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A laterally nonsymmetric aza cryptand has been derivatized with one 7-nitrobenz-2-oxa-1,3-diazole (fluorophore;)
and one/two anthracenes (fluorophore,) to obtain 1 and 2. Their emission characteristics are probed in the presence
of a number of transition metals and proton. In the case of 1, Cu(ll), Zn(ll), Cd(ll), and proton afford a large
enhancement of fluorescence, whereas Fe(ll) and Ag(l) exhibit one order of magnitude less enhancement. In
contrast, 2 gives a large enhancement with Cu(ll), Ag(l), and proton. The enhancement is observed in the diazole
moiety even when the anthracene fluorophore is excited because of substantial fluorescence resonance energy
transfer from anthracene to the diazole moiety. Compounds 1 and 2 can be termed as the second-generation
fluorescence signaling systems.

Introduction metal ion forms a highly stable inclusion complex due to
the cryptate effect® In the absence of a metal ion, the
fluorophore, when excited, does not show any emission as
a result of intramolecular photoinduced electron transfer
(PETY from the lone pair of electrons on the nitrogen atom
to the fluorophore, and the excited fluorophore comes down

Fluoroionophores have been btiiftthat report the binding
of a guest to the host with an increase or decrease in
fluorescence quantum yields. Two design principfesre
mainly adopted for this: (i) both the signaling (fluorophore-
(s)) and the guest binding (receptor) moieties are integrated

h inal i N h dth to the ground state through a nonradiative pathway. In the
into a single unit, or (i) fluorophore(s) and the receptor are presence of a suitable metal ion as an input to the system,
connected through a spacer that acts as a conduit for

| . ication b h B he | the PET is blocked because of the engagement of the nitrogen
electronic communication between the two. Because the ate‘rlone pair of electrons to the metal and fluorescence can be

design is modular m_nature,. both the fluorophore and the observed. Because transition metals quench fluorescence
receptor can be varied easily. Here, the receptor can be

dified to ind lectivity in the bindi p q effectively, different design strategies have been pursued
modified to induce selectivity in the binding of a guest and , ¢, -mqnt this problem. We had shown earlier that efficient

o aIIo_w for probing of new strategies of fluorescence fluorescence signaling by transition-metal ions could be built
detection. We have used a cryptand as a receptor, where Qith cryptands as receptots

In systems containing more than one type of fluorophore
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strategy allows for ratiometri€ fluorescence signaling and ~ Scheme 1. Synthetic Route to the Investigated Compoufidsnd 2*
offers a new generation of fluorescence sensors. Because the

fluorescence resonance energy transfer also depends on the A/>

distance and orientation of the two fluorophores, it becomes ;(Z\ @ (@

an important biological tool to monit&r enzyme activity ©~, _0 @, N

and conformational analydfsof protein structures. Besides, l{/ J J\Q\

this is potentially importadt in pharmacology, dye lasers,
frequency conversion of light, and so on. A cryptand is

attractive for studying fluorescence resonance energy transfer
because it can act as a perfect skeleton to sequentially add
different fluorophores. Besides, it can undergo conforma- CHon (iii)
tional change’ to enable partial movement of one of the OO __ “
side arms with respect to another, which changes the distance
and the orientation of the fluorophores with respect to one
another, with implications on the fluorescence resonance
energy transfer efficiency. Herein, we report the synthesis
of an aza-oxa cryptand derivatized with one 7-nitrobenz- 5@ 5@
2-oxa-1,3-diazole (hereafter, diazole) and one/two anthracene <\
groups through methylene spacers. The emission band of @1 Q\<©
anthracene overlaps with the absorption band of diazole, N NH \)
making it a fluorescence resonance energy transfer system. \&71" O@ /@( \&/N‘ O
When the cavity is empty, no significant interaction between Ay 1 gge
the fluorophores takes place. However, when a metal ion o N6
proton is added, the PET is blocked, and the fluorescence 2Reagent and conditions: (i) 4-chloro-7-nitrobenz-2-oxa-1,3-diazole,
resonance energy transfer is switched on. Both soIid-stateﬁ'”ree’}m:g‘;’é?‘f‘;o{]6 h; (i) PRNBr2, MeCN, 25°C; (iif) K 2C0s, MeCN,
and solution fluorescence measurements are reported along -
with absorption data.
lized 9-bromomethyl anthracel{g0.21 g, 0.75 mmol) was added
Experimental Section to it along with a crystal of Kl, and the reaction mixture was allowed
to reflux for 72 h. After cooling to room temperature;®0O; was

