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Abstract.

Two molecules of a laterally non-symmetric aza cryptand have been attached to 9,10-di-

methylanthracene to obtain a multi-receptor fluorescent signalling system in the “receptor—spacer—fluoro-
phore—spacer—receptor” format. In the absence of a metal ion, weak fluorescence is observed upon
excitation of the anthryl group owing to efficient photo-induced electron transfer (PET) of the lone pair
of N attached to the anthryl group. However, when a metal salt is added, the lone pair is engaged, thusin
blocking of the PET and leading to recovery of fluorescence to different extents depending upon the

nature of the metal ion.
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1. Introduction

Fluorescent signalling systems consist of signalling
(fluorophore) and guest-binding (receptor) moieties.
The two components can either be separated by a spacer
or can be integrated into one unit with photo-indu-
ced intramolecular electron transfer (PET) being the
commonly exploited mechanism.*? Severa reports
are available on chelation-enhanced fluorescence®*°
to make chemosensors for different types of metal
ions. In this technique, the optical transduction of
binding of metal ions with receptors is dependent
upon the nature of the metal ion and its concentration,
as well as the nature of the receptor. The fluoro-
phore and the receptor are chosen such that the PET
between the two (usually a group containing one or
more nitrogen atoms) can be modulated. When the
lone-pair associated with the donor atom is not bonded
to a guest (in this case a metal ion or proton), PET
from the receptor (i.e., N lone-pair) to the excited
fluorophore takes place causing a non-radiative de-
cay of the excited state and fluorescence-quenching.
When a guest engages this lone-pair by bonding, the
PET is blocked, causing recovery of the fluorescence.
Both fluorescence-quenching and -enhancement can
be utilized to obtain information about binding of the
guest. However, the ubiquitous nature of fluores-
cence-guenching reduces its sensitivity, as well as
its practical utility.*"** Therefore, systems with fluo-
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rescence-enhancement rather than quenching are
preferred for designing signalling systems.
Transition metals are ubiquitous in nature and
their detection is of importance in biological, clinical
and environmental problems, while detection of
heavy main-group metals and lanthanides is impor-
tant from the perspectives of environmental pollu-
tion™™** and delayed luminescence'®™® respectively.
However, many of these metal ions, specially the
paramagnetic transition metal ions, quench fluores-
cence very effectively through several pathways.*?°
Blocking of the quenching pathways requires that
metal—receptor (M—R) interactions should be consi-
derably greater than the metal—fluorophore (M—F)
communication.?* Fluorescent signalling systems built
in the format, ‘fluorophore—spacer—receptor’ with a
cryptand as receptor is thus ideal because, once a
metal ion enters the cavity of this receptor, it isiso-
lated from the surroundings thus enabling it to nullify
most, if not al, of the quenching pathways.? In the
present studies, two cryptands are attached to an-
thracene via methylene spacers to get the multi-com-
ponent fluorescent signalling system L, (scheme 1)
in the “ receptor—spacer—fluorophore—spacer—eceptor”
format. This system is quite versatile, giving fluores-
cence-enhancement in the presence of a number of
first-row transition metals, a number of lanthanides
and several heavy main-group metals. Chemoselec-
tivity of the cryptand to is too poor afford an OR
logic gate. The present system can also offer a starting
point for attachment of groups of interest through
other derivatizable sites present in the cryptand.
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acid, 72 h, RT.

Scheme 1. Synthetic routeto L ;.

2. Experimental
2.1 Materials

Cryptand L,2® was synthesized as reported earlier.
All the solvents were freshly distilled prior to use
and all the reactions were carried out under N, atmos-
phere unless otherwise mentioned. Chromatographic
separation was done by column chromatography us-
ing 100-200 mesh silica gel obtained from Acme
Synthetic Chemicals.

