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ABSTRACT: Optical and x-ray experiments showed the possibility of studying 4-styrylpyridine with a 15-crown-5
ether fragment to bind metal cations through the participation of two centres: the crown ether moiety and the
heterocyclic part. The metal cations studied can be divided into three groups. Alkaline earth metal cations
form complexes with the crown ether centre, Hþ, Co2þ and Cd2þ prefer coordination with the N-atom of heterocyclic
part and Hg2þ cations form complexes through coordination with both binding centres. Copyright # 2005 John Wiley
& Sons, Ltd.
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INTRODUCTION

Fluorescent molecules linked to the complexing group
are very promising systems for ion analysis in industry,
biochemistry and environmental monitoring.1–10 The
crown ethers are well-known complexing fragments in
fluoroionophores.11–20 They possess the possibility of
structural variety to achieve selectivity and sensitivity
in metal ion analysis.

It is known that 4-styrylpyridine can form complexes
with salts of Cu2þ, Co2þ, Cd2þ and Zn2þ through
coordination of the metal cations with the N-atom of
the heterocyclic part.21,22 The composition of the com-
plexes of substituted pyridine depends on the structure of
the substituent. Thus, for 4-methylpyridine (MePy) the
complex Co(MePy)4 was found23 and 4-styrylpyridine
(StyPy) is able to form the complex Co(StyPy)3.

The combination of 4-styrylpyridine with a crown
ether results in the formation of the ditopic receptor 1
(Scheme 1). The 15-crown-5 ether can bind with alkaline
earth metal cations, whereas the pyridine part binds
transition and heavy metal cations. In this study, the

ditopic complex formation of 1 with different types of
metal cations (Mg2þ, Ba2þ, Cd2þ, Co2þ, Hg2þ) and the
effect of complex formation on the optical characteristics
of molecule were analyzed in details.

RESULTS AND DISCUSSION

UV and NMR spectroscopy studies

It has been found the E-isomer of 1 has strong electronic
transitions in the near-UV region, as shown in Fig. 1. The
addition of alkaline earth metal (Mg, Ba) perchlorates to
a solution of 1 in MeCN resulted in hypsochromic shifts
of the long-wavelength absorption band and a hypso-
chromic shift of the fluorescence band, which are evi-
dently due to the formation of complexes of alkaline earth
metal cations with crown ether fragment of molecule
(Scheme 2, Table 1).

The equilibrium constants for complex formation of
1 with Mg2þ, Ba2þ, Hþ, Cd2þ and Hg2þ were calculated
from the absorption spectra of solutions at constant
ligand concentration and varying of metal perchlorate
concentrations using the HYPERQUAD program.24 Four
equilibria were taken into account:
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As one can conclude from the data in Table 1 for 1,
Mg2þ cation forms an inclusion complex [1�Mg2þ] and
its stability is usual for this type of crown ether fragment.
The addition of Mg2þ cations to the dye solution causes a
downfield shift of the proton signals in the NMR spec-
trum of 1 (Table 2). The most pronounced changes were
found for the proton signals of the methylene groups of
the crown ether fragment.

In the case of Ba2þ, the sandwich complex formed
possesses high stability. According to the NMR study, the
molecules of dye are arranged in a ‘head-to-head’ stack in
the sandwich complex [12�Ba2þ] (Scheme 2, Table 2).
This conclusion was drawn based on upfield shifts of
aromatic proton signals in the sandwich complex in

comparison with the free ligand (Table 2). The changes
in NMR spectra can arise as a result of ring-current
effects from the adjacent conjugated molecules.

The addition of HClO4 to a solution of 1 in MeCN
resulted in the perchlorate salt of 1, whose long-wave-
length absorption band is bathochromically shifted rela-
tively to free ligand 1 (Scheme 3, Figure 2).