Materials. All of the solvents and thionyl chloride were purified  removed by filtration. The yellow filtrate was evaporated to dryness
prior to use. The purified solvents were found to be free from under reduced pressure, washed several times with water, and then
impurities and moisture and were transparent in the region of extracted with CHGl The organic layer, after drying over
interest. All of the other reagent-grade chemicals including metal anhydrous Nz5Q,, evaporated to dryness to obtain a yellow solid
salts were acquired from Aldrich and were used as received. Thethat was a mixture ol and2.
metal salts were hydrated as mentioned in the Aldrich catalog. For  Compound 2. This product was eluted out with a mixture of
chromatographic separation, X6200 mesh silica gels (Acme  chloroform and methanol (98:2 (v/v)) as the eluent. The dark-red
Synthetic Chemicals) were used. The reactions were carried outsolid obtained upon evaporation of the solvent was recrystallized
under a N atmosphere, unless otherwise mentioned. from acetone. Yield: 30%. Mp: 256C. IH NMR (400 MHz,

Synthesis.The synthetic route for the cryptand derivatives is CDCls, 25°C, TMS, 9): 0.81 (t, 4H, 2x CH;), 1.10 (s, 4H, 2x
illustrated in Scheme 1. Cryptahg was synthesized and recrystal- CHy), 1.18 (s, 2H, CH), 1.61 (m, 2H, CH), 1.93 (m, 4H, 2x
lized from acetonitrile as colorless rectangular crystals following CHy), 2.17 (m, 2H, CH), 2.31 (m, 2H, CH), 2.42 (m, 4H, 2x

our previously reportéd procedure. CHy), 3.29 (m, 2H, CH), 4.13 (m, 4H, 2x CHy), 5.29 (s, 4H, 2
Synthesis of L. CompoundL; was synthesized following the ~ X An—CH,), 6.45 (d, 1H, diazoleH), 6.72 (d, 4H, 2x An—
procedure reported previou8hfrom our laboratory. Hy7), 6.80 (M, 3H, 3x Ar—Hy), 7.15 (d, 4H, 2x An—Hy), 7.23

(M, 3H, 3x Ar—Hg), 7.39 (d, 3H, 3x Ar—Hy), 7.48 (d, 4H, 2x
An—Hgg), 7.60 (M, 3H, 3x Ar—Hy), 7.74 (d, 4H, 2x An—Hgg),

7.92 (d, 2H, 2x An—Hyg), 8.06 (d, 1H, diazoleH,). 3C NMR

(100 MHz, CDC}, 25 °C, TMS, 8): 156.98, 132.31, 130.87,
129.69, 128.34, 126.67, 125.58, 120.50, 111.21, 67.61, 55.04, 54.63,

(11) (a) Banthia, S.; Samanta, A. Phys. Chem. B006 110, 6437. (b) - . 0, +
van Dongen, E. M. W. M.; Dekkers, L. M.; Spijker, K.; Meijer, E. 49.55,47.55, 29'67' FAB '_VIWZ)' 1_103 (100%) ] .An.al. Calcd .
W.; K|0mp’ L. W. J.; Merkx, M.J. Am. Chem. So2006 128, 10754. for C59H55N806. C, 7511, H, 603, N, 10.16. Found: C, 7498,

Synthesis of 1 and 2To a solution ofL; (0.36 g, 0.5 mmol) in
dry acetonitrile (20 mL) was added anhydrousC; (1.5 g,
excess), and the solution was stirred for 15 min. Freshly recrystal-

(12) (a) Stryer, L.; Haugland, R. Proc. Natl. Acad. Sci. U.S.A967, 58, H, 6.18; N, 10.08.
719. (b) Wu, P.; Brand, LAnal. Biochem1994 218, 1. Compound 1.This was subsequently eluted out with chloroform/
(13) Ramanoudjame, G.; Du, M.; Mankiewicz, K. A.; JayaramarP\c. th | (96:4 (v/ th | t The dark-red solid obtained
Natl. Acad. Sci. U.S.A2006 103 10473. methanol ( : (v/v)) as the eluen - The dark-red solid obtaine
(14) (a) Thiery, C.Mol. Photochem197Q 2, 1. (b) Sclifer, F. P.; Bor, was recrystallized from acetone. Yield: 35%. Mp: 2386. H
Zs.; Luttke, W.; Liphardt, B.Chem. Phys. Lettl978 56, 455. (c) NMR (400 MHz, CDC}, 25 °C, TMS, §): 0.81 (m, 2H, CH),
Kopainsky, B.; Kaiser, W.; Scler, F. P.Chem. Phys_. Lett1978 1.18 (s, 6H, 3x CH,), 2.25 (br s, 1H, NH), 2.44 (d, 2H, G

56, 458. (d) Ketskemety, |.; Farkas, E.; Toth, Zs.; GatiActa Phys.

