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Abstract: Several squaraine tethered bichromophoric podand systems 1a—d and a monochromophoric
analogue 2 were prepared and characterized. Among these, the bichromophore, 1b, containing five oxygen
atoms in the flexible podand moiety was found to specifically bind Ca?* in the presence of other metal ions
such as K™, Na*, and Mg?*. The selective binding of Ca?" is clear from the absorption and emission spectral
changes as well as by the visual color change of 1b from light-blue to an intense purple-blue. Benesi—
Hildebrand and Job plots confirmed a 1:1 binding between 1b and Ca?*. Signaling of the binding event is
achieved by the cation-induced folding of the bichromophore and the resultant exciton coupling between
the squaraine chromophores. The monochromophoric squaraine dye 2 failed to give optical signals upon
Ca?* binding, due to the absence of exciton interaction in the bound complex. Titration of the folded complex
9 with EDTA released the metal ion from the complex, thereby regaining the original absorption and emission
properties of the bichromophore. The squaraine foldamer 1b reported here is the first example of a selective
chromogenic Ca?* sensor, which works on the principle of exciton interaction in the folded Ca?* complex
of a bichromophore, the optical properties of which are similar to those of the “H"-type aggregates of
analogous squaraine dyes.

Introduction which pertain to the use of various chromophore appended
Design of chemosensors for the selective detection of a Systems as Ca sensors.In several other reports, chromophore-

specific analyte is a topic of considerable interest, due to their linked pseudocyclic polyether systems (podands) have been
wide ranging application in the broad areas of chemistry and Shown to bind cation$Among these, the early reports by yfte
biology! Selective detection of biologically important cations and co-workers and the subsequent work by Nakamura and co-
such as N& K*, Mg?", and C&*, particularly the detection of ~ workers are noteworthyIn the majority of the chemosensors
Ca in the presence of Naand K, is important because many  reported so far, the signaling of the binding event is achieved
physiological processes are triggered, regulated, or influencedby electron transfetenergy or charge-transfer proces$agagd/
by calcium ion? Because of the importance of ionic calcium in  or chromophore (excimer) interactiéf.
biological processes, chemists have been interested in the design
of chemosensors for the specific detection of calcium ions. The (3) (a) Tsien, R. YBiochemistry198 19, 2396. (b) Grynkiewicz, G.; Poenie,
early work by Tsien and co-workers has contributed significantly M.; Tsien, R. Y.J. Biol. Chem1985 260, 3440. (c) Minta, A.; Kao, J. P.

. . . L. Y.; Tsien, R. Y.J. Biol. Chem 1989 264, 8171. (d) Kao, J. P. Y;
to the design of G4 sensors under biological conditiohkater, Harootunian, A. T.; Tsien, R. Yd. Biol. Chem1989 264, 8179. (e) Minta,

i i i A.; Tsien, R. Y.J. Biol. Chem 1989 264, 19449.

de Silva et gl. have repor_ted the synthgss of a fe# Gpecific (4) (&) Bryan A 3. de Siva. A P.: de Siva. S. A Rupasinghe, R. A. D. D.:
sensors using the principle of photoinduced electron transfer
(PET)# In addition, there are several reports in the literature

Sandanayake, K. R. A. Biosensors1989 4, 169. (b) de Silva, A. P.;
Gunaratne, H. Q. NJ. Chem. Soc., Chem. Commu99Q 186. (c) de
Silva, A. P.; Gunaratne, H. Q. N.; Maguire, G. E. 84.Chem. Soc., Chem.
Communl994 1213. (d) de Silva, A. P.; Gunaratne, H. Q. N.; Kane, A.
T. M.; Maguire, G. E. M.Chem. Lett.’l.995 125.
(5) (a) Prodl L.; Ballardini, R.; Gandolfi, M. T.; Roversi, R. Photochem.
Photoblol A200C] 136, 49 (b) Momotake A.; Arai, 'ITetrahedron Lett

T Regional Research Laboratory.
* Universitd Regensburg.
(1) (a) Valeur, B.; Badaoui, F.; Bardez, E.; Bourson, J.; Boutin, P.; Chatelain,

A.; Devol, |; Larrey, B.; Lefevre, J. P.; Soulet, A. ®hemosensors of lon
and Molecular RecognitigrDesvergne, J.-P., Czarnik, A. W., Eds.; NATO
ASI Series; Kluwer: Dordrecht, 1997. (b) Fabbrizzi, L.; Poggi,Ghem.
Soc. Re. 1995 197. (c) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson,
T.; Huxley, A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, TCBem.
Rev. 1997 97, 1515. (d) Valeur, B.; Leray, ICoord. Chem. Re 200Q
205 3. (e) McQuade, D. T.; Pullen, A. E.; Swager, T. @hem. Re.
200Q 100, 2537. (f) Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn,
E. V. Acc. Chem. Re®001, 34, 963. (g) Rurack, K.; Resch-Genger, U
Chem. Soc. Re 2002 31, 116. (h) Gokel, G. W.; Leevy, W. M.; Weber,
M. E. Chem. Re. 2004 104, 2723.

(2) (a) Stryer, L.Biochemistry 3rd ed.; W. H. Freeman and Co.: New York,
1988. (b) Lehninger, A. LPrinciples of BiochemistryCBS Publishers:
Delhi, 1984.

3156 = J. AM. CHEM. SOC. 2005, 127, 3156—3164

2003 44, 7277. (c) Cha, N. R.; Moon, S. Y.; Chang, S.-Retrahedron
Lett 2003 44, 8265. (d) Nakahara, Y.; Kida, T.; Nakatsuji, Y.; Akashi,
M. J. Org. Chem?2004 69, 4403. (e) Kawakami, J.; Kimura, H.; Nagaki,
M.; Kitahara, H.; Ito, SJ. Photochem. Photobiol., 2004 161, 141.