The addition of Cd2þ or Hg2þ perchlorates to the
ligand 1 solutions in MeCN leads to changes in UV
spectrum similar to those observed in the case of proton
addition. Several types of complexes of 1 with Cd2þ or
Hg2þ perchlorates were found. The stability constants of
complexes are indicated in Table 1 and the UV and
emission spectra are shown in Figs 3 and 4. The forma-
tion of complexes [12�Cd2þ] and [12�Hg2þ] takes place
through the interaction of metal cations with the hetero-
cyclic part of 1. Additional support for the coordination
of metal cations through the heterocyclic part of 1 was
found from an NMR study. As one can see from the data
in Table 2, the addition of the Cd2þ to the 1 solution in
CD3CN causes changes in the position of the proton
signals of the aromatic part, whereas the position of the
methylene proton signals remains practically unchanged.

At high concentration of Cd2þ, the formation of com-
plex [1�Cd2þ] was observed (Scheme 4). The formation
of this complex is accompanied by an additional bath-
ochromic shift of the long-wavelength absorption band.
Presumably the interaction of Cd2þ with the only
pyridine residue results in a more pronounced influence
of the cation on the electronic structure of the complex.
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Figure 1. Absorption (1–3) and fluorescence (10–30) spectra
of dye 1 as free ligand (1, 10) and as complexes with Mg2þ

and Ba2þ. All spectra were recorded in MeCN at [1]¼ 1.2�
10�4

M, [Mg2þ]¼2.4� 10�4
M (2, 20), [Ba2þ]¼2.4� 10�4

M

(3, 30); �exc¼ 300 nm
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Table 1. Steady-state absorption data and stability con-
stants for 1 and its complexes with Mg2þ, Ba2þ, Cd2þ,
Hg2þ and Hþ in MeCN

"� 10�4

�abs (l mol�1

Compound (nm) cm�1) LogK

1 330 2.53
1�Mg2þ 317 2.60 LogK11¼ 5.98� 0.01
12�Ba2þ 319 4.66 LogK21¼ 10.62� 0.04
1�Cd2þ 355 2.55 LogK11¼ 4.21� 0.06
12�Cd2þ 355 — LogK21¼ 8.93� 0.14
12�Hg2þ 383 5.77 LogK21¼ 13.49� 0.28
12�(Hg2þ)2 370 — LogK22¼ 16.20� 0.33
12�(Hg2þ)3 376 5.46 LogK23¼ 18.19� 0.34
(12�Hg2þ)2�Ba2þ 375 7.61 LogK421¼ 37.45� 0.09
(12�Hg2þ)2�(Ba2þ)2 358 9.65 LogK422¼ 41.86� 0.09
1�Hþ 400 2.48 LogK11> 7
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More complicated complex formation was found for 1
with Hg2þ cations. First the complex [12�Hg2þ] was
formed on addition of Hg2þ to a solution of 1. The
formation of the complex [12�Hg2þ] is accompanied by
a bathochromic shift of the long-wavelength absorption
band in comparison with pure ligand 1. On increasing the
Hg2þ concentration, a hypsochromic shift of the long-

wavelength absorption band was observed, obviously
due to the interaction of Hg2þ cations with the crown
ether moiety (Fig. 4). The formation of complexes
[12�Hg2þ

2 ], [12�Hg2þ
3 ] and then [1�Hg2þ

2 ] could be expec-
ted (Scheme 5). It is hardly possible to calculate the
values of the stability constants for all these complexes
from spectrophotometric titration data. In fact, only the
stability constants of complexes [12�Hg2þ

2 ] and [12�Hg2þ
3 ]

were determined with relatively low accuracy (Table 1).
Finally, we prepared mixed complexes when barium

perchlorate was added to the solution of complex
[12�Hg2þ]. The long-wavelength absorption band of
mixed complexes is shifted to the short-wavelength

Table 2. Proton chemical shifts of ligand 1a and its complexes with Mg(ClO4)2 (25 �C), Ba(ClO4)2 (60 �C) and Cd(ClO4)2 (25 �C)
in CD3CN

