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ABSTRACT

C-1,2-alternate tetrahomodioxacalix[4]arene pyreneamides were synthesized. Pb 2+ coordination gave a quenched monomer and excimer
fluorescence emission, while upon Ca 2+ ion binding, the receptor provides an enhanced excimer and declined monomer emission with ratiometric
response. The excimer emission spectra changes are rationalized by frontier molecular orbitals that the effective Py −Py* interaction induces
emission intensity increases upon Ca 2+ ion complexation, whereas there is no such interaction observed upon Pb 2+ binding.

Optical signals based on the changes of absorbance or
fluorescence have been focused on in many industrial fields
including chemistry, biology, and medicine.1,2 Most of the
fluorescent chemosensors for cations are composed of a
cation recognition unit (ionophore) together with a fluoro-
genic unit (fluorophore) and are called fluoroiono-phores.3-5

As fluorogenic units, pyrenes (Py) are one of the most useful

sensing probes due to their relatively efficient excimer
formation and emission.4 Since the intensity ratio of the
excimer to the monomer emission (IE/IM) is sensitive to
conformational changes of the pyrene-appended receptors,
changes inIE/IM upon metal ion complexation can be an
informative parameter in various sensing systems.1,5-8 Re-
cently, we reported that 1,3-alternate calix[4]crown-5 having
two pyrenyl arms shows the excimer fluorescence quenched
by Pb2+, but revived by addition of K+, which was evidenced
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by computational results that HOMO-LUMO interactions
are absent in the Pb2+ complex.9

Homooxacalix[4]arenes containing extra oxygen atoms in
the macrocyclic array have received much attention because
of their flexibility in solution.10-14 We reported that C-1,2-
alternate tetrahomodioxacalix[4]arene tetraamide selectively
encapsulates Pb2+ over other metal ions with formation of a
1:1 complex.13,14

Focusing on the complexation selectivity following the
fluorescence changes, we herein report for the first time on
the series of C-1,2-alternate tetrahomodioxa-p-phenylcalix-
[4]arenes (1 and 2 in Figure 1), synthesis (Scheme S1 in

Supporting Information), and their pyrene monomer and
excimer emission changes upon metal ion complexation as
well as the thermodynamic stability of the complex based
on the theoretical calculation.

Compound1 was synthesized by the reaction of tetrahomo-
dioxacalix[4]arene (3)13 with excess (1-pyrenemethyl)chlo-
roacetamide (4)12 in the presence of a catalytic amount of
NaI and excess K2CO3 as a base as shown in Scheme S1.
Compound2 was also synthesized by the reaction of3 with
2.1 equiv of4 in the presence of catalytic amount of NaI
and 2.1 equiv of K2CO3 as a base. Both1 and2 were found
to be in C-1,2-alternate conformation of which the nomen-
clature was previously designated by our research group13,14

by 1H and13C NMR spectrum.
As seen in Figure 2, both1 and 2 show selectively

decreasing fluorescence for the Pb2+ over other metal ions.
When the Pb2+ ion is coordinated to the two carbonyl groups

of the amides of1 or 2, the carbonyl groups containing two
pyrene units change the conformation,15 which induces the
disruption of the neighboring Py-Py* interaction (see the
calculation part below). In addition, for the reducing mononer
emission, a reverse-PET (photoinduced electron transfer)16,17

and a heavy metal ion effect18 of the Pb2+ ion are mainly
considered (Figure S1 in Supporting Information).

Unlike 1, receptor2 bearing only a pair of pyrenes and
two intact OHs on the lower rim reveals the sensitivity for
both Pb2+ and Ca2+ ions as shown in bar profiles of Figure
2. Upon the addition of Pb2+ ion, the monomer and excimer
emissions of2 are quenched much more than the case of1.
This is probably because the receptor1 forms a 1:1 complex
with metal ion in the solution as evidenced by the Job plot
experiment (Figure S2 in Supporting Information); hence,
the other pair of pyrenes of1 is still active to provide an
eminent excimer emission. On the other hand, in the case of
Ca2+ addition to a solution of2, we observed an increasing
excimer emission and a concomitantly declining monomer
emission with an isosbestic point centered at 431 nm as
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Figure 1. Structure of fluorescence chemosensors1 and2.

Figure 2. Fluorescence changes (I- Io) of 1 (a) and2 (b) upon
addition of various metal ions. Conditions:1 and 2 (6.0 µM) in
CHCl3/CH3CN (1:3, v/v), excitation at 343 nm, metal perchlorate
(500 equiv) in CHCl3/CH3CN (1:3, v/v).I: fluorescence emission
intensity of complexes1 and2. Io: fluorescence emission intensity
of free 1 and2.
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shown in Figure 3. It is conceivable that the two facing
phenol groups and amide oxygen atoms take part in the
complexation of Ca2+, which might allow the two pyrenes
of 2 to locate more closely in the excited state so as to give
a more stable Py-Py* interaction (vide infra), exerting an
allosteric effect. The association constants (Ka)19 of 2 for
the Ca2+ were calculated to be 5.2× 105 M-1.