Chem.1982 28, 3. (e) Bourson, J.; Mugnier, J.; Valeur, Bhem.

Phys. Lett 1982 92, 430. (16) Bullpit, M.; Kitching, W.; Doddrell, D.; Adcock, WJ. Org. Chem
(15) Ragunathan, K. G.; Bharadwaj, P.Fetrahedron Lett1992 33, 7581. 1976 41, 760.
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Figure 1. (a) UV—vis spectra ofl, 1 + Cu(ll), 1 + H*, and1 + Cu(ll)

+ H* (concentration ofl = 1.6 x 10-5 M) in MeCN. (b) UV-vis spectra
of 2, 2+ Cu(ll), 2+ Ag(l), and2 + H* (concentration o2 = 1.0 x 10°°
M) in MeCN. Inset (above): UV-vis spectra @f(solid line),2 + Ag(l)
(dotted line), and + H* (dashed line). Inset (bottom): UWis spectra
of 2; and2 + Cu(ll) (dotted line).

2.65 (t, 2H, CH), 2.75 (m, 2H, CH), 2.88 (m, 2H, CH), 3.13 (m,
2H, CH,), 3.24 (m, 4H, 2x CHj), 3.60 (d, 2H, CH), 3.95 (m, 2H,
CHy), 4.13 (m, 2H, CH)), 4.26 (m, 2H, CH), 5.23 (s, 2H, An-
CH,), 6.05 (d, 1H, diazoleH;,), 6.73 (d, 2H, An-H,7), 6.83 (m,
3H, 3 x Ar—H,), 6.89 (d, 2H, Ar-Hy g), 6.95 (m, 3H, 3x Ar—
Hs), 7.11 (d, 3H, 3x Ar—H,), 7.15 (d, 2H, AR-Hsg), 7.18 (m,
3H, 3 x Ar—Hy), 7.25 (d, 2H, Ar-Hgg), 7.26 (d, 1H, An-Hg),
8.26 (d, 1H, diazoleH,). 3C NMR (100 MHz, CDC}, 25 °C,

—1 (k=344 nm
---1(,=483nm
--------- 2 () =367 nm
2 () =487 nm

Fluorescence Intensity (a.u.)

500 550 600 650

Wavelength (nm)
Figure 2. Emission spectra df and2 (concentration oft = 1.0 x 1076

M and concentration d? = 2.5 x 1075 M) (1ex are shown in parentheses)
in MeCN.

450

400

After filtration, the filtrate left at room temperature overnight
afforded an orange crystalline solid as the desired product. The
solid was collected by filtration, washed several times with cold
acetonitrile, and dried under a vacuum for use in emission
measurements. Yield: 65%. ESI-M8Vg): 1104 (25%) [Cd()-
NOs-H,0]*. Anal. Calcd for G4HsgN10013Cd: C, 55.55; H, 5.01;
N, 12.00. Found: C, 55.43; H, 5.09; N, 12.08.

Synthesis of the Cu(ll) Complex of 2.To a stirring solution of
2 (0.2 mmol) in dry ethanol (20 mL) was added an ethanolic
solution (5 mL) of Cu(ClQ),:6H,O (0.1 mmol) followed by NaCl
(0.1 mmol), and the solution was stirred fbh atroom temperature.
After filtration, the filtrate was allowed to evaporate at room
temperature, whereupon a greenish-yellow crystalline solid sepa-
rated. The solid was collected by filtration, washed with diethyl
ether, and dried under a vacuum for use in emission measurements.
Yield: 72%. ESI-MS (V2): 1268 (45%) [CUR)CIO,4] . Anal. Calcd
for CsoHeeNsO10CICU: C, 65.45; H, 5.25; N, 8.85. Found: C, 65.36;
H, 5.30; N, 8.81.

Physical MeasurementsCompoundd and2 were characterized
by elemental analysel;l NMR, 13C NMR, and mass (positive ion)
spectroscopytH NMR and*3C NMR spectra were recorded on a
JEOL JNM-LA400 FT (400 and 100 MHz, respectively) instrument
in CDCl;. FAB mass (positive ion) data were obtained from a JEOL

TMS, 8): 156.78, 144.70, 135.28, 132.62, 130.14, 122.77, 121.31, SX 102 /DA-6000 mass spectrometer using argon as the FAB gas
111.99, 102.27, 67.54, 66.36, 55.54, 54.43, 53.48, 52.94, 47.25,at 6 kV and 10 mA, with an accelerating voltage of 10 kV, and the

45.71, 29.63. FAB-MSi¥z): 913 (25%) [L]*. Anal. Calcd for
CssHseNgOs: C, 71.03; H, 6.18; N, 12.27. Found: C, 71.20; H,
6.09; N, 12.18.