�H (ppm) (aromatic part)
1:M2þ

Compound ratio H-2,6 H-3,5 H-a H-b H-20 H-50 H-60

1 8.50 7.52 7.38 7.05 7.23 6.96 7.15
1�Mg2þ 1:2 8.51 7.63 7.51 7.17 7.40 7.22 7.40
��Mg

b 0.01 0.11 0.13 0.12 0.17 0.26 0.25
12�Ba2þ 2:1 8.39 7.27 7.22 6.92 6.86 6.88 7.19
��Ba

b �0.11 �0.25 �0.16 �0.13 �0.37 �0.08 0.04
12�Cd2þ 8.58 7.68 7.48 7.09 7.28 6.99 7.15
��Cd

b 0.08 0.16 0.10 0.04 0.05 0.03 0.00

�H (ppm) (aliphatic part)

H-� H-�0 H-� H-�0 H-�,�0 H-�,�0

1 4.11 4.12 3.84 3.84 3.67 3.66
1�Mg2þ 1:2 4.18 4.53 4.03 3.97 3.67 3.67
��Mg

b 0.07 0.41 0.19 0.13 0.00 0.01
12�Ba2þ 2:1 4.29 4.29 4.13 4.13 4.00 3.94
��Ba

b 0.18 0.17 0.29 0.29 0.33 0.28
12�Cd2þ 2:1 4.10 4.06 3.77 3.77 3.61 3.61
��Cd

b �0.01 �0.06 �0.07 �0.07 �0.06 �0.05

aC1¼ 2� 10�3
M.

b��M¼ �(complexed 1)� �(free 1) (ppm).
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Figure 2. Variation of 1.0� 10�4
M dye 1 absorption spec-

tra with increasing [HClO4], (1–15)–0–1.4�10�4
M, and

fluorescence spectra of complex [1�HClO4] (150) in MeCN
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Figure 3. Absorption (1–3) and fluorescence (10–30) spectra
of dye 1 as free ligand (1, 10) and as complexes with Cd2þ.
All spectra were recorded in MeCN at [1]¼ 1.2� 10�4

M,
[Cd2þ]¼ 2.4�10�4

M (2, 20), [Cd2þ]¼ 1.6�10�2
M (3, 30);

�exc¼400 nm
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region relative to that of the [12�Hg2þ] complex and to the
long-wavelength region relative to that of the [12�Ba2þ]
complex (Table 1). Bearing in mind the strong preference
for barium cations to form sandwich complexes with
benzo-15-crown-5, the formation of complexes as pre-
sented in Scheme 6 could be suggested. The results of the
spectrophotometric titration of complex [12�Hg2þ] with
barium perchlorate confirm this possibility. The stability

constants for complexes [14�(Hg2þ)2 Ba2þ] and
[14�(Hg2þ)2 (Ba2þ)2] were calculated at a fixed value of
the stability constant for complex [12�Hg2þ] (Table 1).

The explanation for hypso- or bathochromic shifts on
complex formation in crown-containing stilbene-like
molecules has been presented in detail.25–27 When a
fluorophore contains an electron-donating group conju-
gated to an electron-withdrawing group, it undergoes
intramolecular charge transfer from the donor to acceptor
upon excitation by light. It can therefore be anticipated
that cations in close interaction with the donor or accep-
tor moiety will affect the efficiency of intramolecular
charge transfer. When a group playing the role of an
electron donor interacts with a cation, the latter reduces
the electron-donating character of the group, owing to the
resulting reduction in conjugation, and a blue shift of
the absorption spectrum is expected together with a
decrease in extinction coefficient. Conversely, a cation
interaction with an acceptor group enhances the electron-
withdrawing character of the group and the absorption
spectrum is therefore red shifted.

Investigations by fluorescence method

The fluorescence peak wavelengths, quantum yields and
lifetimes for 1 alone and 1 complexes with Mg2þ, Ba2þ,
Cd2þ, Hg2þ, Hþ in MeCN are presented in Table 3.
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Figure 4. Absorption (1–3) and fluorescence (10–30) spectra
of dye 1 as free ligand (1, 10) and as complexes with Hg2þ.
All spectra were recorded in MeCN at [1]¼1.2� 10�4
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The fluorescence quantum yield is correlated with the
excited state lifetime for all studied complexes and shows
an increasing depth of the potential well of the excited
trans state when the spectra shift to the low-energy side.
All kinetics are monoexponential except for the 1 com-
plexes with Cd2þ and Hg2þ. In presence of these cations,
the solution probably contains a mixture of complexes of
different stoichiometry. Also, this can be seen in the
fluorescence spectrum of 1 with Cd2þ (Fig. 3, 20). At a
low concentration of Cd2þ ions, both previously dis-
cussed complex stoichiometries are present in solution
with prevalence of a configuration of two ligands to one
cation. With increasing cation concentration, the second
configuration (one ligand to one cation) starts to dom-
inate and this gives a nearly Gaussian spectral bandshape
of fluorescence (Fig. 3, 30).

