thus, BzIm-An acts as a unique ligand
that shows a continuous emission color change as a function
of Zn>" concentration, providing quantitative information
about the amount of the target metal ion. This unique

s R L2222 28§

Rb* Sr¥* ¥ Ag* Cd Cs* Eu Lu® Hg? Pb?*

QQCQCO:\

Figure 4. a) Visible fluorescence response of BzIm-An (5.0x107° M) in the presence
of metal ions (5.0x107*m) and of trifluoroacetic acid (5.0x107*M) in MeCN at

298 K. ClO,™ salts for Li*, Na*, Mg®*, K*, Ca**, Cu®*, Rb*, Sr**, Ag", Cd**, Cs™,
Hg?", and Pb?"; OSO,CF;™ salts for Sc**, Zn**, Y**, Eu*", and Lu®"; effective ion
radii for coordination number 8 shown. b) Fluorescence response shown on the CIE
chromaticity diagram.

www.angewandte.org

513


http://www.angewandte.org

Communications

assembly strategy may open up new opportunities to create
novel supramolecular systems and for use as sensing mole-
cules.
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