2.2 Analysis and measurements

The compounds were characterized by elemental ana-
lysis, *H-NMR, *C-NMR and mass (positive ion)

spectroscopic studies. *H-NMR and *C-NMR spectra
were recorded on a Jeol INM-LA400 FT (400 MHz
and 100 MHz respectively) instrument in CDCl;
with Me;Si as the internal standard. The electrospray
mass spectra (ESI) were recorded in a Micromass
Quatro 1l triple quadrupole mass spectrometer.
Melting points were determined with an electrical
melting point apparatus by Perfit, India and were
uncorrected. Elemental analyses were obtained on
an Elementar Vario EL 111 Carlo Erba 1108 elemental
analyser. UV-visible spectra were recorded on a
Jasco V-570 spectrophotometer in dry THF at 298 K.
Fluorescence spectra were obtained with a Perkin—
Elmer LS 50B luminescence spectrometer at 298 K.
Solid-state emission was obtained with a Kimmon
He—Cd Laser by exciting the solid samples at 325 nm.
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Fluorescence quantum yield was determined in each
case by comparing the corrected spectrum with that
of anthracene in ethanol (f = 0%297) and taking the
area under the total emission using the following
equation,®

fs="fr(FARFRrAS. (hth)za 1

where f s and f r are the radiative quantum yields of
the sample and the reference, Fs and Fg are the area
under the fluorescence spectra of the sample and the
reference, As and A are the absorbance of the sasmple
and the reference (at the excited wavelength), hs and
hr are the refractive indices of the solvents of the
samples and the reference respectively.

2.3 Yynthesis

Cryptand L, was synthesized as reported earlier.
Synthesis of the fluorophoric system was achieved
in several steps as illustrated in scheme 1 and de-
scribed as follows.

2.3a Synthesis of bis-BOC protected cryptand, B:
The bis-protected cryptand was synthesized by partial
derivatization of L, with di-t-butyl dicarbonate. To a
solution of L, (168 g, 1 equiv., 3 mmoal), in dichlo-
romethane that was kept stirred, a solution of di-t-
butyl dicarbonate (13 ml, 18 equiv., 54 mmol) in
dichloromethane was added dropwise over a period
of 30 min at 0°C after which it was allowed to stir for
12 h at RT. The solvent was removed under reduced
pressure. The solid that remained was washed with
water, extracted with CHCI3, and after drying over
anhydrous Na,SO,, was evaporated to dryness to ob-
tain a mixture of tris-, bis- and mono-BOC protected
L, as a light brown solid. The components were
separated through silica gel (100200 mesh) column
chromatography. The tri-substituted (T) cryptand was
obtained in low yields (<10%) with 15-20% ethyl
acetate in hexane as the eluent. The desired bis-
protected cryptand (B) was obtained with 25% ethyl
acetate in hexane as the eluent and upon evaporation
afforded a brown crystalline solid.

Yield: 0580 g (35%); m.p. 96°C; *H-NMR (400 MHz,
CDCl3, 25°C, TMS) d: (aliphatic) 14 (s, 18H), 22—
28 (m, 13H), 32 (br s, 2H), 38 (br s, 6H), 39 (br s,
4H), 44 (br s, 2H), 44 (br s, 4H), (aromatic) 70
(m, 12H); *C-NMR (100 MHz, CDCls, 25°C, TMS)
d: 284, 295, 452, 4658, 48%, 534, 546, 548, 674,
67X, 684, 79¥% (aiphatic), 1114, 111%, 1118,

1209, 12156, 12659, 1286, 1302, 1306, 1310, 1324,
154 (aromatic) 158% (C=0); ESI-MS m/z (%): 760
(100) [B]"; Analysis—Calcd. for CyHeNsO;: C,
6796; H, 8%9; N, 922%. Found: C, 67°87; H, 848;
N 9x12%.