Synthesis of Protonated Complexes of 1 and o a stirring
solution of either ligand (0.1 mmol) in acetonitrile was added a
dilute perchloric acid solution, and the solution was stirred for 2 h

spectra were recorded at 298 K. ESI mass spectra were recorded
on a Micromass Quattro Il triptequadrupole mass spectrometer.
The ESI capillary was set at 3.5 kV, and the cone voltage was
40 V. Melting points were determined with an electrical melting
point apparatus by PERFIT, India, and were uncorrected—¥
spectra were recorded on a Jasco V-570 spectrophotometer at

at room temperature and then filtered. The filtrate upon evaporation 293 K, and the average of three measurements was taken. The

at room temperature for-34 days afforded a deep-yellow crystalline
solid that was collected by filtration, washed with ether, and dried
under a vacuum for solid-state emission measurements1iéf
complex. Yield: 75%; ESI-MSrtVz): 914 (20%) [L-H]*. Anal.
Calcd for G4Hs7CINgO1o: C, 63.99; H, 5.67; N, 11.06. Found: C,
64.20; H, 5.81; N, 10.89. For the{H]" complex. Yield: 60%.
ESI-MS (W2): 1104 (100%) 2-H]* and 1204 (35%) H-2H)-
C|O4]+. Anal. Calcd for G9H63C|2N3014: C, 63.54; H, 5.25; N,
8.59. Found: C, 63.34; H, 5.29; N, 8.68.

Synthesis of the Cd(Il) Complex of 1.To a stirring solution of
ligand 1 (0.1 mmol) in dry acetonitrile was added an acetonitrile
solution of Cd(NQ),:4H,O (0.1 mmol) followed by NaCl (0.1
mmol), and the solution was stirredrf@ h atroom temperature.

deviations in molar absorption coefficients were in the last digit
only. Steady-state fluorescence spectra were obtained using a
PerkinElmer LS 50B luminescence spectrometer at 293 K with an
excitation and emission band pass of 5 nm. Steady-state fluores-
cence anisotropy data were obtained using a PerkinElmer LS 55
fluorimeter at 293 K with a slit width of 5 nm and an integration
time of 40 s.

Fluorescence quantum yields of all of the compounds were
determined by comparing the corrected spectrum with that of
anthraceneg{ = 0.297) in ethanol! taking the area under the total

(17) Birks, J. BPhotophysics of Aromatic Moleculé#/iley-Interscience:
New York, 1970.

Inorganic Chemistry, Vol. 46, No. 19, 2007 8053
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Table 1. Fluorescence Output df and 2 with Different lonic Input8

Quantum yieldp (enhancement factor)

Gdiazole(Aex= 344 nm) @anthracenddex= 344 M) Gdiazole(Aex =483 nm)
1 0.0008 0.0003 0.0008
1+ Mn(ll) 0.0015 (2) 0.0004 (1) 0.0017 (2)
1+ Fe(ll) 0.0662 (83) 0.0006 (2) 0.0674 (84)
1+ Co(ll) 0.0008 (1) 0.0003 (1) 0.000%()
1+ Ni(ll) 0.0005 (<1) 0.0003 (1) 0.0004<1)
1+ Cu(ll) 0.1434 (179) 0.0015 (5) 0.1460 (183)
1+ Zn(ll) 0.1206 (151) 0.0008 (3) 0.1199 (150)
1+ Cd(Il) 0.2549 (319) 0.0006 (2) 0.2446 (306)
1+ Ag(l) 0.0372 (47) 0.0004 (1) 0.0363 (45)
1+ TI(l) 0.0011 (1) 0.0003 (1) 0.0010 (1)
1+H*T 0.2209 (276) 0.0005 (2) 0.2181 (273)
1+ Cu(ll) + H* 0.1947 (243) 0.0014 (5) 0.2001 (250)
2 0.0006 0.0046 0.0006
2+ Mn(ll) 0.0034 (6) 0.0023€¢1) 0.0037 (6)
2+ Fe(ll) 0.0264 (44) 0.0033€1) 0.0278 (46)
2+ Co(ll) 0.0015 (3) 0.0021<1) 0.0016 (3)
2+ Ni(ll) 0.0013 (2) 0.0020 €1) 0.0013 (2)
2+ Cu(ll) 0.1599 (267) 0.0696 (15) 0.1640 (273)
2+ zZn(ll) 0.0286 (48) 0.0042<1) 0.0302 (50)
2+ Cd(l) 0.0022 (4) 0.0027<1) 0.0024 (4)
2+ Ag(l) 0.1136 (189) 0.0034<1) 0.1154 (192)
2+ TI(N) 0.0012 (2) 0.0024€1) 0.0012 (2)
2+ HT 0.1644 (274) 0.0562 (12) 0.1688 (281)

