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Coordination Properties of a Polyamine Cryptand with Two Different Binding Moieties. A
Case of a pH-Modulated Antenna Device Based on a New Eu(lll) Cryptate Complex
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Protonation and alkali- and alkaline-earth-metal coordination by the dipyridine-containing cryptand L have been
studied by means of potentiometric and spectroscopic{U¥, 'H NMR) measurements in aqueous solutions.

This ligand is constituted by an aliphatic polyamine chain and a coordinating cleft, delimited by two dipyridine
units, where the metal ion is lodged. The resulting complexes are characterized by an unusually high stability.
The polyamine chain is not involved, or weakly involved, in metal coordination, and facile protonation can occur
on the nitrogen atoms of this moiety. Similar coordination features are found in the Eu(lll) complex. A fluorescence
emission study reveals that the Eu(lll) cryptate shows the characteristic visible emission of the metal, due to the
intramolecular energy transfer to the metal ion mainly from the lower energy triplet state of the cryptand. On the
other hand, the emission intensity is modulated by pH, giving a maximum at neutral pH and decreasing at both

acidic and alkaline pH values.

Introduction

In the past few years there has been considerable interest i

the development of new polyamine macrobicyclic receptors.
Macropolycyclic polyamines containing appropriate binding

sites and cavities of suitable size and shape may be designed t

form selective inclusion complexes in aqueous solution. Actu-
ally, the molecular topology of the host molecule can be

synthetically modulated to bind many different chemical species

from inorganic or organic catioks® to anionic specie%:15 An
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interesting perspective is the use of cryptands as selective
complexing agents, able, at the same time, to signal the
coordination of the bound substrate. To this purpose, incorpora-
tion of dipyridine into macrocyclic structures allows within the

same ligand the special complexation feature of cryptands, e.g.,

%igh selectivity in metal coordination, to be combined with the

versatile photoactivity exhibited by the metal complexes of this
heterocycle. Actually, the photophysical properties of the Eu(lll),
Tb(lll), and Ru(ll) complexes with dipyridine-containing
cryptands, such as L1 (Chart 1), have been extensively studied
in the past few year$18
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Recently we have reported the synthesis of a new cryptand,
L, containing two dipyridine chromophore units.

The most significant difference from previously reported
dipyridine-containing cryptands is the insertion of a polyamine
chain connecting the two heteroaromatic units. We hoped that
the insertion of a flexible polyamine chain would allow the
kinetic inertness usually presented by metal complexes with this
class of ligands to be overcome. Furthermore, aliphatic amines
are more basic than heteroaromatic ones. This fact, in principle,
would allow protonated complexes in aqueous solution, whose
photophysical properties could be pH-modulated, to be achieved.

With the purpose to verify the potential use of this ligand as Table 1. Protonation Constants of L Determined in NM&s (0.1
a selective receptor and potential luminescent sensor for metalsM) at 298.1 K
we have investigated its coordination properties toward alkali- L + H+* =HL* 10.39(2) HL3 + Ht = H,L4  3.67(5)

and alkaline-earth-metal cations and Eu(lll). HL* + H* = HoL2" 9.34(3) HL* +HT=HsL5" 2.0(1)
HoL2t 4+ HY = HaL3"  6.72(3)

Figure 1. ExperimentalH chemical shifts of L as a function of pH.

Results and Discussion As usually found in lanthanide complexes, Eu(lll) complex-

Synthesis of Metal ComplexesAs most of the dipyridine- ation is extremely slow at room temperature (see beIO\_N). The
containing cryptands, L was obtained as a sodium cryptate Protonated complex [EugHioL](ClO4)2-4Hz0 can be obtained
complex, [NaL}, by means of a template synthesis involving Py prolonged heating (24 h) of an aqueous solution containing
this alkali-metal ion as templating agefittn many cases the ~ [NaL]ClO4 or [HsL](ClO4)s and EuCi in a 1:1 molar ratio at
kinetic inertness of the resulting cryptate complexes precludesPH 3. The crystal structure of this complex has been previously
the analysis of the coordination behavior of the ligands. In the corr_lmumcated? _ _
case of ligand L1, the inertness of the sodium cryptate complex  Ligand Protonation. The protonation constants of L were