(6) (a) Huston, M. E.; Haider, K. W.; Czarnik, A. W. Am. Chem. So4988

110, 4460. (b) Fabbrizzi, L.; Lichelli, M.; Pallavicini, P.; Perotti, A.; Sacchi,
D. Angew. Chem., Int. EA994 33, 1975. (c) Kawakami, J.; Komai, Y.;
Ito, S.Chem. Lett1996 617. (d) Fabbrizzi, L.; Lichelli, M.; Pallavicini,
P.; Perotti, A.; Taglietti, D.; Sacchi, DChem.-Eur. J1996 2, 167. (e)
Habata, Y.; Fukuda, Y.; Akabori, S.; Bradshaw, JJSChem. Soc., Perkin
Trans. 12002 865. (f) Herranz, M. A.; Colonna, B.; Echegoyen,Rroc.
Natl. Acad. Sci U.S.A.2002 99, 5040. (g) Hayashita, T.; Qing, D;
Minagawa, M.; Lee, J. C.; Ku, C. H.; Teramae, Chem. Commur2003
2160.
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One of the important criteria for the designing of chemosen-
sors is the selection of the signaling unit, which should produce
a strong signal, preferably as a visual color change (chromoge-
nic), upon an analyte binding. Organic dyes, particularly

squaraine dyes whose optical properties are sensitive to the

surrounding media, are ideal for this purpose. Although
squaraine dyes have been used for the design of chemos&nsors,
the selectivity and sensitivity of most of these sensors are poor
except in a very few casé&<c Earlier, we have shown that

©)

®®

signal “on™

signal “off”

conjugated squaraine oligomers containing podand side chains

have the ability to specifically bind £ and K" with high
sensitivity!2 Recently, in a novel but simple approach, we have
shown selective sensing of calcium and other alkaline earth
metal ions using the principle of metal ion-induced folding of
squaraine tethered podanddn this approach, we introduced
the concept of exciton interaction in squaraine “H"-aggregate
as an alternate signaling mechanism for a cation binding process
The rationale behind the design of such chemosensors is base
on the phenomena of “H” and “J” aggregation of organic dyes
such as cyanines, merocyanines, and squaraines, which sho
distinctly different optical properties between aggregates and
monomers*15Using our strategy of exciton coupled signaling
through cation-induced conformational folding, Block and Hecht

(7) (a) Vagtle, F.; Weber, EAngew. Chem., Int. Ed. Endl979 18, 753. (b)
Dix, J. P.; Vagtle, F.Chem. Ber198Q 113 457. (c) Ldr, H.-G.; Vagtle,
F.Chem. Ber1985 118 914. (d) Ldr, H.-G.; Vagtle, F.Acc. Chem. Res
1985 18, 65 and references therein. (e) Kakizawa, Y.; Akita, T.; Nakamura,
H. Chem. Lett1993 1671. (f) Suzuki, Y.; Morozumi, T.; Nakamura, H.;
Shimomura, M.; Hazashita, T.; Bartsh, R. A.Phys. Chem. B998 102
7910. (g) Morozumi, T.; Anada, T.; Nakamura, H.Phys. Chem. BR00],
105, 2923. (h) Morozumi, T.; Hiraga, H.; Nakamura, Ghem. Lett2003
32, 2003.

(8) (a) de Silva, A. P.; Gunaratne, H. Q. N.; McCoy, CJPAm. Chem. Soc.
1997 119 7891. (b) de Silva, A. P.; Dixon, I. M.; Gunaratne, H. Q. N.;
Gunnlaugsson, T.; Maxwell, P. R. S.; Rice, TJEAm. Chem. Sod999
121, 1393. (c) Nishizawa, S.; Watanabe, M.; Uchida, T.; Teramae]. N.
Chem. Soc., Perkin Trans. 2999 141. (d) He, H.; Mortellaro, M. A.;
Leiner, M. J. P.; Fraatz, R. J.; Tusa, J. K.Am. Chem. So003 125
1468. (e) He, H.; Mortellaro, M. A.; Leiner, M. J. P.; Young, S. T.; Fraatz,
R. J.; Tusa, J. KAnal. Chem2003 75, 549.

(9) (a) Tsien, R. YAm. J. Physial1992 263 C723. (b) Valeur, B.; Pouget,
J.; Bourson, J.; Kaschke, M.; Ernsting, N. P Phys. Chem1992 96,
6545. (c) Gromov, S. P.; Ushakov, E. N.; Vedernikov, A. I.; Lobova, N.
A.; Alfimov, M. V.; Strelenko, Y. A.; Whitesell, J. K.; Fox, M. AOrg.
Lett 1999 1, 1697. (d) Rurack, K.; Rettig, W.; Resch-Genger,&hem.
Commun 200Q 407. (e) Witulski, B.; Weber, M.; Bergstrasser, U.;
Desvergne, J.-P.; Bassani, D. M.; Laurent, H(Bg. Lett 2001, 3, 1467.

(10) (a) Fages, F.; Desvergne, J.-P.; Kampke, K.; Bouas-Laurent, H.; Lehn, J.
M.; Konopelski, J.-P.; Marsau, P.; Barrans, ¥. Chem. Soc., Chem.
Commun.199Q 655. (b) Hong, S. Y.; Czarnik, A. WI. Am. Chem. Soc
1993 115 3330. (c) Fages, F.; Desvergne, J.-P.; Bouas-Laurent, H.; Lehn,
J.-M.; Barrans, Y.; Marsau, P.; Meyer, M.; Albrecht-Gary, A.-0.0Org.
Chem 1994 59, 5264. (d) Sasaki, D. Y.; Shnak, D. R.; Pack, D. W.; Arnold,
F. H. Angew. Chem., Int. EdEngl. 1995 34, 905. (e) Strauss, J.; Daub, J.
Org. Lett 2002 4, 683. (f) Sankaran, N. B.; Banthia, S.; Das, A.; Samanta,
A. New J. Chem2002 26, 1529.