aExperimental conditions: medium, dry MeCN; concentratioriof.6 x 1075 M; concentration of ionic input, I@ M; concentration o2, 10°° M;
concentration of ionic input, I8 M. Excitation at 344 and 483 nm fdrand 367 and 487 nm fd, with an excitation band pass of 5 nm; emission band
pass, 5 nm; temperature, 298 ¢snihracend@NddaiazoleWere calculated by the comparison of the corrected spectrum with that of anthracene and quinine sulfate
respectivley, taking the area under the total emission. The errpiisrwithin 10% in each case, except in the case of free ligands, where the egas in
within 15%.

emission. On the other hand, emission quantum yields due to thesignificant changes presumably due to moverifenit the
diazole fluorophore inl and 2 were checked by comparing the  side arms, causing interactions between the two moieties.
corrected spectrum with that of quinine sulfdten 1 N H,SO;. These changes are more prominent in the caske @hus,
The fluorescence measurements in the solutions were carried ouﬁn 1 the anthryl bands appear as a broad band centering at

at ~10-% M concentration, unless otherwise specified. The solid- .
state emission spectra were recorded using a Fluorolog3, model344 nm with shoulders at 365 and 387 nm2Jron the other

FL3-22, SPEX spectrometer excited @850 nm with a 450 w  hand, the (0,0) band appears at 387 nm along with vibrational
xenon lamp at a band pass of 2 nm, and the integration time wasStructures at 367 and 350 nm. The intensities of the anthryl

kept at 0.2 s. The complex stability constakitsvere determine@ bands in2 are more than double thoselrin any solvent as
from the change in absorbance or fluorescence intensity resultinga result of different magnitudes of movement of the side
from the titration of dilute solutions~10°-10"° M) of the arms in the two cases. In addition, bdtland2 exhibit two

fluorophoric systems against the metal ion concentration. The ,0re pands at 271 and 254 nm because of ther
reported values gave good correlation coefficients.09). interaction of the phenyl group of the cryptand side arm with
anthracene in the ground state and in the anthracere S
S; transition, respectively. The ICT band inis solvato-
chromic in nature; it absorbs at 462 nm in nonpolar
cyclohexane and at 496 nm in relatively polar DMSO. This

Results and Discussion

UV—Vis Absorption Spectroscopy. In dry MeCN,
cryptandL o shows only negligible absorption in the region
(rz{tr :;nlot:ﬁ?)tfugz]zn pg?\iztar? gfg?g;&e‘:\f; :%n}itpﬂy;gl\l solyatochromic behavior is similar to that oNN-dimethyl-
because of intramolecular charge transfer (ICT) from the 7-nitrobenzofurazan as report€d.
donor nitrogen to the acceptor N@roup, and the single The ICT band inl blue-shifts by 2-9 nm (Table STZ}
diazole-substituted cryptandl { in Scheme 1) shoW&this in the presence of a metal ion (except Cu(ll)), without
ICT band at the same position. Similarly, 9-methylanthracene moving the positions of the other bands. In the presence of
exhibitd” the (0,0) band at 388 nm and vibrational structures Cu(ll), both the ICT band and the 344 nm band of the anthryl
at 368, 350, and 333 nm, and they do not shoany moiety blue-shift by~28 nm, indicating a different mode
perceptible shift in mono- and bis-anthryl-substitutedThe of binding for this metal ion in contrast to others probed.
diazole ICT band position ith and2 does not shift much! Upon protonation, the ICT band blue-shifts, and because of
although anthryl band positions and their natGrghow the decrease in donomcceptor interaction, the molar

: - — : absorptivity decreases. However, protonation also results in
(18) (CaganfT{é@%'%‘fé’zgg."(%)ngg” B Bharetine P, ﬂeghfggﬂg; blue shifts of all of the anthryl bands with higher molar
B 2005 109, 4377. absorptivity (Table ST2 and part a of Figure 1) from
(19) Saha, S., Samanta, 4. Phys. Chem. A99§ 102 7903. enhanced charge-transfer chara€tas a result of orienta-

(20) Bag, B.; Bharadwaj, P. KI. Lumin 2004 110, 85. ” s
(21) See the Supporting Information section. tional modification of the anthracene chromophores.

