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The design of chemosensors which are specific for the
detection of biologically relevant cations, such as Na�, K�,
Mg2�, and Ca2�, is a topic of considerable interest.[1] Selective
detection of one of these cations in the presence of others,
particularly the sensing of Ca2� ions in the presence of Na�,
K�, and Mg2� ions, is a challenging task. Crown-ether based
binding sites, which are integrated into the signaling units of
organic chromophores, are the usual configuration of a
chemosensor.[1b] A recognition event is signaled by perturba-
tion in the absorption or emission properties of the chromo-
phore, which are highly sensitive and easy to detect.[2] Even
though a variety of crown-ether and related macrocycle-based
chemosensors are known, the corresponding acyclic-poly-
ether- (podand-) based sensors are relatively rare.[3] In most of
the latter systems, the binding of a metal ion forces the
attached donor and the acceptor moieties to come close
enough to interact, thereby triggering either a charge-transfer,
electron-transfer, or energy-transfer process, except in a
recent report where conformational restrictions and charge
transfer are invoked for a dual signaling of cation binding.[3h]

Herein we describe a different approach to the design of a
highly specific Ca2� ion sensor, which exploits the principle of
a metal-ion induced conformational folding of a rigid ± flexi-
ble ± rigid bichromophore 3 (Scheme 1) to form an ™H∫ fold-
amer,[4] thereby leading to dramatic perturbations in the
optical properties as a result of exciton interactions. To our
knowledge, this is the first report of a cation sensor based on
the exciton interaction of a Ca2� foldamer, in which the
tethered chromophores are positioned akin to the ™H∫ ag-
gregate of an organic dye.

The rationale behind the design of the new sensor is based
on the formation of ™H∫ and ™J∫ aggregates of cyanines and
squaraines, which show distinctly different optical properties
under appropriate conditions.[5, 6] According to the exciton
theory of Kasha, the excited-state energy level of a mono-
meric dye splits into two upon aggregation, one level being
lower and the other higher in energy than the monomer
excited states.[7] Studies related to the aggregation of squar-
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aine dyes show that they prefer to form ™H∫ aggregates in the
appropriate solvents.[6] In this context, Liang et al. have
reported the exciton interaction in tethered squaraine dyes.[8]

However, this property has never before been exploited in the
design of sensors for the selective detection of metal ions.
Although squaraine-dye-based fluoroionophores have been
reported, none of them show any selectivity towards Ca2� ions
in the presence of Na�, K�, or Mg2� ions.[9, 10]

A rigid ± flexible ± rigid bichromophore 3, which contains a
squaraine dye as the rigid signaling unit and an oxyethylene
chain as the flexible recognition moiety, was chosen as the
sensor (see Scheme 1 for synthetic procedure). The bisaniline
derivative 1 was prepared according to standard procedures
starting from N-methylaniline. The 3-cyclobuten-1,2-dione 2
was obtained by heating N,N-dimethylaniline under reflux
with squaryl chloride.[11] Reaction of 1 and 2 in 2-propanol, in
the presence of tributylorthoformate, gave the bichromo-
phore 3 in 24% yield, which was characterized by spectral
analyses.

In acetonitrile, the bichromophore 3 showed an absorption
maximum at 630 nm with a weak shoulder around 570 nm
(Figure 1a), and an emission maximum at 652 nm (Fig-
ure 1b). Interestingly, addition of Na� and K� ions did not
alter the absorption or emission properties of 3. In contrast,
addition of Ca2� ions to the acetonitrile solution of 3 (1.7�
10�5�) showed a color change visible to the naked eye, from
light blue (�max� 630 nm) to an intense purple-blue (�max �
552 nm). The intensity of the absorption maximum at 630 nm
decreased with the concomitant growth of a hypsochromically
shifted band at 552 nm, through an isosbestic point at 580 nm.
Apart from these changes, the fluorescence emission of 3,
when excited at 580 nm (�max � 652 nm, 1.7� 10�5� in
CH3CN, �f � 0.03), underwent considerable quenching upon

addition of Ca2� ions (�f� 0.008; Figure 1b). The Benesi ±
Hildebrand plot (not shown) was in agreement with a 1:1
complexation between 3 and Ca2� ions. A stability con-
stant (Ks) of 1.9� 104��1 was estimated from this plot, which
is reasonably high for an acyclic polyether. Addition of other
metal ions, such as Mg2�, Sr2�, and Ba2� showed only marginal
changes to the absorption and emission of 3 when compared
to those with Ca2� ions. In a separate experiment, a mixture of
a threefold excess each of Na� and K� ions was added to a