To understand the fluorescence intensity changes upon
complexation, the density functional theory (DFT) calcula-
tions were employed for each host and its complex. An initial
conformational analysis for each system was first performed
by molecular dynamic (MD) simulation.20 Then, we per-
formed the geometry optimizations for each molecular system
using the AM1 semiempirical method21 to find the energy
minima that would be used as initial structures for the DFT
calculations at the B3LYP/3-21G* level22 using theGaussian
98 package.23

The optimized geometries at the B3LYP/3-21G* level for
1 and2 are represented in Figure S6 (Supporting Informa-
tion). The lowest-energy conformation located at this level
for both 1 and 2 is computed to be the C-1,2-alternate

conformation, which is in agreement with the NMR assign-
ment. The most distinctive structural feature for the confor-
mational preference is the relative orientation of the adjacent
pyrene amide groups. The preferential geometries for free
polycyclic aromatic hydrocarbon (PAH) are displayed in two
forms: One corresponds to a stacked structure favored by
the dispersion interaction, and the other is a T-shaped (edge-
on) structure employed by the electrostatic interaction.24

Neither cases were applied to both1 and2. The preferred
geometry for each host is to allow NH‚‚‚OC hydrogen
bonding between the two amide groups linked to pyrene,
rendering the neighboring pyrene groups almost in-plane.
The NH‚‚‚OC hydrogen bond distances in both1 and2 are
found to be 1.90 Å.

For the investigations of fluorescence behavior, the Hückel
molecular orbital calculations were performed at the B3LYP/
3-21G* level. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
for 1 are shown in (a) and (b), and those for2 are in (c) and
(d), respectively, in Figure 4. It was found that most of the
electron densities in the HOMO are localized in one pyrene,
and the LUMO is localized in the neighboring pyrene. On
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Figure 3. Fluorescence changes in emission spectra of2 (6.0µM)
in CHCl3/CH3CN (1:3, v/v) upon addition of Pb2+ (a) and Ca2+

(b). The inset shows the normalized intensity changes at 472 nm.
The excitation wavelength is 343 nm.

Figure 4. HOMO and LUMO for1 and2 are shown. (a) HOMO
of 1, (b) LUMO of 1, (c) HOMO of2, and (d) LUMO of2.
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the basis of the molecular orbital calculations, the HOMO-
LUMO interactions between ground-state and excited-state
pyrenes (Py-Py*) presumably contribute to the strong
fluorescence excimer bands in both1 and2.

To understand the nature of the fluorescence spectral
change of the chemosensors upon the metal complexation,
we also performed the geometry optimizations for2‚Ca2+

and2‚Pb2+ complexes (Figure 5). For both metal ions, the

most significant difference upon complexation is the nuclea-
tion of the binding sites (all possible oxygen atoms) to
maximize the electrostatic interactions between oxygen atoms
and metal ion in that the cavities are fairly distorted and
benzene rings are tilted away from the cavity. It is noticeable
that the oxygen atoms in the-COC-bridges of the cavity
are participating to recognize the metal ion, confirming that
the homooxacalixarene provides extra binding sites compared
to the analogous calixarene. For the2‚Ca2+ complex (Figure
5a), the NH‚‚‚OC hydrogen bonding (1.94 Å) between the
two amide groups is still active, albeit the relative orientation
of pyrenyl amide groups is somwhat changed to maximize
the extent of the electrostatic interactions between O and
Ca2+. On the other hand, in the case of the2‚Pb2+ complex
(Figure 5b), the NH‚‚‚OC hydrogen bonding is compensated
to maximize electrostatic interactions between Pb2+ and
oxygen atoms in the host. It is noted that the binding energy
for 2‚Pb2+ is computed to be larger than that for2‚Ca2+ by
20 kcal/mol.

The frontier molecular orbital calculations were executed
for 2‚Ca2+ and2‚Pb2+ complexes. In Figure 6a and b, the
HOMO and LUMO for2‚Ca2+ are localized on the pyrene
units as in the case of the free host. On the other hand, in
Figure 6c and d, the coordination of Pb2+ perturbs the
electron density profile significantly so that none of LUMO,
LUMO2, and LUMO3 are associated with pyrene. From the
electron density analyses of the molecular orbitals, strong
excimer emission can be explained by the stabilization of

the excited state by Py-Py* interaction in2‚Ca2+, while it
is not observed in2‚Pb2+.

In this regard, one can rationalize the fluorescence changes
upon metal ion complexations that for the2‚Ca2+ complex
the eminent HOMO-LUMO interaction between Py and Py*
become more efficient upon Ca2+ binding with the preferred
geometry of allowing H-bonding between pyrenyl amide
groups. In contrast, in the case of the2‚Pb2+ complex, a
tighter complex between Pb2+ and 2 is formed without
H-bonding in pyrenyl amide moieties providing no Py-Py*
interactions, in consequent, quenched excimer emissions as
illustrated in Figure S7 (Supporting Information). It is also
noted that the monomer and quenched excimer emission band
in the fluorescence spectra of2‚Pb2+ is attributed to the heavy
metal quenching effect.

In summary,1 and2 were synthesized, and their confor-
mations were confirmed by the1H and 13C NMR spectra,
which is in agreement with the theoretical calculation. On
the basis of fluorescent spectra changes upon metal ion
complexation, unlike1, 2 reveals that the binding of Ca2+

provides an enhanced excimer and declining monomer
emission with ratiometric response. Upon Ca2+ binding, the
efficient HOMO-LUMO interaction between Py and Py*
induces a strong excimer emission band, whereas there is
no such interaction observed upon Pb2+ complexation.
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Figure 5. Calculated geometries (B3LYP/3-21G*) for (a)2‚Ca2+

and (b)2‚Pb2+. Hydrogen atoms are omitted for clarity, except the
hydrogen in NH‚‚‚OC bonding. In the2‚Ca2+ complex, the
hydrogen bonding between amides is shown in the dotted line.
Oxygen atoms are shown in red; nitrogen atoms are in blue.

Figure 6. HOMO and LUMO for2‚Ca2+ and2‚Pb2+ are shown:
(a) HOMO of2‚Ca2+, (b) LUMO of 2‚Ca2+, (c) HOMO of2‚Pb2+,
and (d) LUMO of2‚Pb2+.
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