8054 Inorganic Chemistry, Vol. 46, No. 19, 2007
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Similar solvatochromic behavior is observed for the ICT
band in2. This band blue-shifts in the presence of a metal
ion (except Cu(ll)) by 3-10 nm (Table ST43 without
affecting the anthryl bands. In the presence of Cu(ll), the

However, whenl is excited at 344 nm, no substantial
enhancement of anthracene monomer emission is observed,
unlike in previous caseé8:°The enhancement factor remains
within a limit of ~5 (Table 1), which is quite ineffective.

ICT band blue-shifts by 37 nm, whereas the anthryl bands Instead, a large emission at520 nm assignable to the

red-shift by very small amounts (part b of Figure 1). In the
presence of protong, gives results similar to those in the
case ofl.

Stokes’ shift analysis as a function of solvent pol&#ify
results in the estimation of the difference in dipole moments

diazole moiety is observed (parts a and b Figure 3) as a result
of a significant amount of fluorescence resonance energy
transfer from the excited anthracene to the diazole, where
the metal ion acts as a conduit. Among the 3D transition-
metal ions, Cu(ll) and Zn(ll) show large enhancement of

between the excited state and the ground state and quantifiefluorescence with respect to metal-frée whereas Fe(ll)
the extent of the charge-transfer process in the excited stateexhibits one order of magnitude less enhancement. The

The contribution of the solvent-induced dipole moment and
the polarizability of the solute are taken into consideration
for determining the excited-state dipole moment of the
ligands, using a modified LippertMataga equatiof* On

highest enhancement of diazole emission is observed with
Cd(ll). Also, Ag(l) gives noticeable enhancement. The data
are collected in Table 1.

Compound2 behaves quite similarly, although unlike

the basis of the plot and its linear regression derived thereof,only Cu(ll) and Ag(l) exhibit significant increases in

the excited-state dipole momentge) for 1 and 2 are

emission. Other metal ions used as inputs show less

estimated to be 19 and 16 D, respectively. Geometrical enhancement (Table 1).

optimizations for the systems are carried out by the semiem-

pirical AM1 method (gradient0.001, Hyperchem version
7.0, Hypercube Inc.). Attachment of electron-withdrawing

Thus, the signal transduction mechanism operational here
makes the present systems unique compared to other signal-
ing systems. The responselénd?2 can be compared with

and electron-donating group(s) increases the ground-statehat of simple PET-based fluoropherspacerreceptor

dipole moment! which favors charge separation. This dipole

systems, which comprise either diazole or anthraééfe.

moment value is further increased in the excited State, which Here' 1 and 2 act as turn-on sensors in the presence of

suggests complete charge separation in the excited state.
Emission of Metal-Free Ligands.Compoundl shows

specific metal ions. Because Cd(Il) shows the highest
guantum yield among the metal ions studied with both

dual emissions, the exact nature of which depends on thesystems, it is titrated witd, and the emission band due to

wavelength of light used for excitation. In MeCN, upon
excitation at 344 nm, where the band due to anthracefe in

the diazole moiety at520 nm is monitored. The intensity
of the emission gradually increases and attains a max#um

absorbs predominantly, emissions due to both anthracene angyhen 1 equiv of the metal ion is added. Thereafter, no change

diazole appear with low intensity (Figure 2) as a result of

in the intensity is observed (Figure 4), indicating a 1:1

PET being operational. However, the appearance of both of formation. Wher2 is titrated with Cu(ll) and Ag(l), similar
the bands suggests a small amount of resonance energyehavior is observed (Figure 4).

transfer from the anthracene to the diazole moiety. When

Hydrated metal perchlorate and nitrate salts can generate

excited at 483 nm, an emission due to the diazole moiety hroions in organic solvents. To verify that the fluorescence

alone is observed. The fluorescence quantum yigldgacene
and ¢diazole Were determined at the excitation wavelengths
of 344 and 483 nm, respectively. The low quantum yield

enhancement is due to the metal ion only and not to
protonation, certain controlled experime&were carried
out. Moreover, different metal ions give different extents of

values observed (Table 1) are due to efficient PET from the annancement. If the proton generation in the medium by the

receptor nitrogen to the fluorophores. Compo@rekhibits

metal salts is responsible, then the extent of enhancement

a similar behavior except that, in this case, a well-resolved gouid have been almost the same for all of the metal salts

emission typical of 9-alkyl-substitutédanthracene can be
observed (Figure 2). The (0,0) band of the locally excited
anthracene emission is centered~a00 nm in all of the

used. In MeCN, emission as a result of the diazole moiety
enhances by a large factor275 times forl and2) in the
presence of HCIQ(1 x 103 M) (parts a and ¢ of Figure

solvents studied. The emission due to the diazole moiety is 3). Substantial fluorescence enhancement is observed, sug-

found to be solvatochromic in natuteand the emissions
from the two fluorophores do not overlap.