(11) (a) Das, S.; Thomas, K. G.; Thomas, K. J.; Kamat, P. V.; George, M. V.
J. Phys. Cheml994 98, 9291. (b) Thomas, K. G.; Thomas, K. J.; Das, S;
George, M. V.Chem. Commuri997 597. (c) Akkaya, E. U.; Turkyilmaz,
S. Tetrahedron Lett 1997, 38, 4513. (d) Oguz, U.; Akkaya, E. U.
Tetrahedron Lett1997, 38, 4509. (e) Oguz, U.; Akkaya, E. Oetrahedron
Lett. 1998 39, 5857. (f) Kurker, B.; Akkaya, E. UTetrahedron Lett1999
40, 9125. (g) Dilek, G.; Akkaya, E. UTetrahedron Lett200Q 41, 3721.

(12) (a) Chenthamarakshan, C. R.; AjayaghoshTétrahedron Lett1998 39,
1795. (b) Chenthamarakshan, C. R.; Eldo, J.; Ajayaghoshacromol-
ecules1999 32, 5846. (c) Ajayaghosh, AChem. Soc. Re 2003 32, 181.

(13) (a) Ajayaghosh, A.; Arunkumar, E.; DaubAhgew. Chem., Int. EQ002
41, 1766. (b) Arunkumar, E.; Chithra, P.; Ajayaghosh,JA.Am. Chem.
Soc 2004 126, 6590.

(14) (a) Katoh, T.; Inagaki, Y.; Okazaki, R. Am. Chem. So4998 120, 3623.

(b) Lu, L.; Lachicotte, R. J.; Penner, T. L.; Perlstein, J.; Whitten, DJG.
Am. Chem. Socl999 121, 8146. (c) Ushakov, E. N.; Gromov, S. P.;
Fedorova, O. A.; Pershina, Y. V.; Alfimov, M. V.; Barigelletti, F.; Flamigni,
L.; Balzanj V. J. Phys. Chem. A999 103 11188. (d) Wuthner, F.; Yao,
S.Angew. Chem., Int. EQ00Q 39, 1978. (e) Zeena, S.; Thomas, K. &.
Am. Chem. So2001, 123 7859. (f) Wirthner, F.; Yao, S.; Debaerde-
maeker, T.; Wortmann, Rl. Am. Chem. SoQ002 124, 9431. (g) Yao,
S.; Beginn, U.; Gress, T.; Lysetska, M.; Whner, F.J. Am. Chem. Soc
2004 126, 8336.

WV = nitrogen

Figure 1. A chromogenic chemosensor based on a specific cation-driven,
exciton interaction in a dye-linked podand.

® = oxygen [ = squaraine dye

have recently reported the synthesis of a few polysquaraine-

based sensof§.0ur sustained interest in designing a selective

chemosensor for &, a biologically significant cation, which

is difficult to detect in the presence of other similar ions, leads
the design of a new chromogenic probe based on a squaraine

foldamer!” To our surprise, squaraines when tethered to a

V}Sodand with five oxygen atoms, in a bichromophoric fashion,

become insensitive to alkali metal ions but show remarkable
selectivity and response toward <aas shown in Figure 1.

Results and Discussion

Synthesis and Characterization of the Bichromophores
la—d and the Monochromophore 2.Synthesis ofla—d was
achieved as shown in Scheme 1. 3-KiN-Dimethylamino)-
phenyl)-4-hydroxycyclobut-3-ene-1,2-dion8) (was prepared
according to reported procedufgsThe bisaniline derivatives
5a—d were prepared by the reaction of the aniline derivaive
with the corresponding ditosylatede—d) in 45—55% yields.
Reaction of8 with 5a—d in 2-propanol/tributyl orthoformate
under refluxing yielded the bichromophorea—d in 20—25%
yield. FT-IR spectra ofla—d showed a strong absorption at
1590 cn1! characteristic of the resonance stabilized zwitterionic
structure of squaraine dyed NMR spectra ofla—d showed
a set of peaks corresponding to the aromatic protons. Four of
the aromatic protons together appeared as two doublets, which
upon merging looked like a triplet at6.8 ppm. The remaining
four aromatic protons appeared as two doublets areuBdB
ppm. The!*C NMR spectra, MALDI-TOF mass spectra, HRMS
data, and elemental analysis datalef-d were in agreement
with the structures. Similarly, the monochromoph@evas
characterized using FT-IRH NMR, 13C NMR, and elemental
analyses.

Solvent-Induced Aggregation Behavior of 1a-d and 2. The
bichromophoreda—d showed a strong absorption maximum

(15) (a) Buncel, E.; McKerrow, A. J.; Kazmaier, P. NL. Chem. Soc., Chem.
Commun 1992 1242. (b) Das, S.; Thanulingam, T. L.; Thomas, K. G;
Kamat, P. V.; George, M. VJ. Phys. Chem1993 97, 13620. (c) Liang,
K.; Law, K.-Y.; Whitten, D. G.J. Phys. Cheml994 98, 13379. (d) Das,
S.; Thomas, K. G.; Thomas, K. J.; Madhavan, V.; Liu, D.; Kamat, P. V.;
George, M. V.J. Phys. Chem1996 100, 17310.
Block, M. A. B.; Hecht, SMacromolecule2004 37, 4761.
Foldamers are molecules designed to utilize noncovalent interactions to
stabilize a well-defined conformation in solution. Although oligomers or
polymers are generally referred to as foldamers, a dimer can be considered
as a simplest foldamer unit. In the present context, a foldamer is a foldable
bichromophore (dimer) attached to a flexible polyether, which undergoes
a solvent- or cation-induced folding. (a) Gellman, S.A¢c. Chem. Res
1998 31, 173. (b) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S;
Moore, J. SChem. Re. 2001, 101, 3893. (c) Schmuck, GAngew. Chem.,
Int. Ed 2003 42, 2448. (d) Lokey, R. S.; Iverson, B. Nature1995 375,
303
(18) (a) Robello, D. RJ. Polym. Sci., Part A: Polym. Cherti99Q 28, 1. (b)

Keil, D.; Hartmann, HDyes Pigm 2001, 49, 161.

