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Metal Ion Enhanced Phosphorescence of 2,3-Naphtho-10-aza-15-
crown-5: A Possible Molecular Photonic Operator
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A novel crown ether, 2,3-naphtho-10-aza-15-crown-5 (NAC)
was synthesized. This compound does not show strong fluores-
cence and phosphorescence due to photoinduced intramolecu-
lar electron transfer from the nitrogen lone pair of electrons to
the singlet excited state of the naphthalene chromophore.
Complexation with heavy-metal ions results in the quenching
of the fluorescence and enhancement of the phosphorescence
significantly, These observations were interpreted in terms of
the binding interactions, between the nitrogen lone pair elec-
trons and the metal cation, which prevent photoinduced in-
tramolecular electron transfer, and the heavy-atom effects
which induce quenching of the fluorescence and enhancement
of the phosphorescence. These azacrown and heavy-metal-
based systems could be useful as potential chemical sensors
and molecular photonic devices.

Keywords photoinduced intramolecular electron transfer, en-
ergy transfer, 2,3-naphtho-10-aza-15-crown-5

Introduction

Molecular systems that combine binding ability and
photochemical/photophysical properties are of great in-
terest as sensors in biomedical research''? and as chemi-
cal logics>* in molecular information processing. A pho-
tonic molecular device/sensor is defined as an assembly
of molecular components which, because of the specific
arrangement of the components in the dimensions of
space and energy, are able to perform light-induced
functions. A number of macrocyclic hosts with nitrogen
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donors and covalently linked aromatic fluorophores have
been studied as chemical sensors and molecular de-
vices.> 1% In such systems, the binding of a metal ion to
a host molecule (signal input) results in an enhancement
in fluorescence intensity (signal output), since the lone
pairs of the electrons on the nitrogen are engaged in the
binding, thus preventing the photoinduced electron
transfer from nitrogen to the aromatic fluorophore and al-
lowing the fluorescence to occur. Most systems use alka-
li/alkaline earth metal ions as inputs. With few excep-
tion,* transition metal ions, particularly heavy atom
ions in general can not function as efficient signal in-
puts, because they quench the fluorescence of aromatic
fluorophore very effectively. However, such heavy metal
ion-based systems are of particular interests in biomedi-
cal sensors.

Although molecular photonic devices/sensors based
on fluorescent signaling systems with metal ions have
been extensively investigated, it is curious that use of
chelation-enhanced phosphorescence to make chemosen-
sors and photonic molecular devices are rarely reported.
It has been well established that crown ether hosts with
nitrogen donors and covalently linked aromatic chro-
mophores can form complexes with heavy atom ions.!!"!?
Such complexation would prevent the photoinduced elec-
tron transfer from the nitrogen to the singlet excited state
of the chromophores, thus would enhance the phospho-
rescence quantum yield, because the singlet state
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quenching due to photoinduced intramolecular electron
transfer would no longer compete with the intersystem
crossing from the singlet to triplet excited states. Fur-
thermore, this intersystem crossing process would also be
enhanced upon complexation by the heavy-metal
effect.>'® Thus, it might be expected that combination
of the bonding effects with the heavy-atom effects would
make sensors/devices based on phosphorescent signaling
systems very efficient. In the present work, the case for
2,3-naphtho-10-aza-15-crown-5 (NAC) (Scheme 1) as
the hosts is reported. Through the examination of the
fluorescence and phosphorescence of the above crown
ether in the presence of heavy-metal ions, we demon-
strated that these systems might function as chemical
sensors and molecular devices.

Scheme 1 Structure of NAC and HEN
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Results and discussion

Fluorescence and phosphorescence spectra of NAC in the
presence of alkali-metal ions

To obtain the evidence for the complexation of the
azacrown ether with metal cations, the fluorescence
spectra of NAC in the presence of alkali-metal ions were
examined. Fig. 1 shows the fluorescence spectra of NAC
in ethanol. In the absence of metal ions NAC exhibited a
well-resolved naphthalene monomer emission with maxi-
ma at 327, 341 and 358 nm, and no emission from ex-
cimer and intramolecular exciplex between the nitrogen
atom and the naphthalene n-system was detected. The
fluorescence intensity was much weaker compared with
the model compound 2, 3-bis(2-hydroxyethoxyl ) naphtha-
lene (HEN) under identical conditions, which might be
due to the intramolecular electron transfer from the lone
pair of electrons of nitrogen to the singlet excited state of
the naphthalene. The free energy change (AG) involved
in a photostimulated primary electron transfer process
can be estimated by Rehm-Weller equation. !