2.3b Synthesis of L;: To a solution of B (0¥6 g,
1mmol) in dry toluene, triethylamine (06 ml,
483 mmol) was added and stirred for 30 min at
RT. 9,10-Bis-(chloromethyl)anthracene®® (04 g,
06 mmol) was added to this and the reaction mixture
was heated to reflux for 50 h with constant stirring.
It was then filtered and the filtrate distilled off under
reduced pressure leaving behind a brown solid. The
solid was washed with water, extracted with CHCl3
and after drying over anhydrous Na,SO,4, was com-
pletely evaporated under reduced pressure. The crude
product thus formed was purified by passing through
a column of neutral alumina with CHCI; and MeOH
mixture (0% : 95% v/v) as the eluent to afford a
brown solid. The solid was dissolved in minimum
amount of THF and allowed to stir for 72 h at RT in
excess tri-fluoroacetic acid (TFA). The solvent was
then removed in arotary evaporator to obtain a light
brown semi-solid. After washing with a saturated
solution of NaHCO; and NaCl, water (50 ml) was
added to it and the desired product extracted with
CHCI; (3" 30ml). Upon usual work-up followed
by recrystallization from acetonitrile, L, was obtai-
ned as alight brown solid.

Yield: 0092 g (70%); m.p.: 128°C; ESI-MS, m/z (%):
1322 (55) [L1]+, AnalySIS— Calcd. for C82H100N1005:
C, 74%61; H, 763; N, 1060%. Found: C, 74+42; H,
7:97; N 10%48%; ‘*H NMR (400 MHz, CDCl;, 25°C,
TMS) d: (aliphatic) 24-2%6 (m, 28H [24H (CH,),
4H (NH)]), 20-38 (m, 12H), 3¥ (s, 12H), 38 (s,
4H), 42-4% (m, 12H), (aromatic) 676 (m, 24H
[Ph]), 758 (m, 4H, An-H,367), 88 (d, 2H, An-Hys),
8% (d, 2H, An-Hyg); *C NMR (100 MHz, CDCls,
25°C, TMS) d: 1542, 149%, 1354, 1320, 130%,
1299, 1274, 1265, 1258, 1244, 1234, 1192, 1158
(aromatic) 698, 636, 58%, 562, 516, 480, 44’8,
424 (aiphatic).

3. Resultsand discussion
3.1 UV-visible absorption spectroscopy
In freshly purified THF, the parent cryptand and the

metal cryptates show negligible absorption in the
region of interest. The metal-free system exhibits the
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characteristic peaks of 9,10-bis-alkyl substituted an-
thracene with (0,0) band at 397 nm and the vibra-
tional structures at 3780, 3590, 3400 nm. This
indicates the absence of any interaction between the
nitrogen lone pairs of the receptor and the anthra-
cene group in the ground state. A similar observation
was made” with the symmetrical trianthryl derivative
of the cryptand. The X-ray crystallographic studies
of the parent cryptands” and their Co(ll), Ni(ll),
Cu(ll), Zn(11), Ag(l), Pb(l) and Cd(ll) cryptates re-
veal that these metal ions form mononuclear cryp-
tates, occupying the lower deck of the cavity ( i.e,,
tren-end) and the upper deck may sometimes be oc-
cupied by solvent molecules. For other transition
metal ions, this binding mode can be inferred from
spectroscopic data. X-ray data also show that the
cryptands are mostly pre-organized and the confor-
mational change is minimum when a metal ion enters
the cavity. As a result, only a small red shift (DI =
2-6 nm) in the peak position is observed when the
ligand is complexed with a transition metal ion,
whereas no shift in peak position is found with lan-
thanides as well as heavy metal ions such as Hg(ll),
TI (1), Ag(l), except for Pb (I11) where the shift in
peak position is within 5 nm. The inner-transition
metal ions, Eu(l1l) and Tb(lIl) prefer higher coordi-
nation” and may utilize all the donor atoms present
in the cryptand. In such a case, these metal ions
should occupy the middle of the cavity. Such a bind-
ing mode was found earlier with Cd(11).* All attempts
to isolate lanthanide cryptates in single crystal form
have remained unsuccessful.