Emission in the Presence of Metal lons or Protons and
Complex Stability Constants.When a transition-metal ion
is added tdl in MeCN, the metal occupiésthe tren-end of
the cavity, engaging the nitrogen lone pairs that block PET.

(22) Lippert, E. Z.Naturforsch 1955 10A 541.

(23) Mataga, N.; Kaifu, Y.; Koizumi, MBull. Chem. Soc. Jpri956 29,
465.

(24) Herbich, J.; Kapturkiewicz, AJ. Am. Chem. Sod 998 120, 1014.

(25) (a) Chand, D. K.; Bharadwaj, P. kKorg. Chem 1996 35, 3380. (b)
Ghosh, P.; Gupta, S. S.; Bharadwaj, PJKChem. Soc., Dalton Trans
1997 935.

gesting that both of the nitrogen atoms, attached to the
fluorophores, are protonated. The diazole emission in the
1cCu(ll) complex is further increased when it is treated with
a~10"3M HCIQ, solution. The same types of changes are
observed whenlcCo(ll) and 1cZn(ll) complexes are
protonated with a~10-2 M HCIO, solution.

We carried out proton titration with and 2 as well as
1cCu(ll) to observe the extent of the changes in the
fluorescence enhancement. Maximum enhancement$ for

(26) Ramachandram, B.; Saroja, G.; Sankaran, N. B.; SamaniaPAys.
Chem. B200Q 104, 11824.

Inorganic Chemistry, Vol. 46, No. 19, 2007 8055



Sadhu et al.

(@) (b) ]
1+ Cu(ll)
— 1 -----1+ H
1eH | 1+ Cu(ll)+ H*
J— 1+ Cd(ll) I,, .

Fluorescence Intensity (a.u.)

400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fluorescence Intensity (a.u.)

(c)

2 /
-------------- 2+Cu(ll) |\
----- 2¢Ag) |\

Fluorescence Intensity (a.u.)

Wavelength (nm)

Figure 3. (a) Emission spectra df, 1 + Cd(ll), and1 + HT (concentration of 2= 1.0 x 10-¢ M) in MeCN. (b) Emission spectra df, 1 + Cu(ll), and
1+ H*, 1 4 Cu(ll) + H* (concentration ofl = 2.5 x 10°% M) in MeCN. (c) Emission spectrum &, 2 + Cu(ll), 2 + Ag(l), and2 + H* complexes

(concentration oR = 1.0 x 1076 M) in MeCN.

constants are on the order ofé1 1, which is quite similar
. ) ) to those of other systems reported in the literatéfé’
Solid-State Fluorescence and Interchromophoric Dis-
tance Calculation in Solution. To confirm the absené®
of fluorescence resonance energy transfer in the solid state,
solid-state fluorescence measurementslfo€d(ll), 1-H,
* 2cCu(ll), and2-H* were undertaken, each of which showed
A Cd(ll) added to 1 only anthracene monomer emission when excited at the
. /f;((l';) :ggzg t‘gg corresponding anthryl absorption maximum (Figure 6). When
these complexes are dissolved in MeCN, quantum yields for
0'0’0 T 7 ] : : the fluorophores similar to those in the corresponding
Equiv. of metal ion added solution studies are obtained.
The interchromophoric distances can be estimated by

Figure 4. Plot of the quantum yieldsiazold Of 1 and2 (concentration ) -
of 1and2 = 1.4 x 10°% M) as a function of equivalents of Cd(ll) ions for ~ steady-state energy-transfer experiments following a protocol

1 (Aex= 344 nm) and Cu(ll) and Ag(]) ions fdt (1ex= 367 nm) N MeCN. . (aq 1) reported in the literatuf& The interchromophoric

0.3

0.2

+

Quantum Yield

0.1

6
and?2 are observed after the addition of 2 equivs of protons, _ Ro )
whereas the enhancement is saturated after the addition of 1 R06 + R

equiv of protons tdlcCu(ll) (Figure 5).
In most of the cases cannot be determined with proper distancesR) due to dipole-dipole interaction depend upon
accuracy because the changes in fluorescence/absorbandée orientational factors(; eq 2).