was overcome by transmetalation of theNeith Ag* followed determined by means of potentiometric measurements in aque-
by precipitation of AgS to obtain the free cryptarid? In the ous solution and are reported in Table 1. L can bind up to four
present case, simple treatment of the [Nalomplex with protons in the pH range investigated by potentiometric measure-
HCIO, leads to prompt removal of the Naon from the ments (2.5-10.5). A fifth protonation step was monitored at a

macrocyclic cavity, affording the ligand in its protonated form, strongly acidic pH value (log< = 2.0) by means of spectro-
[HsL](ClO4)s, in almost quantitative yield. Such a different photometric measurements. L shows a marked grouping of the
behavior with respect to L1 is probably related to the presence protonation constants, the difference between the third and the
of a pentaamine chain, which increases the ligand flexibility, fourth protonation constant being ca. 3.1 log units. This behavior
thus allowing easier access to the uncomplexed cryptand. TheiS common in macrocyclic polyamines, and has been explained
[HsL](ClOJ)s salt can be used as a versatile precursor for the in terms of minimization of the electrostatic repulsion between
synthesis of different metal complexes as well as to carry out the charged ammonium functiofis.Dipyridine nitrogens,

a solution study on ligand protonation and metal complexation. however, are characterized by far lower basicity than amine
Simple addition of MCIQ (M = alkali metal) or M(CIQ), (M nitrogens, and therefore, it is expected thgt at least th_e first
= alkaline-earth metal) to an aqueous solution ofl[ICIO 4)s protonation steps take place on the polyamine chélra gain

at alkaline pH, followed by extraction with chloroform and ~further insight into the stepwise protonation of L, we recorded
precipitation with cyclohexane, leads to the isolation of the 'H NMR spectra of L in aqueous solutions at different pH
alkali- or alkaline-earth-metal complexes as their perchlorate Values. Figure 1 shows ttiél chemical shifts of the L signals
salts. The ESI mass spectra of these compounds show theas a function of pH. ThéH NMR spectrum at pH 12 displays
characteristic peaks of the [Mt]and [ML]?* complexes and WO singlet_s at 1.80 and 1.93 ppm (the methyl group H1 and
the absence of the peak of the free cryptand, suggesting a higr4), four triplets at 2.05, 2.33, 2.40, and 2.58 ppm (the protons

stability of these adducts, probably due to the encapsulation ofof the ethylenic chains, H3, H2, H6, and H5, respectively), a
the metals inside the cavity. quartet at 3.92 ppm (the benzylic protons H7), and a doublet

and a multiplet at 6.95 and 7.82 ppm (the dipyridine nitrogen
H8, H9, and H10). These spectral features are in accord with a
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maintained throughout all the pH range investigated. As shown
in Figure 1, in the pH range 27, where the first two protons - -
bind to the ligand, the signal of hydrogens H1 and H2, in the
o-position with respect to N1, and those of H3, H4, and H5, in . -
the a-position with respect to N1, N2, and N2xhibit a marked
downfield shift. Minor shifts are observed for the other signals. 0 5 4 A 8 10 0
These spectral features indicate that the first two protonation pH
steps mainly involve the nitrogens N1, N2, and'Nand b
therefore, in the [L]?" species the two protons are localized Figure 2. (a) Absorption spectra of the compound L in agueous
on the triamine chain N2N1—-N2' (Scheme 1). solutions at pH 11.5 (spectrum a, free amine L), pH 7.2 (spectrum b),

The higher basicity of these methylated nitrogens with respect and pH 1 (spectrum c, 44" species). (b) Absorbance monitored at
to N3 and N3may be related to the electron-withdrawing effect 306 nm @) and calc_ulated molar fractiong)(of the protonated species
exerted by the heteroaromatic units, which reduces the basicity® L (7) as @ function of pH.
of the adjacent benzylic amine groups. However, binding of

the third and fourth protons in the pH region 735 gives R
b b g 9 7 deduced from théH NMR measurements. An intriguing aspect

rise to a marked downfield shift of the resonances H6 and H7, . h ller. but sianii d shift ob din the pH
indicating that these protonation steps take place on the benzylicISt e smaller, but significant, red shift observed in the pH range
9-10.5, where the monoprotonated [HL$pecies is prevalent

nitrogens. The most interesting finding of this study is the scarce ; ' ) A .
tendency of the dipyridine nitrogens to protonate. Up to pH in solution (Figure 2b). Such a red shift disappears with the
35 A S : - formation of the [HL]%2" and [HsL]3" species. According to