The fluorescence Stokes shift varies for different com-
plexes. The lowest shift is observed for the complex with
Mg2þ, 5600 cm�1, and the highest for protonated com-
plex, 7600 cm�1. The Stokes shift increases when the
absorption (and consequently emission) spectral position
shifts to the low-energy side. These variations of Stokes
shift are in agreement with our discussion above about
the charge transfer (and consequently dipole moment)
variations for different complexes.

X-ray analysis of the complex [1�Co(NO3)2]

Molecular and crystal structures of the Co(NO3)2

complex with 1 were determined by x-ray structural
analysis. The compound represents a centrosymmetric
octahedral aqua Co(II) complex of composition
[Co(H2O)4(1)2]2þ2(NO3)� . The structure of the complex
cation and the atom numbering scheme are shown in Fig.
5. Two opposite octahedral positions are occupied by the
N(1) nitrogen atoms of the crown ether dye molecules
and the other four by water molecules. The complex
situated at the symmetry centre bears two positive
charges and, accordingly, the crystal contains one nitrate
group in a general position per one centrosymmetric
complex cation.

Selected bond lengths and bond angles in the crown
ether dye ligand are given in Table 4.

The Co—N(1), Co—O(1) and Co—O(2) bond dis-
tances are 2.130(4), 2.088(3) and 2.094 Å, respectively.
The O—Co—O bond angles are 91.5 and 88.5(2)�.
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Table 3. Steady-state and time-resolved fluorescence data
for 1 and its complexes with Mg2þ, Ba2þ, Cd2þ, Hg2þ, Hþ in
MeCN

Compound �fl (nm) ’fl �fl (ps)

1 408 0.01 49
1�Mg2þ 384 0.0073 17
12�Ba2þ 407 0.0094 24
12�Cd2þ 485 0.042 115 and 328
1�Cd2þ 480 0.027
12�Hg2þ 540 0.028 56 and 320
12�(Hg2þ)2 and 12�(Hg2þ)3 552 0.037
[14�(Ba2þ)2 (Hg2þ)2] 520 0.019 44 and 320
1�Hþ 553 0.047 320
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The conjugated moiety of ligand 1 is nearly planar. The
dihedral angle between the pyridine and ethylene frag-
ments is 7.2� and that between the ethylene group and
benzene ring is 10.1�.

The pyridine fragment of the ligand exhibits a pro-
nounced bond length redistribution corresponding to a
contribution of the para-quinoid structure. Actually, two
opposite bonds, C(1)—C(2) and C(4)—C(5), are shor-
tened [1.372(7) and 1.369(7) Å] compared with the
C(2)—C(3) and C(3)—C(4) bonds [1.404 and
1.409(7) Å]. The bond lengths at the nitrogen atom are
1.343(7) and 1.355(7) Å. The endocyclic angles at the
N(1) and C(3) atoms are reduced to 116.6(4) and
116.5(5)�, whereas the angles at the C(1) and C(5) carbon
atoms nearest to the nitrogen atom are increased to
123.2(5) and 124.1(5)�, respectively. The C(6)—C(7)
ethylene bond length is 1.342(8) Å, which is not far
from the standard value of the double bond (1.33 Å).
The C(3)—C(6) bond length [1.462(7) Å] is shorter than

the C(7)—C(8) bond length, in accordance with the
para-quinoid pattern of the pyridine ring.