(16
(a7

~—
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around 630 nm in acetonitrile with an emission maximum characteristic of an intermolecular interaction. Interestingly, in
around 655 nm. It is interesting to note tHe—d have low the case oflb, the solvent-induced aggregation resulted in a
guantum yields of emission that gradually increased from 0.024 visual color change from light-blue to purple-blue (Figure 2a,
to 0.04 with an increase in the length of the podand chain. 151
However, in acetonitrile2 showed a strong emission at 662 ’
nm with a relatively high quantum yield of 0.21. This is in .
analogy to the report of Liang et al. who showed that squaraines, 648 g0
which are linked to a flexible alkyl chain in a bichromophoric : 6
fashion, show exciton coupled spectral changes, depending upon
the length of the alkyl chait?

Interestingly, in DMSG-H,0 mixtures of different composi-
tions, la—d showed a blue-shifted absorption band at 586 nm
in addition to the monomer band at 649 nm as shown in the
case oflb (Figure 2a). As the percentage of water in DMSO is
increased, the intensity of the 649 nm band decreased with the
concomitant increase in the intensity of the band at 586 nm
through an isosbestic point at 623 nm. The monochromophore
2 showed similar but weak changes in the absorption spectrum
in DMSO—H,0 as shown in Figure 2b. These observations are 50% DMSO
attributed to the “H"-aggregation, which are analogous to the ] | privgiesd

a

Absorbance

Wavelength, nm

648 nm

—
o
1

report by Whitten et ai° In the case ofla—d, the detailed 204 0MB0
studies indicated that the aggregation is independent of con- 100k R0
centration with an aggregation number of unity, characteristic

of an intramolecular folding of the bichromophoric podands.
However, the monochromopho2 showed a concentration-
dependent aggregation with an aggregation number of two,

Absorbance
—
°

(19) Liang, K.; Farahat, M. S.; Perstein, J.; Law, K.-Y.; Whitten, D.JGAmM. -400 500 660 760 800
Chem. Soc1997, 119, 830.

(20) (a) Chen, H.; Herkstroeter, W. G.; Perlstein, J.; Law, K.-Y.; Whitten, D. Wavelength, nm
\(;,\/hJiitgrE]yg'. %hfn&%gzéﬁgn? 1g§d(gbg)aclhf7n,7l-2|.5,7l_-a(vcv), éhgn PH?.”E:,';]H;{’ Figure 2. Absorption changes in different wateDPMSO compositions of
M. S.; Law, K.-Y.; Whitten, D. G.J. Am. Chem. Sod996 118 2584. (d) (@) 1b (7.57uM) and (b)2 (5.9 uM). Inset picture showsb in (1) 100%
Chen, H.; Law, K.-Y.; Whitten, D. GJ. Phys. Chem1996 100, 5949. DMSO; (2) 50% DMS0/50% kD; and (3) 10% DMSO/90% #D.

3158 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005



Selective Ca?* Sensing ARTICLES

a
seees . -
. g B
0.604{< 025 0.258 oM
]
1 2 3 ' . o
4 5 % 0 45_ a.e%ﬂ 05 10 0.00 Ca(ClO,),
. 2 [Ca™VI1b]  ss2nm
o [
. ! = -g 0.30-
: : <
0.15-
Figure 3. Visible color change oib (5.1xM) in acetonitrile upon addition
of Ca&*: (1) in the absence of metal salts, (2) Mg(3) Na', (4) K*, and y
(5) C&*. 0.00+— = r .
300 400 500 600 700 800
inset), indicating a strong chromophore interaction, whereas in Wavelength, nm
the case o2, the color change was weak. In light of these
observations, we were keen to know the changes in the optical 500
properties ofla—d and2 in the presence of various added metal 1.0 b
ions. 400- ﬂ
Metal lon Binding Studies of 1la—d. To find out whether —_ = 05 [
the bichromophoreda—d induce any visual color change, a : ’ [ I"a oum
series of experiments were conducted in the presence of different = 300+ [ A\
) o : 2 00 05 10 | \ | cacioy
metal salts under various conditions. These studies revealed a [Ca™}/[1b] | \ a
visible color change from light-blue to an intense purple-blue S 200- [
in the presence of calcium perchlorate similar to the color change £ i
noticed in DMSO-H,O mixtures. Surprisingly, in the case of i 100-
1b, the color change was intense and specific toward™Ca
whereas addition of Ng K+, and Mg" did not show any
change at all (Figure 3). Interestingly, in acetonitrile (&M), T . . . —
significant changes in the absorption and emission spectra of 500 550 600 650 700 750
1b were noticed with the addition of Ca(Cl}2 as shown in Wavelength, nm

Figure 4a and b, respectively. Upon gradual addition of Ca- Figure 4. Changes in the (a) absorption and (b) emission specttof
(CIOW the ntensiy o the absorption maximum at 630 nmis 44101 52T Pesdier r ey ees o hratr,
decreased with the concomitant formation of a hypsochromically \ith increasing concentration of Ca(Ci}@.
shifted band at 552 nm through an isosbestic point at 580 nm.
Similarly, a fluorescence emission maximumidf at 652 nm the dye is folded to form the H-type dimer as in the case of
when excited at 580 nm (5/M, CH3CN) underwent consider-  DMSO—H,O mixtures. Therefore, further changes in the
able quenching upon gradual addition of Ca(g@dFigure 4b). absorption and emission spectra in buffer solutions were
The fluorescence quantum yield b, which was 0.032 before  marginal upon addition of Ca(Cl}} (see Supporting Informa-
the addition of Ca(Cl@),, was decreased to a minimum value tion).
of 0.008. Singlet excited-state lifetime measurements of the Plots of the decrease in the absorbance at 630 nm and the
bichromophorelb in acetonitrile showed monoexponential increase in absorbance at 552 nm reached the saturation point
decay with a short lifetime of 200 ps. Upon addition of Ca- when the ratio of Ca(Clg). concentration reached the equivalent
(ClO4),, the lifetime is enhanced to 240 ps with a monoexpo- dye concentration, indicating a 1:1 complexation (inset, Figure
nential decay (see Supporting Information). Although the 4a). The inset of Figure 4b shows the variation of fluorescence
fluorescence quantum yield @b in the presence of Ca(Cip intensity of1b with increasing Ca(Clg), concentration, where
is lower than that in the absence of Ca(@)the observed lo and| are the fluorescence intensities before and after the
excited-state lifetime is 40 ps higher in the former case. This addition of the metal perchlorates. The fluorescence intensity
result is in accordance with some of the previous reports at 652 nm is gradually decreased until theCaoncentration
pertaining to the excited-state dynamics of cyanine d§&%. reached the dye concentration, thereby supporting a 1:1 com-
Because of the importance of the selective detection f Ca plexation. The Job plot showed a maximum value for the
under aqueous physiological conditions, we attempted the absorbance at 552 nm when the mole fractioribfreached
titration of Ca(ClQ), againstlb in acetonitrile-water (1:1) 0.5, which is a signature of a 1:1 binding between the dye and
usingN-tris[hydroxymethyllmethyl-2-aminoethanesulfonic acid Ca&* (Figure 5)?2 The stability constants were determined
(TES, 0.01 M) buffer at a pH of 7.2. However, in the buffer from the BenesiHildebrand plot ofAy/(A, — A) against [M] 1,
solution, two absorption maxima at 636 and 583 nm could be which showed a linear relationship, characteristic of a 1:1
observed even before the addition of Ca(giOindicating the
aggregation of the chromophores. This observation reveals that?2) (&) Job, PAnn. Chim 1928 9, 113. (b) Gil, V. M. S.; Oliveira, N. CJ.