Figure 1. Changes in a) the absorption and b) emission (�ex � 580 nm)
spectra of 3 upon addition of Ca2� ions. Arrows indicate the changes that
result from progressively increasing the concentration of Ca2� ions relative
to 3 in acetonitrile (3 : Ca2� ; 1:0, 1:0.48, 1:0.65, 1:0.83, 1:1, 1:1.2). Insets:
a) Variation of absorbance at 552 nm and b) fluorescence intensity of 3with
increasing Ca2�-ion concentration.

solution of 3 in CH3CN, which did not change its
absorption or emission properties. Addition of Ca2� ions
to this solution caused the same kind of changes in the
absorption and emission behavior as shown in Figure 1a
and 1b, respectively. These observations show the unique
ability of 3 to detect Ca2� ions selectively, which is evident
from Figure 2.

The observed changes in the absorption and emission
behavior of 3 in the presence of Ca2� ions can be

Figure 2. Plot of �f versus the ratio metal ion:3, which illustrates the
selectivity for Ca2� ions over Na�, K�, and Mg2� ions: Na� (*), K� (�),
Mg2� (�), Ca2� (�).

Scheme 1. Synthesis of the foldamer 3 ; a) 2-propanol, tributylorthoformate,
80 �C, 24%.



ZUSCHRIFTEN

1846 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0044-8249/02/11410-1846 $ 20.00+.50/0 Angew. Chem. 2002, 114, Nr. 10

rationalized on the basis of the metal-ion-induced folding of
the chromophore to form a face-to-face stacked foldamer 4,
which is analogous to the ™H∫ aggregates of squaraine dyes
(Figure 3). The blue-shifted band of 4 matches the absorption
spectra of the ™H∫ aggregates of N,N-dialkylaniline derived
squaraine dyes.[12] The fluorescence of 4 is weaker than that of
the unfolded 3, because the internal conversion from an upper
excited state into a lower one occurs immediately, and the
emission from a lower excited state is theoretically forbidden
(inset, Figure 3). Changes in the 1H NMR spectrum of 3
before and after the addition of Ca2� ions support the
proposed folded conformation 4 (see Supporting Informa-
tion). On the other hand, addition of Na� or K� ions did not
cause any considerable change in the 1H NMR spectrum of 3.
Unlike in macrocyclic crown ethers, the ionic size of the
cations does not play a crucial role when they bind to
noncyclic polyethers. The binding in such cases will depend
mainly upon the charge density and the coordination number
of the cation, which may be the reasons for the specific
binding of Ca2� ions with 3.[3d]

To confirm the involvement of a folded conformation of the
bichromophore 3 upon Ca2�-ion binding, a monochromo-
phore 5 of the flexible ± rigid ± flexible type was synthesized
and mixed with various metal ions. None of the metal ions
could produce any change to the absorption or emission
properties of 5.

In conclusion, a Ca2�-ion selective rigid ± flexible ± rigid
type bichromophoric sensor is described, which works on the
principle of Ca2�-ion-steered folding, and the consequent
exciton coupled signal transduction.