.5 signals of the dipyridine moieties do not shift appreciably. 1 . X !
Only below pH 3.5, where the [§il]>" species is formed, the the HNMR me_asurements, _th|s_r(_ad shn_‘t cannot be a;cnb_ed to
H8, H9, and H10 resonances experience a downfield shift, direct protonation of the dipyridine nitrogens. Taking into

indicating that the fifth protonation step occurs on the het- ;%?Ollj\lnlt t’r\'ét m_[HLTf tne fiic'qb'f plr_otr(])n_ls I?cate_d onh the
eroaromatic nitrogens. To better ascertain the role of the —N1~N2 moiety of the flexible aliphatic polyamine chain,

heteroaromatic nitrogens in the process of proton binding, we a tentative explanation could reside_in the formation of hydrogen
have recorded U¥Wvis spectra at different pH values. Figure bonds petween the prot.onated.amlne groups+and the hest+eroaro-
2a shows the spectra of the cryptand at different pH values. matic nitrogens. In the (_j" and tr]protonatedz[ﬂ-P and [l ]

Figure 2b displays the titration curve obtained by monitoring species the electrostatic repulsion between the protons, gathered

the electronic absorption at 306 nm. The spectrum of ligand L on the.Nl—NZ—l\.IS moie_ty, would irjcrease_the rigidity of the
in its unprotonated form displays a band with a maximum at aliphatic polyamine chain, preventing the interaction with the

- heteroaromatic nitrogens.
296 nm (spectrum a in Figure 2a). A marked change of these : ; .
spectral features is observed at strongly acidic pH values Alkali- and Alkaline-Earth-Metal Complexation. Although
(spectrum c), with a red shift of the absorption banglag = complexation of alkali and alkaline-earth metals by cryptands
306 nm) and,an increase of the molar absorbance. On the othel1n aqueous solution has.been widely ?nvestigated i'n .the past 20
hand, it is well-known that protonation of 4,dipyridine leads years, most of the studies concern ligands containing oxygen
to a red shift accomplished by an increase of the molar &toms, due to high affinity of this donor toward hard metal

. .. . . . . i 1-3,22 i H
absorption coefficient, of its absorption band. On this basis, the '°NS: This class of macrocycles may offer particular
appearance of a new .red_ShlftEd band. at 306 nm .In the L (22) Cox, B. G.; Schneider, HCoordination and Transport Properties of
spectrum can be ascribed to protonation of the dipyridine Macrocyclic Compounds in SolutiprElsevier Science Publishers
nitrogens. According to Figure 2b, this occurs in the fifth B.V.. Amsterdam, The Netherlands, 1992.

protonation step, in agreement with the protonation pattern
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Table 2. Stability Constants of the Complexes with L Determined in NN@; (0.1 M) at 298.1 K

Li* Na* K+ Mg?*" cat St Ba?+
M +L=ML? 3.4(1) 7.0(1) 3.6(1) 4.1(1) 8.54(7) 8.89(4) 6.56(7)
ML + H=MLH 9.5(1) 9.4(1) 9.8(1) 9.9(1) 8.44(8) 8.48(4) 7.9(2)
MLH + H= MLH; 9.3(1) 8.0(1) 9.3(1) 9.1(1) 7.79(8) 7.29(4) 8.60(7)
MLH; + H=MLH3 5.2(1) 5.46(8) 5.59(3) 6.00(5)
a Charges omitted for clarity.
selectivity patterns, mostly due to a dimensional match between 100

the metal ion and the cryptand cavity. Only a few data are
available on the stability in aqueous solutions of complexes of
alkali and alkaline-earth metals with cryptands containing only % 60
nitrogen donord? because of the low stability of the adducts

and/or the kinetic slowness of the process of metal complexation. 40
No data on the complex stability with dipyridine-containing
macrobicycles, such as L1, are available in the literature. The
particular molecular architecture of the present cryptand, which
contains a rigid and rather hydrophobic pocket, defined by the