The benzene ring of the benzocrown system also
exhibits geometric distortion. The C(9)—C(10) bond
length [1.378(7) Å] is shorter than those of the two
adjacent bonds C(10)—C(11) and C(8)—C(9)
[1.415(7) and 1.409(8) Å], whereas the second half of
the benzene ring, C(11)—C(12)—C(13)—C(8), reveals
complete bond length delocalization [1.383(8), 1.390(8)
and 1.389(8) Å, respectively]. The second peculiarity of
the benzocrown ether molecules is a significant distortion
of the O—CPh—CPh bond angles. Actually, two angles,
O(11)—C(10)—C(11) and O(15)—C(11)—C(10), in-
cluded in the macrocycle are reduced [114.6(4)
and 114.9(5)�] and two others, O(11)—C(10)—C(9)
and O(15)—C(11)—C(12), are increased [124.5(5) and
126.3(5)�]. These geometric peculiarities were observed
previously for series of molecules containing similar
benzocrown ether moieties.28–31 They are apparently

Figure 5. Crystal structure of compound [Co(H2O)4(1)2]2þ2(NO3)�. Molecular structure of 1 with thermal ellipsoids at the
probability level of 50% and atom numbering scheme are presented. The atoms of only crystallographically independent part of
the molecule are indicated

Table 4. Selected bond lengths (Å) and angles ( �) in [Co(H2O)4(1)2]2þ2(NO3)�

Co(1)—N(1) 2.130(4) C(7)—C(8) 1.475(7)
Co(1)—O(1) 2.088(3) C(8)—C(9) 1.409(8)
Co(1)—O(2) 2.094(4) C(9)—C(10) 1.378(7)
N(1)—C(1) 1.343(7) C(10)—C(11) 1.415(7)
N(1)—C(5) 1.355(7) C(11)—C(12) 1.383(8)
C(1)—C(2) 1.372(7) C(12)—C(13) 1.390(8)
C(2)—C(3) 1.404(7) C(13)—C(8) 1.389(8)
C(3)—C(4) 1.409(8) O(11)—C(10) 1.372(6)
C(4)—C(5) 1.369(7) O(11)—C(14) 1.431(6)
C(3)—C(6) 1.462(7) O(15)—C(11) 1.367(7)
C(6)—C(7) 1.342(8) O(15)—C(21) 1.430(6)
O(1)—Co(1)—O(2) 91.5(2) C(3)—C(6)—C(7) 124.3(5)
O(1)—Co(1)—N(1) 90.6(2) C(6)—C(7)—C(8) 125.6(5)
O(2)—Co(1)—N(1) 89.0(2) C(9)—C(10)—O(11) 124.5(5)
Co(1)—N(1)—C(1) 122.2(3) C(11)—C(10)—O(11) 114.6(4)
Co(1)—N(1)—C(5) 121.2(3) C(12)—C(11)—O(15) 126.3(5)
C(1)—N(1)—C(5) 116.6(4) C(10)—C(11)—O(15) 114.9(5)
N(1)—C(1)—C(2) 123.2(5) C(10)—O(11)—C(14) 119.8(4)
N(1)—C(5)—C(4) 124.1(5) C(11)—O(15)—C(21) 117.4(5)
C(1)—C(2)—C(3) 120.3(5) C(15)—O(12)—C(16) 113.8(5)
C(5)—C(4)—C(3) 119.2(5) C(17)—O(13)—C(18) 111.6(4)
C(2)—C(3)—C(4) 116.5(5) C(19)—O(14)—C(20) 113.6(4)
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due to conjugation of a lone electron pair occupying the
p-orbital of each of the oxygen atoms bonded to the
benzene ring. The bond angles at the O(11) and O(15)
atoms [119.8(4) and 117.4(5)�, respectively] imply their
sp2 hybridization. The other macrocyclic oxygens have
the sp3 hybridization; the angles at the O(12), O(13)
and O(14) atoms are 113.8(5), 111.6(4) and 113.6(4)�,
respectively.

In the crystal form, the complex cations form infinite
staircase-like chains due to hydrogen bonds formed by
coordinated water molecules with crown ether moieties
of the adjacent molecules (Fig. 6).