AG=Ey(D) - Erq(A) ~AE,,—/ea (1)

Where AE,, is the excited state energy, and in this case
represents the singlet excited state energy of the model
compound HEN. This energy was estimated from its flu-
orescence spectrum to be 375 kJ/mol. E. (D) and E 4
(A) are the redox potential of the donor and acceptor,
respectively, and in this case the oxidation potential of
diethylamine (a model compound for the donor) is ca.
2.19 V vs. SCE,” and the reduction potential of HEN
was measured to be ca. ~1.56 V vs. SCE. €*/ca is
the Columbsic interaction in the ion pair state whose mag-
nitude depends on the distance (a) between the donor
and acceptor radical ion pair and on the dielectric con-
stant (¢) of the medium separating the charges. For a
contact ion pair in polar solution, this term generally
shows only a minor impact on AG.'" ¥ Calculation
according to Eq. (1) reveals that electron transfer from
the nitrogen to the singlet excited state of the naphtha-
lene chromophore is exothermic by ca. - 13 kJ/mol.
Thus, the low fluorescence yield of NAC relative to the
model compound is attributed to the electron transfer
from the nitrogen to the singlet excited state of the naph-
thalene chromophore. The fluorescence intensity increas-
es when an alkali-metal cation is used as an input (Fig.
1). The extent of the fluorescence enhancement depends
upon the nature of the metal ions. The size of Na* may
match well with the cavity of NAC.? The bonding inter-
actions between Na* and the lone pair of electrons of ni-
trogen would be strongest .among the alkali-metal ion
complexes. Thus, Na* shows the highest fluorescence
enhancement among the alkali-metal ion inputs (Fig.
1). The binding abilities of the small size cation Li*
and the large size cations K*, Rb* and Cs* toward
NAC would be smaller compared with those of Na* .
Furthermore, in the complexes of Rb* and Cs*, the
lons might exhibit heavy-atom effects on the naphthalene
chromophore, 6 ;. ¢. increasing the intersystem cross-
ing efficiency and quenching the fluorescence of the
chromophore. Hence, two mechanisms in the effects of
Rb* and Cs* on the fluorescence of the chromophore are
operative in opposite directions: binding with the lone
pair of electrons of nitrogen increases the fluorescence
intensity, while heavy-atom effect decreases the fluores-
cence. The combination of the two effects results in the
smaller fluorescence enhancement compared with Na* as
the input (Fig. 1). The fluorescence lifetime measure-
ments confirm the above effects. The lifetimes of the
NAC fluorescence in the presence of Rb* and Cs* are
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comparable with that in the absence of a metal ion (ca.
11.5 ns, Table 1), while the fluorescence lifetime in
the presence of Na* is much longer (ca. 16.0 ns).
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Fig. 1 Fluorescence spectra of NAC and their complexes with
alkali-metal ions in ethanol at 300 K; [NACY =2 x
10~* mol/L, [Metal chloride] = 1 x 1072 mol/L;
excitation wavelength A ., =280 nm.

Table 1 Lifetimes (ns) of NAC in ethanol solution in the pres-
ence of alkali-metal cations®
Free NAC Li* Na* K* Rb* Cs*
11.3 12.2 16.1 12.1 11.7 11.8

s[NAC] =2x 1075 mol/L, [MCI] = 1 x 1073 mol/L, excitation
wavelength A =280 nm.