two dipyridine units, and, at the same time, a more flexible
aliphatic polyamine chain could allow the problems related to

the complex kinetic inertness to be overcome and, therefore, 100

80

20

prompted us to carry out a potentiometric study on the 90
complexation of alkali (Lt, Na*, and K') and alkaline-earth 80
(Mg?*, C&", SP*, and B&") metals by L. Surprisingly, we 70
found that ligand L displays a good binding ability toward these % 6o
metals, with a marked selectivity toward Naamong alkali 50
metals, and Cd and SF™ among alkaline-earth metals. Table 40

2 lists the species formed and the corresponding stability 30
constants. At first glance, the stability of the complexes seems 20
to be of the same order of magnitude with respect to the 10
corresponding complexes with polyoxacryptand [2.2.2]kriptofix 0-
and somewhat higher than those with [2.2.3]kriptofix (Chart
1), whose cavity dimension can be compared with the L one.

O.n the Oth.er hand, bOth _[2.2.2]kriptof_ix and [2.2.3]kript_ofix Figure 3. Distribution diagrams for the systems Na/L (a) and Ca/L
display a different selectivity pattern with respect to L, with a () (L] = [M] = 1 x 103 mol dm3 (M = Na or Ca), NMeNOs (0.1

marked selectivity for K with respect to N& and for B&" M), 298.1 K).
among alkaline-earth metals (for instance, kg 4.57, 8.26,
and 9.7 for the CH, SP*, and B&" complexes with [2.2.2]- 1.4 ]

kriptofix and logK = 1.98, 3.39, and 6.02 for the €3 SP*,

and B&" complexes with [2.2.3]kriptofix}222This comparison

may suggest that the selectivity displayed by our ligand cannot A
be simply related to the overall dimension of the tridimensional

cavity. A peculiar characteristic of the L complexes is the high
tendency to protonate in aqueous solution. All complexes form

mono- and diprotonated species and, in the case of N&", 02

Sr*, and B&", also triprotonated species. The protonation 0 T y y - " -
constants are remarkably high and similar to those of the free z0 20 200 20 300 320
ligand. As a consequence, protonated species of the complexes nm

are formed at acidic pH values, as shown in Figure 3 for Na Figure 4. Absorption spectra of the compound L and its*Cand

and C&*. This behavior is usually ascribed to protonation of B&" complexes.

nitrogens not involved or weakly involved in metal coordination. o o

The protonation constants are also by far higher than that of N the case of proton binding by dipyridine (see above), metal
2,2-dipyridine (logK = 4.37)24 These observations point out coordlna_tlon by this heteroaromatlc unit Ieaqls to a marked
that protonation occurs on amine groups of the aliphatic chain, change in the absorption spectrum of the ligand, with the
which probably give rise only to weak interactions with the aPpearance of new red-shifted bands at ca. 300 nm, as shown
metal. On the other hand, UV spectra recorded on solutions i Figure 4 for the C& and B&" complexes. The involvement
containing the metal complexes show that the dipyridine units Of the dipyridine units in metal binding is also confirmed by

are indeed involved in metal coordination. As already observed the comparison of théH NMR spectra of L and its metal
complexes, which generally show marked downfield displace-

(23) To our knowledge, the stability data on alkali-metal coordination by Ment of the signals of the aromatic protons H8, H9, and H10
polyamine cryptands are very limited and concern lithium-selective (0.2—0.3 ppm) and of the benzylic protons H7 (ca 0.2 ppm).

small azacages; see ref 8. i ;
(24) Smith, R. M.; Martell, A. E.NIST Critical Stability Constants Minor shifts, of less than 0.1 ppm, are observed for the

Database version 2; National Institute of Standards and Technology: f€sonances of the methyl groups and of the ethylenic chains.
Washington, DC, 1995. To shed further light on the coordination environment of the
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dipyridine, has been the subject of several studies, due to the
potential use of the complexes as luminescent labels in
o floroimmunoassay’ab.d.f18Encapsulation of Eu(lll) inside the
cryptand cavity allows the drawback of the extremely low

4 6 oH s absorption coefficient of the uncomplexed metal to be overcome.