The coordinated water molecule O(1)H2 participates in
two hydrogen bonds with the O(11) and O(13) atoms of
the adjacent molecule. The H � � �O distances are 1.83 and
1.87 Å and the angles at the hydrogen atoms are 172 and
159�, respectively. The second coordinated molecule,
O(2)H2, is involved in only one hydrogen bond, with
the O(14) atom of the adjacent molecule. The parameters
of this H-bond are 1.90 Å and 161�.

In these chains, the ethylene fragments of the adjacent
molecules turned out to be in close vicinity to each other
and are in a strictly parallel orientation because they are
related through symmetry centres. Projection of the
fragment of the chain on to the plane of one CPh—C——
C—CPh fragment is shown in Fig. 7. It can be seen that

the conjugated fragments form a parallel displaced mu-
tual arrangement typical of stacking interactions,32,33

with a rather short distance [3.499(8) Å] between the
atoms of the ethylene group. Such an arrangement is
favourable for photochemical [2þ 2]-cycloaddition.

CONCLUSIONS

These optical and x-ray experiments showed the possibility
of studying the binding of receptor 1 with metal cations
through the participation of two centres: the crown ether
moiety and the heterocyclic part. The centres possess
different selectivities to metal cations, and the optical
response on complex formation also differ for two binding
sites. The metal cations studied can be divided into three
groups. Alkaline earth metal cations form complexes with
the crown ether centre, Hþ, Co2þ, Cd2þ prefer the co-
ordination with the N-atom of the heterocyclic part and
Hg2þ cations form complexes through coordination with
both binding centres (Scheme 7). The importance of the
obtained results is that they allow the creation of supra-
molecular assemblies of different architectures based on
crown-containing 4-styrylpyridine. The investigation can
also be considered useful for the development of promis-
ing fluorescent sensors on metal cations.

Figure 6. Fragment of crystal packing of doubly-charged cations of compound [Co(H2O)4(1)2]2þ2(NO3)�

Figure 7. Mutual arrangement of two adjacent conjugated fragments of a hydrogen-bonded chain
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EXPERIMENTAL

Materials

Anhydrous MeCN, Mg(ClO4)2, Ba(ClO4)2, Cd(ClO4)2,
Hg(ClO4)2 and Co(NO3)2 (Aldrich) were used as re-
ceived. Solutions of dye 1 was prepared and used in red
light.

Synthesis and NMR study

1H NMR spectra were recorded on a Bruker DRX500
instrument (500.13 MHz) for solutions in CD3CN, the
solvent being used as the internal reference, 1.96 ppm for
1H; 2D homonuclear NOESY spectra were used to assign
the proton and carbon signals.

Synthesis of (E )-1. A mixture of 4-methylpyridine (15
mmol), 40-formylbenzo-15-crown-5 ether (3 mmol) and
tBuOK (4.5 mmol) in 5 ml of anhydrous DMF was kept at
ambient temperature for 24 h. After addition of distilled
water (20 ml), the product was extracted with benzene or
CH2Cl2 (4� 30 ml). The product 1 was purified by
column chromatography on silica gel (eluent: benzene–
EtOH, 5:1) followed by crystallization from MeOH; yield
of 1, 78%.

4-[(E )-2-(2,3,5,6,8,9,11,12-Octahydro-1,4,7,10,13-ben-
zopentaoxacyclopentadecin-15-yl)-1-ethenyl]pyridine (1).
M.p. 112–114 �C. 1H NMR (500 MHz, CD3CN, 25 �C): �
3.66 (m, 4 H, 2 CH2O), 3.67 (m, 4 H, 2 CH2O), 3.84 (m, 4
H, 2 CH2O), 4.11 (m, 2 H, CH2OAr), 4.12 (m, 2 H,
CH2OAr), 6.96 (d, 1 H, C(50)-H, 3JH,H¼ 8.1 Hz), 7.05 (d,
1 H, C(b)-H, 3JH,H¼ 16.3 Hz), 7.15 (dd, 1 H, C(60)-H,
3JH,H¼ 8.1 Hz, 4JH,H¼ 1.2 Hz), 7.23 (s, 1 H, C(20)-H),
7.38 (d, 1 H, C(a)-H, 3JH,H¼ 16.3 Hz), 7.52 (d, 2 H, C(3)-
H, C(5)-H, 3JH,H¼ 5.7 Hz), 8.50 (d, 2 H, C(2)-H, C(6)-H,
3JH,H¼ 5.7 Hz). MS (EI, 70 eV): m/z 371 (31) [Mþ], 240
(47), 239 (100), 224 (32), 183 (29), 182 (32), 167 (28),
154 (37), 153 (58), 129 (38), 83 (47). C21H25NO5. Calcd
C 67.91, H 6.78, N 3.77; found C 68.04, H 6.76, N 3.66%.