3.2 Emission spectra of cation-free L,

The cation-free system exhibits well-resolved anthra-
cene S, ® § emission indry THF at 298 K with the
(0,0) band at 408 nm aong with vibrational structures
at 458 and 430 nm. However, it does not exhibit any
exciplex that appears as a structureless broad band
around 550 nm in case of the trianthryl derivatives.
This is because, in solution, interaction of the lone
pair of donor N-atom with the p orbitals of the fluo-
rophore is minimum in the present case. However,
in the solid state, a broad band appears at ~550 nm
that is assigned as the exciplex emission (figure 1).
The quantum yield (f ) of the monomer emission is
found to be extremely low in the metal-free state at-
tributable to a highly efficient PET process operative
between the HOMO of the donor tertiary N atom and
the anthracene p system. The quantum yield is found

to be greater in a non-polar than in a polar solvent
because the PET process is considerably enhanced®
in a polar medium via charge—dipole and H-bonding
interactions.

3.3 Emission characteristicsin presence of metal
ions

In presence of a metal ion, the emission spectrum
shows a red-shift of the (0,0) band to within 5 nm,
with broadening of both the (0,0) and other vibratio-
nal bands, and a different intensity ratio of the (0,0)
and the first vibrational band as compared to that of
the metal-free molecule. This slight red-shift is due
to the metal ion-induced change in polarity around
the fluorophore, whose emission band is solvatochro-
mic in nature.

Upon complexation with a transition metal ion,
emission intensity increases significantly. The extent
of enhancement depends upon the nature of the metal
ion. As the metal ion enters the cavity and binds the
four N atoms at the tren-end, it effectively blocks
the PET resulting recovery of fluorescence. Among
the first-row transition metal ions studied, Zn(lIl)
exhibits the highest enhancement due to its non-
quenching nature and a favourable geometry for
binding at the N4-end of the cavity. On titration with
Zn(Il), the intensity of the emission band gradually
increases and attains the maximum on addition of 2
equivalents of the metal ion (figure 2). The fr vs
stoichiometry plot with Zn(ll) and Pb(ll) indicates
2: 1 complex formation. The fluorescence quantum

(Normalized)

0.0 T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Figure 1. Normalized (a) absorption (—), (b) emission
() spectra of L, indry THF at 298 K and (c) emission
spectrain solid state (-----).
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Table 1. Band positions and molar extinction coefficients of the absorption transitions, fluorescence
quantum yields and fluorescence-enhancement factors (FE) of the fluorophore L; alone and in presence

of various cationic inputs*.

Fluorescence output

lonic input | & nm (e, dm® mol™ cm™) fe FE
- 397(8107) 378(8582) 359(5527) 00023 1
Mn(I1) 402(7624) 381(8531) 361(6322) 00772 34
Co(ll) 399(5576) 378(5713) 358(5397) 00797 35
Ni(l1) 401(8083) 380(8253) 361(5844) 00877 38
cu(ll) 402(4006) 381(4562) 362(4267) 01088 48
zn(l) 402(7876) 380(8769) 361(8344) 02360 104
Pb(l1) 402(8331) 381(8930) 362(7980) 04921 84
Ag()) 399(7232) 378(7511) 358(6866) 00694 30
Hg(ll) 399(6619) 378(7119) 359(4909) 00581 25
TI(l) 400(7175) 379(7036) 361(4873) 00750 33
NH; 399(7695) 377(8269) 358(5775) 050045 2
H* 401(7560) 381(8425) 361(6186) 02596 118
Eu(lll) 400(6208) 377(8170) 359(6339) 00818 36
Th(ll) 397(6828) 377(8170) 358(5798) 00524 23

*Experimental conditions: Absorption spectra were taken in dry THF at 1~ 10 M concentration, RT.
Fluorescence measurements: medium, dry THF; concentration of free ligand: 10° M; concentration of
ionic input: 107 M; | o = 378 nm; excitation band-pass: 5 nm; emission band-pass: 5 nm; temperature:
298 K; f g1 calculated by comparison of corrected spectrum with that of anthracene (f = 0%297) taking
the area under the total emission. Error in f is within 10% for the free ligand, otherwise 5% in each

case.
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Pb (II)

0.0
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[M (D] (x mM)
Increasing order of Zn(ll)
[conc. = x mM]
added to L, [conc.= 2.5 mM]

0
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~ =T T
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Figure 2. Fluorescence spectra of L, as a function of
added zn(I1) in dry THF at 256" 10° M concentration.
(Inset) Plot of fluorescence quantum yield (f ¢) as a func-
tion of added metal concentration.

yields and extent of enhancementsin presence of differ-
ent metal ions are collected in table 1. The quenching
abilities of transition and heavy metal ions are sup-
pressed due to the entrapment of the metal ions in-

side the cryptand cavity leading to negligible M—F
interactions.