Cryptands are capable not only of efficiently binding to the
metal, but also of protecting it from the solvent, especially in
aqueous solution where coordinated water is an efficient
guencher of the emission. As discussed above, L contains a
coordinative cleft as a potential binding site for metals. However,
the most significant difference from previously reported cryptands,
such as L1, is the presence of an aliphatic polyamine chain
which can easily bind protons in aqueous solutions. In principle,
these structural features make L an appropriate ligand for
simultaneous Eu(lll) and Hbinding. Indeed, the diprotonated
complex [EuC4H,L](ClO4)2:4H,O crystallizes from aqueous
solutions at acidic pH values containing L and Eu(lll). The
crystal structure of this complex showed the metal encapsulated
inside the ligand cavity (Figure 7) coordinated by the heteroaro-
matic nitrogens and the two benzylic N1 and N4 amine gréfips.
The methylated nitrogens N7, N8, and N9 are not coordinated,
and bind two acidic protons. The Eu(lll) completes its coordina-
pH values. Figure 5 gives the pH dependence ofthsignals tion environment by binding three chloride anions. Lodging of
for the C&" complex. The most interesting finding is the fact Eu(lll) in the coordinating cleft delimited by the dipyridine units
that protonation of the complex, which takes place in the pH leaves free binding sites at the metal, available for the
range 9-4 (Figure 3b), gives rise to marked downfield shifts coordination of exogenous species, such as chloride anions in
of the resonances of the methyl group H1 and H4 and of the the [EuCkH,L](ClO4)2:4H,0 solid complex. Water molecules
methylenic protons H2, H3, and H5. The signals of the may reasonably replace these anions in aqueous solutions in
dipyridine protons as well as those of the benzylic protons H7, the absence of chloride.

Figure 5. ExperimentalH chemical shifts of the C& complex with
L at different pH values.

Figure 6. Proposed structure for the alkali- and alkaline-earth-metal
complexes with L. Eventual weak interactions with the methylated
nitrogens are not represented.

metals in the [ML}" complexes as well as in their protonated
species, we decided to perfortil NMR spectra at different

adjacent to N3, are not affected by proton binding. Similar
patterns have been obtained for the other metal complexes.

The luminescence spectrum of the Eu(lll) cryptate in aqueous
solution at pH 6.8, in the absence of chloride, shows the

These data suggest that complex protonation takes place orcharacteristic visible emission of the metal with a maximum at

the methylated nitrogens N1, N2, and'N&hile the heteroaro-

617 nm, upon excitation at 306 nm. The emission from the metal

matic nitrogens and the benzylic amine group nitrogens N3 and upon excitation of the ligand was previously observed for many
N3' are coordinated to the metal (Figure 6), in a fashion similar other Eu(lll) cryptate complexes. The metal presents very low
to that found in the crystal structure of the diprotonated Eu(lll) molar absorption coefficients, and thus the excitation light is
complex (see below). almost exclusively absorbed by the ligand. The observed
Therefore, ligand L displays two binding moieties with emission from Eu(lll) can thus be explained by an intramo-
different coordination characteristics, i.e., the methylated tri- lecular energy transfer to the metal ion mainly from the higher
amine chain, which shows high affinity for protons and the energy triplet state of the cryptand.
hydrophobic “pocket” defined by the two dipyridine units and Keeping in mind that the three central nitrogen atoms of the
by the benzylic amine groups, which is the preferred binding polyamine chain show a high tendency to bind protons, we
site for alkali and alkaline-earth metals. The rigidity of the decided to study the influence of pH on the luminescence
dipyridine units, accomplished by the presence of the triamine emission of the cryptate complex. Figure 8a gives the fluores-
bridge between N3 and N3wvould give rise to a preorganized cence emission spectra of the cryptate at different pH values,
binding cleft where the metal ions can be lodged, achieving, at while Figure 8b gives the titration curve obtained by following
the same time, an optimal arrangement of the donors aroundthe fluorescence emission at 617 nm.
the metals. From this point of view, the dimensional match  Inspection of this figure shows that the intensity of the
between the metal ions and this coordinative pocket may accountfluorescence emission exhibits a maximum at neutral pH, and
for the high selectivity exhibited by L in metal coordination. undergoes a significant decrease at both acidic and alkaline pH
Eu(lll) Complexation in Aqueous Solutions. Eu(lll) com- values. K values of 2.1, 4.2, 6.3, 8.7, and 10.5 for the Eu(lll)
plexation by cryptands containing cromophoric units, such as complex were obtained by least-squares analysis of the titration
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; Table 3. Lifetimes and Luminescence Quantum Yields of the
Eu(lll) Cryptate