intensities are not substantial. Fband Cd(ll), theKs value

of 1.06 x 10° M~! can be determined. This values R, = 9.78x 10°(n “p 29" A 2)
determined from the fluorescence intensity dataZavith
Cu(ll) and Ag(l) are found to be 1.4% 10° and 8.61x 1C(° )
1 . - (27) (a) Rurack, K.; Bricks, J. L.; Schulz, B.; Maus, M.; Reck, G.; Resch-
M~ respectively. Although the data on complex stability Genger, UJ. Phys. Chem. £00Q 104, 6171. (b) Kollmannsberger,
M.; Rurack, K.; Genger-Resch, U.; Daub,JJ.Phys. Chem. A998

constants are not complete, it is found that, in cases where
substantial fluorescence increases are observed upon thgzg) ﬁfgﬁi?rlﬁ:. Pouget, J.: Bourson, J.: Valeur,JBLumin 1985 33
addition of a metal salt or protons, the complex stability 273.
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Figure 5. Plot of the quantum yieldspiazold Of 1 and2 (concentration ofl and2 = 1.4 x 10-6 M) as a function of equivalents of Hions for (a)1 (Aex
= 344 nm) an® (lex = 367 nm) and for (b) thd + Cu(ll) complex fex = 344 nm) in MeCN.
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Figure 6. (a) Solid-state emission spectralpfl + Cd(ll), and1 + H™ complexes fex = 344 nm). (b) Solid-state emission spectra2p® + Cu(ll), and
2 + H* complexes fex = 367 nm).

Table 2. Interchromophoric Distances dfand?2 with Different lonic Inputs

E (%) P J(M~tcmd) &2Chat &2LhinP Roavg Ravgc'd
1 2 0.0004 6.32¢ 10715 1.17 0.49 9 17
1+ Cd(ll) 74 0.0401 7.38 10715 1.14 0.49 21 18
2 4 0.0003 6.3% 10715 1.23 0.46 9 15
2+ Cu(ll) 69 0.0422 7.49 10715 1.78 0.31 20 18
2+ Ag(l) 79 0.0458 7.34¢< 10715 1.03 0.52 20 16

aQuantum yield of the anthracene-substituted cryptand in the absence of a diazole acceptor irf Mie@tis.on « 2 are obtained by the measurements
of the fluorescence anisotropy of the donor and acceptor fluorophfotdisof the distances are in angstronfduncertainty in the derived intramolecular
separation of approximatelz15% about the limit oR.

The limits on«? are obtainet? by measurements of the presence of transition-metal ions. Here, two cryptand-based
fluorescence anisotropy of the donor and acceptor of the fluorescence signaling systems are mentioned, which exhibit

fluorophores. Therefore, these measurements can minimizevery low monomeric fluorescence and resonance energy
uncertainties in the calculated interchromophoric distancestransfer in the absence of a metal ion or proton. However,

in the solution state. The interchromophoric distances, in thejn 1, the fluorescence resonance energy transfer is found to
cases of metal complexes fand2, afford values in the  pe quite significant in the presence of Cd(Il), whereag,in
range of~18 A that are larger than the distances observed y gimilar behavior is observed in the presence of Cu(ll) and

in the cases of fre and2 (Table 2). The changes in the gy Both systems also exhibit energy-transfer processes
mterchromophor!c' Q|stanc§s in the metal complexes tunem the presence of protons. The metal ion or proton not only
them to be specific in the involved fluorescence resonance, -\ < the PET by engaging the nitrogen lone pairs but also
energy transfer processes. : e o

induces a structural modification of the receptor core so that
Conclusion appreciable energy transfer can be observed. Thus, these
systems not only exhibit fluorescence in the presence of
transition-metal ions but also induce fluorescence resonance
energy transfer from anthracene to the diazole moiety. Thus,
these processes provide a design for the next generation of
(29) Dale, R. E.; Eisinger, J.; Blumberg, W. Biophys. J1979 26, 161. fluorescence signaling systems and a route to effect photo-

In conclusion, an aza cryptand is shown to be an ideal
skeleton for the addition of different fluorophores that show
significant fluorescence resonance energy transfer in the
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induced charge separation. We are presently engaged in thesthank Dr. Anindya Datta from the Indian Institute of
aspects along with the rate of fluorescence resonance energyechnology, Bombay, for fluorescence anisotropy data.

transfer by time-resolved fluorescence spectroscopy. Supporting Information Available: Characterization of the
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