Chem. Educ199Q 67, 473. (c) Specht, A.; Bernard, P.; Goeldner, M.;
Peng, L Angew. Chem., Int. EQ002 41, 4706. (d) Huang, F.; Gibson,

(21) (a) Khairutdinov, R. F.; Serpone, N. Phys. Chem. B997 101, 2602. H. W.; Bryant, W. S.; Nagvekar, D. S.; Fronczek, F.JRAm. Chem. Soc
(b) Seifert, J. L.; Connor, R. E.; Kushon, S. A.; Wang, M.; Armitage, B. 2003 125 9367. (e) Huang, F.; Fronczek, F. R.; Gibson, H. @hem.
A. J. Am. Chem. S0d 999 121, 2987. Commun 2003 1480.
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Table 1. Binding Constants? (log K) of 1la—d with Various Metal
lons in Acetonitrile
compound Mg?* Ca? Sr2* Ba?* Na* K*
la 3.86 3.95 3.80 3.62 c
1b b 4.29 b b c c
1c 3.61 3.98 b b c
1d 3.75 3.93 b b c

Figure 7. Plot of binding constants dfa—d with various metal cations.

(see Supporting Information). Addition of alkali metal ions such
as Li*, Na*, and K" did not show any measurable response
with 1a, 1c, and1d. Binding constants ofa—d with various
metal cations are calculated from the changes in the absorption
spectra, and these values are shown in Table 1. The highest

aReported binding constants are based on the assumption that thebinding constant is obtained for the binding ofCao the

concentration of the free ions is equal to the total salt concentration.
b Changes were too small to calculate the binding consta. response.

-

Figure 6. Plot of @ versus the ratio between metal ion abio] which
illustrates the selectivity for G4 (a) over Na" (a), K* (@), Mgz™ (m),
St (%), and B&" ().

binding?3 The stability constants were calculated from the ratio

of intercept/slope, and their values are shown in Table 1.
Addition of other alkaline earth metal salts such as Mg-

(ClOy)2, Sr(ClQy),, and Ba(ClQ), showed relatively weak
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0.030 —
0.025 -
0.020-
0.015
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0.0
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04 06
[M™]/ [1b]

0.8

1.0

bichromophorelb. 1a showed weak binding constants with all

of the cations added, wherehdsand1d showed weak binding
toward Mg™ and C&". The binding constants of other metal
cations with1lb could not be determined because the corre-
sponding changes in the absorption or emission properties were
too weak. Figure 7 shows the bar diagram of the binding
constants of each bichromophore against various alkaline earth
metal ions.

The difference in the binding affinity afa—d with various
cations under investigation can be attributed to the length of
the podand chains. Unlike in macrocyclic crown ethers, the ionic
size of the cation is not the only parameter that determines the
binding affinity of pseudocyclic polyether systems. The number
of oxygen atoms, the size of the pseudo crown cavity, the charge
density, and the coordination number of the cation all play a
considerable role in the binding interacticiSurprisingly, the
polyether chain length ofb with five oxygen atoms is found
to be ideal for the binding of Ga. This observation is clear
from a comparison of the plots of the fluorescence quantum
yields of 1a—d against Ca" binding (Figure 8). The maximum
quenching of fluorescence is obtained for?Cainding when
the number of oxygen atoms becomes five in the podand chain
as observed withib. Our finding is in analogy to the previous
reports in the literature on selective binding ofPC#o similar
podand chaingd-7ac

changes in the absorption and emission spectra (see Supporting Cyclic Voltammetric Measurements. The cyclic voltam-
Information). On the other hand, addition of a 3-fold excess mogram (CV) oflb in acetonitrile using tetrabutylammonium

each of Na, K*, and Li* to a solution oftLb in CHsCN could

hexafluorophosphate as the supporting electrolyte at a scan speed

not induce any change in the absorption or emission properties.of 100 mV/s shows two redox waves (Figure 9). The first wave

These observations show the unique abilitybfto selectively
bind C&*, which is clear from the plot of the variation d¥;
against the ratio of the metal ion aritb (Figure 6). The
maximum decrease i®; is obtained for the binding of Ca,

revealing the high sensitivity and selectivity ol to Ca&*.