H0 DO pH methanol d-methanol pH

/ms*  0.52 1.34 6.8 0.80 1.20 neutral
7/mg 0.92 1.20 neutral
(o8 0.014 0.051 6.8 0.0092 0.016 neutral
/ms*  0.45 1.25 3.5 0.73 0.94 35

o° 0.012 0.035 3.5 0.0054 0.0072 3.5
/mg  0.39 1.40 2.0 2

2300 K. 77 K. ©300 K, based on the total light absorbed by the
L cryptand.? Calculated on the basis of the concentration of added acid.
600 650 700

Wavelength/nm

a Table 4. Rate Constants of the Processes Involving the
1 8 Luminescence of the Cryptate Complex with L at Neutral pH
- LHzis+u . B [Eu(([);)(Lé;)ZLr Lo water methanol
a k/s 746 833
% 6 kn(T)/s72 =0 =0
ku(OH)/s1 1177 417
0.5 ¢ complexes [Eu(OH)L3+ and [Eu(OH)L] *. Binding of hydrox-
J 4 ide anions to Eu(lll), in fact, usually gives rise to a quenching
of the emission.
Table 3 also reports the lifetimes and luminescence quantum
yields of the Eu(lll) cryptate complex in methanol. The
0 2 measured lifetimes at 77 K and quantum yields allow some
0 4 pH 8 12 typical rate constants to be calculated, i.e., the radiative rate
b constant, the nonradiative temperature-independent rate constant

Figure 8. (a) Fluorescence emission spectra of the europium cryptate dU€ t0 the coupling with the high-energy-@ oscillators, and
complex in agueous solutions at pH 1, 7.2, and 11.1. (b) Luminescencethe temperature-dependent decay rate constant, both in water
emission @) of the Eu(lll) complex with L fexc = 260 nM; Aem = and in methanol, which are reported in Table 4.
617 nm, [L] = [Ew*] =5 x 10° M, T = 300 K) and calculated It is of interest that the quantum yield in aqueous solution at
molar fractions x) of the Eu(lll) complexes—) as a function of pH. pH 6.8 @ = 0.014 at 300 K), the radiative rate constakt=
746 s1), the nonradiative temperature-independent rate constant

curve. The analysis of the coordination features of L toward (k,(OH)= 1177 s%), and the temperature-dependent decay rate
alkali- and alkaline-earth-metal ions revealed that the triamine cgnstant K.(T) = 0) are similar to those reported for other
moiety N2—N1—N2 is weakly involved in metal binding and dipyridyl-containing europium cryptat&@bdf18cdnd somewhat
can easily bind up to three protons in aqueous solutions. At the |ower than those found for [EuL],26 as expected considering
same time, the CryStal structure of the EU(l”) Complex shows the replacement of a d|pyr|dy| Chromophore unit of L1 by an
that these three nitrogens do not bind to the metal. Therefore,a“phatic polyamine chain in L. The present complex, therefore,
it is reasonable that the first three constants correspond tostj|| remains an efficient luminescent system but, at the same
protonation of the three not-coordinated amine groups of L to time, displays a peculiar feature, which is the pH dependence
give the [EuRL]™3* (n = 1-3) complexes at acidic pH  of the luminescence intensity, with a maximum at neutral pH.
values, while the last two may be attributed to the formation of  The increase of the emission with the formation of the
the hydroxylated [Eu(OH)L]" and [Eu(OH)L] * complexes at  ¢ryptate complex in aqueous solutions can be used to study the
alkaline pH values. Protonation of the aliphatic polyamine chain kinetics of complex formation. Only the Eu(lll) complex, in
N2'—N1-N2 prevents the interaction of the methylated amine fact, displays luminescence emission. In a typical experiment
groups with the metal. Therefore, the metal core is less protectedequimo|ecu|ar solutions of L and Eu(lll) were mixed (both 4
from the solvent molecules. The free binding sites are occupied x 10-5 M). At 25 °C, the encapsulation is very slow and ca.
by water molecules, which can act as effective quenchers of gne month is necessary to reach an emission plateau, i.e., to
the luminescence. This hypothesis is confirmed by the analysis gptain the complete complexation of the metal. The rate of
of the lifetimes of the cryptate complex in water at neutral and complex formation increases with the temperature; for instance,
acidic pH VaIUeS, which are shown in Table 3 tOgether with at 60°C the Eu(|||) Comp|ex is Comp|ete|y formed in ca. one
the corresponding emission quantum yields. day, as clearly shown in Figure 9. Fitting of the data points in