We had earlier foun that the energy of the
lowest triplet state of anthracene is lower than the
emitting states of the Eu(l11) and Tb(lIl) ions. Thus,
there exists probable non-radiative decay of the ex-
cited singlet state of anthracene to its lowest triple
state through the lanthanide(l11) ion states. This energy
transfer accounts for the observed lower fr upon
complexation with a lanthanide, compared to transi-
tion metal complexation. The present system exhibits
substantial fluorescence recovery with heavy-metal
ions. This is in contrast to the trianthryl cryptands
where enhancement is observed only with Pb(Il)
ion. Asthe receptorsin L, are only partially derivat-
ized, there is enough room for a heavy metal ion to
enter the cavity, unlike in the case of the trianthryl
cryptand, and cause recovery of fluorescence. For
the heavy metal ions, the emission is structured with
broadening of the bands. While both Ag(l) and Hg(l)
show only dlight enhancement, Pb(ll) shows very
high enhancement, probably due to a better fit of
Pb(11) inside the cavity.

Protons generated from the hydrated metal perchlo-
rate and nitrate salts in organic solvents can keep the
lone pairs on the N atoms engaged through protona-

d26,31
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tion causing fluorescence enhancement. In order to
verify that the fluorescence enhancement is caused by
a metal ion and not by protonation, certain control
experiments”?** are carried out. In the metal-free
state, the f 1 either does not change or increases by
a negligible amount on changing the solvent from
dry THF to aqueous THF (THF: H,O, 9: 1 viv) for all
the systems. With a hydrated metal salt asinput (1~
10° M) in the medium THF: H,O (9:1 v/v) the
emission signal of L, (1~ 10 M) enhances by a
factor of 20—30 and does not change even after 48 h.
This may be due to partial protonation of the N atoms
attached to the anthryl group(s); the protons being
generated by the metal salt in agueous THF. How-
ever, in presence of HCIO, (1~ 10°M), the fluo-
rescence enhances by a factor of 118 in dry or
agueous THF medium. Besides, different metal ions
provide different amounts of enhancement. If protons
generated in the medium were responsible, then the
enhancement factor should have been amost the
same within experimental error for different metal
ions.

4. Conclusion

The present study shows that fluorescent signalling
with cryptand receptors is capable of exhibiting high
fluorescence-enhancement in presence of metal ions
of diverse nature. None of the fluorescence-quenching
mechanisms are operational once a metal ion isin
the cryptand cavity. In the case of trianthryl cryp-
tands, metal ions such as Hg(ll), Ag(l) and TI(l) do
not show any enhancement, apparently because these
metal ions cannot enter the cavity of the tris-substi-
tuted receptor. Due to partial substitution, there is
enough room for these ions to enter the cavity and
effect strong enhancement. The high signal output in
the present system is the result of a very effective
PET process from the donor N to the fluorophore
with concomitant low M- F interactions. The (0,0)
band positions in the emission spectra do not change
to any significant extent upon metal ion input. Hence,
a potential OR logic gate can be built with this kind
of molecules. Significantly, the cryptands still have
one or two functionalizable sites which can be linked
to molecules of interest to increase the scope(s) of
this system. Cryptands make strong inclusion com-
plexes with most of the metal ions, lowering their
detection level if used as a sensor. If two different
cryptands are attached to the anthryl moiety, differ-
ent metal ions can selectively be incorporated in the

Bamaprasad Bag and Parimal K Bharadwaj

cavities of these receptors leading to an AND logic
gate. Our present efforts are directed aong these
lines.
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