Cation binding studies of other bichromophofles 1c, and
1d with Mg?*, Ca&*, S#*, and B&" showed relatively weak
response when compared to thoselbf However, similar to
1b, C&*" showed maximum response towatd, 1c, and 1d

at 270 mV was reversible and the second one at 586 mV was
irreversible at slow scan rate under thin layer electrochemical
conditions. The first and the second formal redox potentials were
obtained by averaging the anodic and cathodic peak potentials
of the CV. It was earlier reported by Law et Zl.that
substituents, both at the nitrogen atom and in the phenyl ring,
have a strong influence on the oxidation potential, which

(23) Benesi, H. A.; Hildebrand, J. H. Am. Chem. Sod.949 71, 2703.
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Figure 8. Plots ofl/ly versus the ratio of [Ca(Clg)] to [dye], illustrating
the fluorescence response of various bichromophdrz¢m), 1b (@), 1c
(a), 1d (), and2 (#), with increasing concentration of Ca(C)
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Figure 9. Cyclic voltammogram oflb in CH;CN using 0.1 M tetrabuty-

lammonium hexafluorophosphate as supporting electrolyte at a scan rate

of 100 mV/s: (a) before and (b) after the addition of Ca(£30
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Figure 10. H NMR spectra in 80% CDGH20% CD;CN of 1b (3.1 mM)

(a) before addition of metal perchlorates, (b) with 3.1 mM NagEnd (c)
with 3.1 mM Ca(ClQ)a.

I_LJL

as a result of the Ca-induced folding and stacking db, which
is in equilibrium between the folded and the unfolded confor-
mations. On the other hand, addition of Nar K* did not cause
any considerable change in thé NMR spectrum ofLb (Figure
10b). Any influence of the perchlorate counteranion on the NMR
peak broadening is ruled out because the addition of NaClO
or KCIO4 did not show any change in the NMR spectrum of
1b. Similarly, any role of a permanent damage of the dye in
the presence of Ca(CK and the associated NMR signal
broadening is ruled out by adding EDTA to the solutionSof
which brought back the original optical properties of the dye.
Metal lon Decomplexation StudiesEDTA is known to be
a strong chelator of & and Mg+. Because of the high stability
constant of the EDTAC&" complex, it was anticipated that
addition of EDTA will induce the decomplexation of theTa
from the complex9, thereby restoring the original photophysical
properties ofLb. With this intention, 1 equiv of EDTA solution
is added to the G4 complex of1b, which visibly turned the

decreases as the electron-donating ability of the substituentintense purple-blue color of tHé—Ca* complex into the initial

increases. Addition of Ca(Cl} into a solution oflb caused

the shift of the redox potential to more positive values, that is,
from 270 to 401 mV and from 586 to 690 mV. This result is
attributed to the coordination of the nitrogen lone pair of

pale-blue color ofLtb. The change in the absorption spectrum
of 1b—Ca&" complex upon addition of EDTA solution is shown
in Figure 11a, which is compared to the original spectrum of
1b. The short wavelength absorption band of the-Ca**

electrons with C&" that decreases the charge-transfer character complex at 552 nm completely disappeared, and the spectrum
of the chromophore. This finding is in accordance with the report matched that oflb where the original intensity of the band at

of Loutfy and Law, who observed that the oxidation potential

630 nm is regained. The fluorescence emission intensity is also

of D—A molecules generally increases as the CT character of restored upon addition of the EDTA to the Lacomplexed

the chromophore decreasé herefore, the observed increase
in the redox potential ofb is attributed to the binding of Ca.

IH NMR Binding Studies. Changes in théH NMR spectrum
of 1b before and after the addition of Ca(G)@in CDCly/CDs-
CN (8:2) at 27°C are shown in Figure 10. The resonance signal
due to the—NCHjs protons, which appeared at3.18 ppm, is
shifted upfield upon addition of 1 equiv of &€a Similarly, the
signals due to the-OCH,— and —NCH,— protons appearing
at 0 3.59-3.69 ppm changed to a broad multiplet. Aromatic
signals, which appeared at6.73-6.79 ppm and 8.33-8.38
ppm, became weak and broad upon addition of*Q&igure

dye (Figure 11b). These results clearly indicate that the observed
change in the absorption and emission propertielofvith

C&" is due to the formation of a reversible complex between
the two.

Figure 12 shows the effect of temperature on the absorption
properties of thelb—Ca&" complex. As the temperature is
increased from 25 to 78C, the intensity of the peak at 630 nm
gradually increased, whereas the intensity of the blue-shifted
band at 552 nm gradually decreased. This can be attributed to
the decomplexation of Ga from the bound metal complex of
1b at higher temperatures. However, a complete change in the

10c). These changes are indications of chromophore interactionabsorption spectrum could not be obtained afCOA further

(26) Loutfy, R. O.; Law, K.-Y.J. Phys. Chem198Q 84, 2803.

increase in temperature was not possible because the complex-
ation was carried out in acetonitrile.
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Figure 11. Change in (a) absorption and (b) emission spectra @%.3 «M) with the addition of 7.3:M EDTA. Spectra 1, 2, and 3 show the absorption
and emission oflb, 1b + C&*, and1b + Ca&*" + EDTA, respectively.

cation-driven folding of the bichromophores. This conclusion
is further confirmed by the Ca titration studies of the
monochromophor@, which contains only one squaraine chro-
mophore. In this case, although a 1:1 binding of'Oa evident
from the!H NMR spectral data (see Supporting Information),

0.6 fretb

1b+Ca™ at 70" C ! - - - S
‘ no change either in the absorption or in the emission was

\ Ib+Ca™at25°C observed. These results support the proposed signaling mech-
: anism of the bichromophores.