Applying the Horrocks and Sudnick equatf®ito the data in Figure 9, according to second-order kinetics, furnishes the rate
Table 3, it can be estimated that ca. two water molecules areconstant valuek= 2.2 x 10~ M~ min~1 at 6C). Interestingly,
coordinated to the metal at pH 2 and just one is coordinated atthe rate constants are practically independent of the solution
pH 6.8° The increasing number of coordinated water molecules pH in the pH range 210, suggesting that the rigidity of the
at acidic pH values leads to a decrease of the luminescencecryptand framework is not much affected by its protonation
emission. degree.

Finally, the observed decrease of the luminescence at alkaline Measurements carried out at different temperatutdsrange
pH values can be related to the formation of the hydroxylated 25—60 °C) allowed an activation energy for the Eu(lll) complex
formation of 92 kJ moi! to be calculated, by means of an

(25) Horrocks, W. DeW.; Sudnick, D. R.. Am. Chem. Sod 979 101,
334. (b) Horrocks, W. DeW.; Sudnick, D. Rcc. Chem. Red4.981 (26) Alpha, B.; Balzani, V.; Lehn, J.-M.; Perathoner, S.; Sabbatini, N.
14, 384. Angew. Chem. Int. Ed. Endgl987, 26, 1266.
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pH=6.8

=2.2x10* M min™
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Figure 9. Time course luminescence emission at 617 @ (lexc =
260 nm, [L] = [Eu®"] = 4.55 x 1075, 60°C, pH 6.8).

0 500 2000

Chart 2

Arrhenius plot. Previous examples of kinetic studies of Eu(lll)

complexation with dipyridine-containing macrocycles are rare.
In the case of ligand L2 (Chart 2), however, Eu(lll) complex-

ation is much faster, the complete complexation occurring in 1
h at 22°C27

In our case the slowness of the process of complex formation

is due to the macrobicyclic architecture of the ligand, together
with the overall rigidity imposed by the two heteroaromatic
units. By analogy with hemicarcerantfsit can be considered

Bazzicalupi et al.

binding features of the two moieties lead to the formation of
protonated complexes in aqueous solutions. This strongly affects
the photophysical properties of the Eu(lll) complex, which
displays a maximum of luminescence at neutral pH. Protonation
of the polyamine chain at acidic pH values and formation of
hydroxylated Eu(lll) at alkaline pH values causes a decrease
of the emission, originating a novel pH-modulated “antenna
effect”.

Experimental Section

Synthesis Ligand L was prepared as already descritfed

General Procedure for the Synthesis of the Alkali- and Alkaline-
Earth-Metal Complexes.A 10-2 M aqueous solution (5 cthof MCIO,
(M = Li, Na, or K) or M(CIO4)2 (M = Mg, Ca, Sr, or Ba) was added
to a 102 M solution of L-5HCIO, in water (5 cm®). The pH of the
solution was adjusted to 11 by addition of NA@& (1 M). The resulting
solution was extracted with chloroform (& 10 cn¥). Addition of
cyclohexane led to precipitation of the L complexes as perchlorate salts
([ML]CIO 4 or [ML](CIQO4),) in 40—60% vyield. A complete list of the
characterization data (elemental analysid, NMR and ESI mass
spectra) is reported in the Supporting Information.