Synthesis of the complex of (E)-1 with Mg(ClO4)2.
Mg(ClO4)2 (0.9 mg, 0.004 mmol) and (E)-1 (1.5 mg,
0.004 mmol) were dissolved in 0.6 ml of CD3CN in red
light. The resulting [(E)-1]�Mg2þ was used for NMR
investigation (500 MHz, CD3CN, 25 �C): � 3.67 (m, 8 H,
4 OCH2), 3.97 (m, 2 H, OCH2), 4.03 (m, 2 H, OCH2),

4.18 (m, 2 H, CH2OAr), 4.53 (m, 2 H, CH2OAr), 7.17 and
7.51 (2 d, 2 H, C(a)-H, C(b)-H, 3JH,H¼ 16.4 Hz, 3JH,H¼
16.4 Hz), 7.40 (m, 2 H, C(20)-H, C(60)-H), 7.22 (d, 1 H,
C(50)-H, 3JH,H¼ 8.3 Hz), 7.63 (d, 2 H, C(3)-H, C(5)-H,
3JH,H¼ 8.4 Hz), 8.51 (d, 2 H, C(2)-H, C(6)-H, 3JH,H¼
8.4 Hz).

Synthesis of the complex of (E )-1 with Ba(ClO4)2.
Ba(ClO4)2 (0.7 mg, 0.002 mmol) and (E)-1 (1.5 mg,
0.004 mmol) were dissolved in 0.6 ml of CD3CN in red
light. The resulting [(E)-1]2�Ba2þ was used for NMR
investigation (500 MHz, CD3CN, 60 �C): � 3.94 (m, 4 H,
2 OCH2), 4.00 (m, 4 H, 2 OCH2), 4.13 (m, 4 H, 2 OCH2),
4.29 (m, 4 H, 2 CH2OAr), 6.86 (s, 1 H, C(20)-H), 6.88 (d,
1 H, C(50)-H, 3JH,H¼ 8.3 Hz), 6.92 and 7.22 (2 d, 2 H,
C(a)-H, C(b)-H, 3JH,H¼ 16.4 Hz, 3JH,H¼ 16.4 Hz), 7.19
(d, 1 H, C(60), 3JH,H¼ 8.3 Hz), 7.27 (d, 2 H, C(3)-H, C(5)-
H, 3JH,H¼ 8.3 Hz), 8.39 (d, 2 H, C(2)-H, C(6)-H, 3JH,H¼
8.3 Hz).

Synthesis of the complex of (E)-1 with Cd(ClO4)2.
Cd(ClO4)2 (0.65 mg, 0.002 mmol) and (E)-1 (1.5 mg,
0.004 mmol) were dissolved in 0.6 ml of CD3CN in red
light. The resulting [(E)-1]2�Cd2þ was used for NMR
investigation (500 MHz, CD3CN, 25 �C): � 3.61 (m, 8 H,
4 OCH2), 3.77 (m, 4 H, 2 OCH2), 4.06 (m, 2 H, CH2OAr),
4.10 (m, 2 H, CH2OAr), 6.99 (d, 1 H, C(50)-H, 3JH,H¼
8.2 Hz), 7.15 (d, 1 H, C(60)-H, 3JH,H¼ 8.2 Hz), 7.09 and
7.48 (2 d, 2 H, C(a)-H, C(b)-H, 3JH,H¼ 16.3 Hz, 3JH,H¼
16.3 Hz), 7.28 (s, 1 H, H-20), 7.68 (d, 2 H, C(3)-H, C(5)-
H, 3JH,H¼ 5.8 Hz), 8.58 (d, 2 H, C(2)-H, C(6)-H, 3JH,H¼
5.8 Hz).