Absorbance
o
[#L]
1
— B
o]

Conclusions

A chromogenic sensor for the selective detection of'Ga
L W the presence of other cations such ag N&", and Mg+, based
400 500 600 700 800 on a squaraine foldamer, which works on the principle of exciton
coupled signal transduction is described. The specific binding
of C&" is clear from the visual color change as well as the
change in the absorption and emission spectra, thereby allowing
a three-way signaling. The Job plot and Benrésildebrand plot
satisfy a 1:1 stoichiometry for the complexatioridfwith Ca2*.
The cation-steered folding of the bichromophore and the
consequent exciton coupling in the folded complex allowed the
signaling of the binding event. The optical silence of the

bichromophore to a folded compléx(Figure 13). The optical ~ analogous monochromophogewith Ca2+_ supports the sug-
properties oflb—C&* are similar to those of the solvent- gested signaling mechanism. Regeneration of the initial absorp-
induced “H"-aggregate olb. These observations reveal that tion and emission property of th]ab—Ca?* complex9 upon

the C&*-induced changes in the absorption and emission are ddition of EDTA shows the reversibility of the suggested
due to the exciton interaction of the folded comptéin the complexation mode. In conclusion, we have shown that ag-
case of the folded compleX the fluorescence is weaker when ~9regation, which is a drawback in the case of several of the
compared to that of the unfoldetb, because the internal ~ Organic dyes, becomes a useful phenomenon in the design of
conversion from an upper excited state to a lower one occurs!on specific chemosensors. However, for a prac.tlcal application,
immediately and the emission from a lower excited state is It iS necessary that the molecular probe described here should
theoretically forbidden (inset, Figure 13). The 1:1 complexation P€ @ble to detect calcium ions under biological conditions. The
mode obtained by the Job plots and the changes noted in thechallenge here is the synthesis of highly water-soluble squaraine

absorption and emission spectra strongly support the proposed®ldamers that are stable and should not self-aggregate under
aqueous physiological conditions.

0.0~

Wavelength, nm

Figure 12. Effect of temperature on the absorption spectrunitoffter
adding 1 equiv of Ca(Clg);,.

Cation-Driven Folding and the Signal Transduction
ProcessThe changes observed in the absorption, emisakdn,
NMR, and redox properties upon the addition of Ca(£3@an
be rationalized on the basis of theA®anduced folding of the

(27) The allowed and the forbidden transitions to the excitons are governed by . .
the tilt angle ‘& of the transition moments with respect to the line of ~ Experimental Section
centers. Whend” is less than 54, transition to the lowest excited level is
allowed, resulting in a bathochromically shifted absorption due to head- Unless otherwise stated, all reagents were purchased from com-
to-tail “J"-aggregates. If &" is greater than 5% transition to the highest . : . e o
excited level is favored leading to hypsochromically shifted absorption mercial §gpp|lers ahd used without further pur.'f'cat'on' SOIV?mS u§ed
which corresponds to the head-to-head “H’-aggregates. (a) Kasha, M.; were purified and dried by standard methods prior to use. Melting points
Rawls, H. R.; El-Bayoumi, M. APure Appl. Chem1965 11, 371. (b) were determined with a Mel-Temp-II melting point apparatus and are

Davydov, A. STheory of Molecular Exciton$lenum Press: New York, X . . L
1971. (c) McRae, E. G.; Kasha, Bhysical Process in Radiation Biology uncorrected. High-resolution mass spectra were recorded in a Finnigan

ﬁ/lcagﬁf?ic ﬁFESSFZ’hN?Vé,YEg&lgﬁg:l? %7) g)_z(o?hsgasser,tR-IM-: ﬁasha, MAT 95 instrument using Xenon as ionization géd.and3C NMR
. Photochem. Photobio! X . (e) Czikkely, V.; Forsterling, H.;

Kuhn, H. Chem. Phys. Lett197Q 6, 11. (f) Bucher, H.; Kuhn, HChem. spectra were measured on a 300 MHz Bru_ker Avance DPX spectrom-
Phys. Lett197Q 6, 183. eter. FT-IR spectra were recorded on a Nicolet Impact 400D infrared
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Figure 13. C&"-induced folding oflb leading to an intramolecular “H"-dimed. Insets show the corresponding allowed and forbidden transitions in the
two conformations.

spectrophotometer. Elemental analyses were done using a Perkin-Elmereaction mixture was then refluxed for 20 h. The hot reaction mixture
series-Il 2400 CHN analyzer. Cyclic voltammetry was performed in a was filtered, and the solid was washed with 2-propanol until the filtrate
conventional undivided electrochemical cell with a three electrode was almost colorless. Column chromatography (chloroform/methanol,
arrangement using a computer-controlled Amel 5000 or EG&G 283 9/1) of the crude product over silica gel (10200 mesh) gave the
systen¥® The emission spectra were measured on a Spex-Fluorolog pure product. The monochromophdtavas prepared by the reaction
F112X spectrofluorimeter. Fluorescence quantum yields were deter- of 7 and8 as described above.

mined in spectroscopic grade GEN using optically matching solutions 1a.Yield: 22%. mp 26%263°C. FT-IR (KBr): v = 2362, 1585,

of 4,4-[bis-N,N-dimethylamino)phenyl]squaraine dyé{= 0.70 in 1487, 1363, 1171, 1117, 933, 836, 791 éntH NMR (300 MHz,
chloroform) as standard at an excitation wavelength of 580*hm. cpcl,, TMS): & = 3.17 (s, 18H,—NCHs), 3.55-3.68 (m, 20H,
Fluorescence lifetimes were measured using a Tsunami Spectra Physics-NCH, and—OCH,), 6.73-6.78 (dd,J = 1.38, 9.37 Hz, 8H, aromatic),
single photon counting system. The stability conskywas determined 8.32-8.37 (dd,J = 2.74, 9.32 Hz, 8H, aromatic}C NMR (75 MHz,

from absorption spectral changes using eq 1, CDCly): 6 = 39.6, 40.34, 52.35, 68.5, 70.58, 70.63, 70.89, 112.35,
112.53, 119.86, 120.2, 133.52, 154.46, 154.95, 183.32. Anal. Calcd
o e (1 1) for CaeHs:N:Og: C, 70.74; H, 6.68; N, 6.87. Found: C, 70.36; H, 6.78;
A=A e — ey \KIM] N, 6.96. HRMS-FAB: [M+ H]* calcd for GgHsiN4Os, 815.9761;

found 815.975.