[EUCI3LH 5)(ClO 4)24H20. A solution of EuC}-6H,0 (36.6 mg, 0.1
mmol) in water (10 crf) was added to an aqueous solution (10 &m
of [NaL]CIO,4 (70 mg, 0.1 mmol). The pH was adjusted to 3 with 1 M
HCI, and the resulting solution was heated at reflux over a period of
24 h. After the solution was cooled to room temperature, NaGHO
g) was added. By slow evaporation of the solution, crystals of the
complex suitable for X-ray analysis were obtained. Anal. Calcd for
Cs5ClsEuHssNgO12: C, 37.43; H, 4.94; N, 11.22. Found: C, 37.4; H,
4.9; N, 11.3.

NMR Measurements. 'H (300.07 MHz) and'3C (75.46) NMR
spectra in RO solutions at different pH values were recorded at 298.1
K with a Varian Unity 300 MHz spectrometetd—H and *H—13C
2D correlation experiments were performed to assign the signals. Small
amounts of 0.01 mol dn¥ NaOD or DCI solution were added to a
solution of L to adjust the pD. The pH was calculated from the measured
pD value using the relationship pH pD — 0.40%°

Potentiometric Measurements.Equilibrium constants for proto-
nation and complexation reactions with L were determined by pH-

that in some way cryptand L possesses portals through whichMetric measurements at 29&41 0.1 K, by using equipment and a

the europium could enter into the cavity. The large value of
the activation energy may reflect the high energy barrier for
the process of opening of the portals to permit the entry of
europium inside the cavity. A mechanism involving the

preliminary formation of an intermediate followed by a ligand

rearrangement to give the final Eu(lll) cryptate complex in the
rate-determining step can also be proposed.

Concluding Remarks

Cryptand L contains two distinct binding moieties, a rigid
coordinating cleft, delimited by the two dipyridine moieties, and

proceduré® which have already been described. Ligand and metal ion
concentrations of & 1072 to 2 x 1072 mol dm2 were employed in

the potentiometric measurements, varying the metal to ligand molar
ratio from 0.5:1 to 2:1. Three titration experiments (about 100 data
points each) were performed in the pH range-218.5. The computer
program HYPERQUAB" was used to calculate equilibrium constants
from emf data.

Spectrophotometric and Spectrofluorimetric Titrations. Absorp-
tion spectra were recorded on a Perkin-Elmer Lambda 6 spectropho-
tometer and fluorescence emission spectra on a SPEX F111 Fluorolog
spectrofluorimeter. The [EuE} complex used in the spectrophotometric
titrations was obtained in aqueous solution by addition of Eu(lll) to L

a less rigid polyamine chain. The presence of a rather flexible in aqueous solution (1:1 molar ratio, 6®0 h at pH 7). HCIQ and

aliphatic chain accounts for the lack of kinetic inertness in alkali-
or alkaline-earth-metal complexation. This polyamine moiety
displays weak coordination ability toward metals and, at the
same time, a high tendency to protonate. The dipyridine-
containing cleft is the preferred binding site for alkali- and
alkaline-earth-metal ions as well as for Eu(lll). The different

HTBA were used to adjust the pH that was measured on a Metrohm
713 pH meter. The i, values of the Eu(lll) complex were obtained
from the spectrofluorimetric titration curve taking into account that the
total emission intensity at each pH value is givenyhgiyi, wherec; is

a constant proportional to the quantum yield gnthe molar fraction

of theith species. The andy; values were calculated by least-squares

(27) Horiguchi, D.; Katayama, Y.; Sasamoto, K.; Terasawa, H.; Sato, N.;
Mochizuki, H.; Ohkura, Y.Chem. Pharm. Bull1992 40, 3334.

(28) Cram, D. J.; Cram, J. MContainer Molecules and their Guest
Monographs in Supramolecular Chemistry, Vol. 4, Stoddart, J. F.,
Series Ed.; The Royal Society of Chemistry: Cambridge, U.K., 1994,

(29) Covington, A. K.; Paabo, M.; Robinson R. A.; Bates, R.ARal.
Chem.1968 40, 700.

(30) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C,;
Valtancoli, V.; Pina, F.; Bernardo, M. Anorg. Chem1999 37, 3830.

(31) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 807.
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