The enhancement of the phosphorescence of NAC is
even more significant compared with that for fluorescence
when the metal ions are used as the inputs. The phos-
phorescence spectra of NAC in ethanol glassy matrix at
77 K are shown in Fig. 2. In the absence of a metal ion
the phosphorescence of NAC is weaker compared with
the model compound HEN, which is evidently due to the
photoinduced intramolecular electron transfer in the sin-
glet excited state, which competes with intersystem
crossing process and reduces the phosphorescence quan-
tum yield. Complexation of NAC with alkali-metal ions
will prevent the photoinduced intramolecular electron
transfer to occur. Therefore, the phosphorescence is par-
tially or totally recovered in the presence of a metal ion.
Particularly in the case of Rb* and Cs* as the inputs,
the heavy-metal effect enhances the intersystem crossing
of the naphthalene chromophore from its singlet excited
state to the triplet state, thus increasing the phosphores-
cence yield. The superposition of the bonding effect and

heavy-atom effect allows the phosphorescence to be re-
markably enhanced. Table 2 shows the relative phospho-
rescence quantum yields for NAC in the presence of Rb*
and Cs*, which increase by a factor of 3.9 and 4.6,

respectively.
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Fig. 2 Phosphorescence spectra of NAC and their complexes
with alkali-metal cations in ethanol glass at 77 K;
[NAC] =2 x 10™* mol/L, [Metal chloride] = 1 x
1073 mol/L; excitation wavelength A,, = 320 nm.

Table 2 Relative quantum yields of phosphorescence (®p) of
NAC in ethanol glass at 77 K in the presence of heavy-
metal cations®

lon Free NAC Rb* Cs* Hg* PH¥* Ag* Eo°

Dp 1.00 39 46 7.3 58 44 0.8

*[NAC] = 2x 10™* mol/L, [Metal ion] = 1 x 1073 mol/L, ex-
citation wavelength A ., = 280 nm.

Effect of heavy-metal cations

Heavy-metal caions Pb**, Hg?* and Ag® as in-
puts for NAC were particularly examined. In contrast to
the alkali-metal ions, complexation of NAC with all of
the three metal ions induces the decrease in the fluores-
cence intensity of the naphthalene chromophore in
ethanol solution (Fig. 3), suggesting that the heavy-
atom effect is more profound in this case compared with
the effect of the bonding interactions between the ions
and the nitrogen lone pair electrons. On the other hand,
the phosphorescence signal undergoes drastic enhance-
ment (Fig. 4) when these ions complex with NAC.
Table 2 gives the relative quantum yields of the phospho-
rescence in the presence of heavy-metal ions. The phos-
phorescence spectra of the complexes become more struc-
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tured relative to that of uncomplexed NAC. This result
suggests that heavy-metal ions bound to the crown cavity
in NAC impart more rigidity to the molecule than that in
the case of the free crown ether. Furthermore, the spec-
tra are remarkably blue-shified, particularly for the com-
plexes with Pb?>* and Ag* . Thus, cation binding to the
crown leads to an increase in the energy splitting of the
triplet-ground states of the naphthalene chromophore.
This observation has been well precedented .+
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Fig. 3 Fluorescence spectra of NAC and their complexes with
heavy metal ions in ethanol at 300 K; [ NAC] =2 x
10 mol/L, [Metal ion] = 1x 10 mol/L, excitation
wavelength A, = 280 nm. The counter ions for Ag* ,
El*, Pb** and Hg?* are NO*, NO*, CIO* and
CI' respectively.

350

I TN - NAC+Hg?*
5 3001 A R NAC+Pb?*
< -, : :' voTTTe NAC+Ag”
E‘ 250- o AN g \ Free NAC
5 3 ." s, " :\,")"'. \
= IR NN
E 200F 'Y e Aoy
3 T L
g L oo 4% s : I n N
§ 150 o - . \
g 3: i ‘\ ! ‘\ " v s
£ 1wo0F 5§ ¢ SN N
8 P [P Ty
= sof ) Sl

[ 1' L L3

0 1 1 1 1 1 1
450 500 550 600
Wavelength (nm)

Fig. 4 Phosphorescence spectra of NAC and their complexes
with heavy metal ions in ethanol at 77 K; [NAC] =2
x 10* mol/L, [Metal ion] = 1% 1073 mol/L, exci-
tation wavelength A., = 320 nm. The counter ions for
Ag*, Pb** and Hg** are NO*, CIO* and CI' re-
spectively .