1b. Yield: 24%. mp 225-227°C. FT-IR (KBr): v = 2361, 1593,
1401, 1367, 1182, 1122, 937, 830, 784.5¢mH NMR (300 MHz,
CDCl;, TMS): 6 = 3.18 (s, 18H,—NCHj), 3.59-3.69 (m, 24H,
—NCH; and—0OCH,), 6.74-6.79 (dd,J = 1.2, 9.2 Hz, 8H, aromatic),
8.33-8.38 (dd,J = 2.8, 9.1 Hz, 8H, aromatic}3C NMR (75 MHz,
'CDCl): 6 = 39.5, 40.64, 52.75, 68.7, 70.48, 70.33, 70.99, 112.15,
112.33, 119.75, 120.6, 133.12, 154.28, 154.98, 183.92. Anal. Calcd
for CsoHseN4Og: C, 69.91; H, 6.81; N, 6.52. Found: C, 69.61; H, 6.41,

wheree. and ey, are the molar extinction coefficients of the ligand
and the complex, respectively. The quang)(A, — A) is plotted versus
[M] %, and the stability constant is then given by the ratio of intercept/
slope.

General Procedure for the Metal lon Binding Titrations. Metal
perchlorate solutions were prepared in spectroscopic grade acetonitrile
Bichromophores were completely dissolved in acetonitrile with soni-
cation and slight warming in a water bath. Metal ion titrations were
carried out by adding small volumes~5 uL) of the metal solutions : .
(1078 M in CHsCN, 4 mL) in quartz cugette. After the addition of |\ 8:69 HRMS-FAB: [M+ H]" calcd for GoHesNaOo, 859.4282;
metal salt solution to the cuvette, using a microliter syringe, the solution found 8_59'4272'
was shaken well and kept for 1 min before recording the absorption  1C- Yield: 20%. mp 235-237°C. FT-IR (KBr): v = 2355, 1588,
and emission spectra of the metal complexed dye. 1480, 1366, 1174, 1118, 831, 791 cin'H NMR (300 MHz, CDC4,

General Procedure for the Preparation of the Bichromophores ~ 1MS): 0 = 3.18 (s, 18H-NCHy), 3.59-3.69 (m, 28H,~NCH and
1a—d and the Monochromophore 2.To a 100 mL round-bottomed =~ —©OCH), 6.73-6.79 (dd,J = 1.28, 9.5 Hz, 8H, aromatic), 8.38.39

flask containing 50 mL of 2-propanol were added 0.22 mmda@f, (dd,J = 2.43, 9.2 Hz, 8H, aromatic}*C NMR (75 MHz, CDC}): 6
117 mg (0.54 mmol) of 3-(4NN-Dimethylamino)phenyl)-4-hydroxy- = 39.3, 40.48, 52.53, 68.62, 70.42, 70.54, 70.78, 112.2, 112.53, 119.86,

cyclobut-3-ene-1,2-dione3), and 1 mL of tributyl orthoformate. The ~ 1202, 133.52, 154.46, 154.95, 183.32. Anal. Calcd f@HENOs0:
C, 69.16; H, 6.92; N, 6.2. Found: C, 68.97; H, 6.78; N, 6.35. HRMS-

(28) Bueschel, M.; Stadler, C.; Lambert, C.; Beck, M.; Dauld. Electroanal. FAB: [M + H]* calcd for G:Heg2N4O10, 904.0653; found 904.0647.
Chem 200Q 484, 24 and references therein. A ° A

(29) Cornelissen-Gude, C.; Rettig, W.; LapouyadeJRPhys. Chem. A997, 1d. Yield: 22%. mp 218 220°C. FT-IR (KBr): v = 2359, 1595,
101, 9673. 1372, 1183, 1120, 833, 784 cfn*H NMR (300 MHz, CDC}, TMS):
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0 =3.18 (s, 18H~NCHs), 3.59-3.7 (m, 32H,—NCH, and—OCH,), SF/C6/99-2000) and DAAD, Germany, for the exchange visits
6.73-6.79 (dd,J = 1.27, 9.28 Hz 8H, aromatic), 8.38.39 (dd,J = under the DST-DAAD-PP program. We are thankful to Dr. P.

2.46, 9.26 Hz, 8H, aromatic}*C NMR (75 MHz, CDC}): é = 39.71, . ;
40.33, 52.32. 68.56. 70.58, 70.8, 112.3, 112.4. 119.8, 119.9, 154.4 Ramamurthy, National Centre for Ultrafast Processes, Chennai,

154.9, 183.4. Anal. Calcd forgHeNiOwr: C, 68.48: H. 7.02: N, 5.92. for permitting us to use the single photon_ counting facilities.

Found: C, 68.25; H, 6.88; N, 5.63. HRMS-FAB: [M H]* calcd for E.A. thanks CSIR, Government of India, for a research

Cs4HesN4O11, 948.1733; found 948.1726. fellowship. This is contribution number RRLT-PPD-195 from
2.Yield: 32%. mp 48-49°C. FT-IR (KBI’)Z v = 2874, 2355, 1588, the Regiona| Research Laboratoryl

1370, 1339, 1179, 1096, 838, 784 cm*H NMR (300 MHz, CDC}):

0 =3.2(s, 3H,—NCHj3), 3.21 (s, 6H,—NCHs), 3.37 (s, 3H,~OCH), . . . . L

3.55-3.72 (M, 24H~NCH, and—OCH), 6.75-6.8 (m, 4H, aromatic), Sgpportmg |nformat|9n Available: _ Fluorescgnge Ilfetlme.

8.36-8.41 (m, 4H, aromatic}3C NMR (75 MHz, CDC): 6 = 39.7, profiles of 1b. Changes in the absorption and emission properties

40.33, 52.32, 58.99, 68.56, 70.46, 70.51, 70.58, 70.61, 70.86, 71.88,0f 1b under aqueous buffer solution, with Mg(G)@ Sr(CIQy)2,

Anal. Calcd for GoH44N2QOg: C, 65.73; H, 7.58, N, 4.79. Found: C, . " 1
65.57: H, 7.89: N, 4.99. HRMS-FAB: [M- H]* calod for GaHuN,0s, PrOPETHES 0fla 1¢, and1d with Ca(ClQy)z. *H NMR spectral

585.8849: found 585.884. changes o with the addition of Ca(Clg),. This material is

. available free of charge via the Internet at http://pubs.acs.org.
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