Experimental Section

Fluorescence quantum yields were determined in spectroscopic grade
CH3CN, by use of optically matching solutions of bis[4-(dimethylamino)-
phenyl]squaraine in chloroform (�f� 0.70) as a standard, at an excitation
wavelength of 580 nm. Metal-ion titrations were carried out by adding
small volumes (1 ± 5 �L) of the metal solutions (10�5� in CH3CN, 4 mL) in
a quartz cuvette. The stability constant Ks was determined from absorption
spectral changes using Equation (1), where �L and �ML are the molar
extinction coefficients of the ligand and the complex, respectively. The
quantity A0/(A0 �A) is plotted versus [��1], and the stability constant is
then given by the ratio intercept:slope. Ks was also determined from the
emission-spectral changes using Equation (2), where �L and �ML are the
fluorescence quantum yields of the ligand and the complex, respectively.
The quantity I0

F /(I0
F � IF) is plotted versus [��1], and the stability constant is

then given by the ratio intercept:slope.

A0

A0 � A
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�
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I 0
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�

(2)

Bichromophore 3 : N,N-(dimethylaminophenyl)-4-hydroxy-3-cyclobuten-
1,2-dione (2 ; 117 mg, 0.54 mmol) and tributylorthoformate (1 mL) were

added to a 100-mL round-bottomed flask con-
taining isopropanol (50 mL) and 1 (100 mg,
0.22 mmol). The reaction mixture was then
heated to reflux for 20 h. The hot reaction
mixture was filtered and the solid was washed
with isopropanol until the filtrate was almost
colorless. Column chromatography (chloroform:-
methanol 9:1) of the crude product on neutral
alumina gave pure 3 (45 mg, 24%) as a green
powder. M.p. 225 ± 227 0C; FTIR (KBr): �� � 1593,
1401, 1367, 1182, 1122, 937, 830, 784.5 cm�1;
1H NMR (300 MHz, CDCl3, TMS): �� 3.18 (s,
18H, -NCH3), 3.59 ± 3.69 (m, 24H, -NCH2 and -
OCH2), 6.74 ± 6.79 (dd, 8H, J� 1.2, 9.2 Hz, aro-
matic), 8.33 ± 8.38 ppm (dd, 8H, J� 2.8, 9.1 MHz,
aromatic). MS (ESI, 4 kV): 859.7 [MH�].
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A molecular machine is a molecular or supramolecular
structure in which the components can be forced to move past
each other, to achieve a functional outcome.[1±3] New insights
into biological molecular motors[1] have stimulated a surge of
activity towards the construction of artificial molecular
machines.[2±11] Rotaxanes feature prominently among these
prototypes, because they offer the possibility of long-range
translational motion of a threaded macrocycle ™shuttle∫ along
the length of a dumbbell ™rail track∫.[3±11] This shuttling
motion can be driven chemically,[4] electrochemically,[5] or
photochemically.[6±11] Use of light as the external stimulus or
power source is particularly appealing because it can lead to a
fast response without forming by-products. Light-driven
translational motion has been achieved in rotaxanes using
photoinduced electron transfer,[5, 6] excited-state changes in
hydrogen-bonding,[7] and E/Z photoisomerization of azoben-
zene dumbbells.[8±11] Here we report the photochemical
behavior of the azobenzene and stilbene rotaxanes shown in
Scheme 1.[12] One of the stilbene rotaxanes (3��-CD)
exhibits unprecedented unidirectional shuttling, with the
asymmetry of the cyclodextrin macrocycle determining its
direction of motion on a symmetric dumbbell. Comparison of
the E/Z photoisomerization of all four rotaxanes provides
some general insights into the workings of a rudimentary
molecular machine.

The E/Z photoisomerism of azobenzene rotaxane 1�TM-
�-CD, and its dumbbell analogue 1, were investigated by
monitoring the change in absorption during irradiation of the
E isomers at 361 nm.[13] The dumbbell compound E-1 under-
went rapid photoisomerization to give a photostationary
E/Z mixture characterized by the rise of a new absorption
maximum at 255 nm, and a decrease in absorption at 361 nm;
the photostationary equilibrium can be shifted back towards
the E isomer by irradiation at 255 nm and displays excellent
reversibility. In contrast, irradiation of rotaxane E-1�TM-�-
CD under identical conditions results in no change in
absorption. The cyclodextrin completely prevents
E�Z photoisomerization. This may seem surprising, as
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