Synthesis of the complex of (E )-1 with Co(NO3)2.
Co(NO3)2 (3.65 mg, 0.02 mmol) and (E)-1 (15 mg,
0.04 mmol) were dissolved in 6 ml of CD3CN in red
light. The resulting [(E)-1]2�Co2þ was used for growing
crystals. The resulting [(E)-1]2�Co2þ was used for NMR
investigation (500 MHz, DMSO-d6, 25 �C): � 3.61 (m, 8
H, 4 OCH2), 3.77 (m, 4 H, 2 OCH2), 4.06 (m, 2 H,
CH2OAr), 4.10 (m, 2 H, CH2OAr), 6.96 (d, 1 H, C(50)-H,
3JH,H¼ 7.1 Hz), 7.14 and 7.41 (2 d, 2 H, C(a)-H, C(b)-H,
3JH,H¼ 16.0 Hz, 3JH,H¼ 16.0 Hz), 7.14 (d, 1 H, C(60)-H,
3JH,H¼ 7.3 Hz), 7.27 (s, 1 H, C(20)-H), 7.52 (m, 2 H,
C(3)-H, C(5)-H), 8.55 (m, 2 H, C(2)-H, C(6)-H).

UV–visible spectra

Preparation of solutions and all experiments were carried
out in red light. The fluorescence quantum yield mea-
surements were provided using Specord-M40 and Varian-
Cary spectrophotometers and a FluoroLog (Jobin Yvon)
spectrofluorimeter. All measured fluorescence spectra
were corrected for the non-uniformity of detector spectral
sensitivity. 9,10-Diphenylanthracene in cyclohexane
(F¼ 0.9, according to Hamai and Hirayama,34 was used
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Scheme 7
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as a reference for the fluorescence quantum yield mea-
surements.

Equilibrium constant determination

Complex formation of 1 with Mg(ClO4)2, Ba(ClO4)2,
Hg(ClO4)2, Cd(ClO4)2 or HClO4 in acetonitrile at
20� 1 �C was studied by spectrophotometric titration.
The ratio of 1 to Mg(ClO4)2, Ba(ClO4)2, Hg(ClO4)2,
Cd(ClO4)2 and HClO4 was varied by adding aliquots of
a solution containing known concentrations of 1 and of
corresponding salt or acid to a solution of 1 alone of the
same concentration. The absorption spectrum of each
solution was recorded and the stability constants of the
complexes were determined using the Hyperquad pro-
gram.24

Time-resolved fluorescence

These studies were undertaken using a spectrograph
(Chromex 250) coupled to a streak camera (Hamamatsu
5680 equipped with fast single sweep unit M5676,
temporal resolution 2 ps). The fluorescence excitation
light pulses were obtained by frequency doubling
and tripling of a Ti:sapphire femtosecond laser system
(Femtopower Compact Pro) output. All excited-state
lifetimes were obtained using depolarized excitation
light.

X-ray diffraction analysis

Crystals of the compound suitable for x-ray crystallogra-
phy were grown by slow evaporation from acetonitrile
solutions. The structure was solved by direct methods and
refined by full-matrix least-squares on F2 in anisotropic
approximation for all non-hydrogen atoms. The hydrogen
atoms were calculated geometrically and refined using
the ‘riding’ model.

The nitrate anion was found to be disordered over two
positions situated in the vicinity of a symmetry centre
with equal population. Moreover, difference Fourier
syntheses revealed a number of residual peaks of electron
density interpreted by us as water molecules with partial
populations. The occurrence of disordered water mole-
cules of crystallization evidences a rather loose crystal
packing at least in the vicinity of crystal arias occupied
with crown ether fragments.

The Bruker SAINT program35 was used for data
reduction. SHELXTL-Plus36 software was used for the
structure solution and refinement. Crystallographic data
and structure solution and refinement parameters are
given in Table 5. Crystallographic data (excluding struc-
ture factors) for the structure have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publication No. CCDC 245027. Copy of the data

can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK [fax:
(þ44)1223 336 033; e-mail: deposit@ccdc.cam.ac.uk].
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