Energy transfer from naphthalene chromophore to an in-
ner transition-metal cation

In contrast to alkali-metal ions and heavy-metal
ions studied above, the lanthanide cation Eu®* quenches
both fluorescence and phosphorescence of NAC. The flu-
orescence quenching (Fig. 3) is understood in terms of
heavy-atom effect. Although the bonding interactions be-
tween the nitrogen lone pair electrons of NAC and Eu®*
may enhance the fluorescence, the heavy-atom effect,
which increases the quantum yield of the intersystem
crossing of the naphthalene chromophore, is even more
important in this case. As a result, the fluorescence in-
tensity is reduced. Fig. 5 shows the phosphorescence
spectra of NAC in ethanol glass in the presence of Eu®*
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Fig. 5 Phosphorescence spectra of NAC and its complex with

Ev’* in ethanol glass at 77 K with excitation at 320

nm; [NAC] =2 x 10* mol/L, [Eu(NO;);]=1x

102 mol/L. (a) Phosphorescence spectrum of NAC

in the absence of Ev’* ; (b) phosphorescence spec-

trum of NAC and fluorescence spectrum of Eu** for

the solution of NAC and Euw’*; (c¢) fluorescence
spectrum of Ex®* in the absence of NAC.

by selective excitation of the naphthalene moiety at 320
nm. As the phosphorescence of NAC is quenched upon
complexation with Eu’*, the emission of Fu®* with
maxima at 593 and 619 nm is concomitantly observed.
In a control experiment, excitation of Eu’* in ethanol
glass under identical conditions but in the absence of
NAC led to no emission from Eu’* . Obviously energy
transfer from the naphthalene chromophore to Eu®* oc-
cured. Much elegant works have proved that in the com-
plexes of organic hosts with lanthanide cation Eu®* the
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excitation energy of the ligands may efficiently be trans-
ferred to the cation, resulting in the luminescence of the
latter.?2'? The intramolecular energy transfer mechanism
has been established.?? The ligand absorbs energy and
undergoes intersystem crossing to the lowest triplet state.
The ion enhances the intersystem crossing of the ligand
owing to the heavy-atom effect. Thus, the fluorescence
of the ligand is quenéhed, and the quantum yield of the
triplet state is increased. Then, the ligand triplet energy
is transferred to the emitting state of the ion, and en-
hanced luminescence from the ion is observed. It is be-
lieved that in the complex of NAC with Eu®* , the bond-
ing interactions between the nitrogen lone pair electrons
and Eu®*, the heavy-atom effect, and the triplet energy
transfer, all of the three processes are operative.

Conclusions

It is shown that NAC forms complexes with the
cations of alkali metal, heavy-metal and inner-transition-
metal . Upon complexation, light-metal ions interact with
the nitrogen lone pair electrons of NAC and inhibit the
photoinduced intramolecular electron transfer from the
nitrogen lone pair to the singlet excited state of the naph-
thalene chromophore, thus enhancing the fluorescence
and phosphorescence quantum yield of the later. Heavy-
metal ions show dual effects on the emission of NAC: the
bonding with the nitrogen lone pairs increases the fluo-
rescence, while the heavy-atom effect reduces the fluo-
rescence quantum yield and enhances the phosphores-
cence. As a result, the fluorescence of the chromophore
can be either enhanced (as in the case of Rb* and
Cs*) or quenched (as in the case of HZ*, Pb** and
Ag* ). However, the phosphorescence is always en-
hanced significantly by complexation with heavy-metal
ions. In the case of Eu**, energy transfer from triplet
naphthalene chromophore to Eu®* results in the decrease
in phosphorescence of naphthalene. The enhanced phos-
phorescence of NAC by the complexation of heavy-metal
ions could be used to design potential molecular photonic
devices and chemosensors.

Experimental
Instruments and materials

'"H NMR spectra were recorded on a BRUKER

DXP400 spectrometer with TMS as an internal stan-
dard. IR spectra were obtained by using a Perking-Elmer
Spectrum BX FT-IR System spectrometer. FAB MS
spectra were obtained on a VG ZAB-HS (UK) Organic
Mass spectrometer. Element analyses were performed by
a HERAEUS CHN-RAPID instrument.
fluorescence measurements were carried out with a
HORIBA NAES-1100 time-resolved spectrofluorometer.
Cyclic voltammetry experiments was performed on an
EG&G PAR-283 Potentiostat with model 270 electro-
chemical software.

Spectral-grade alkali-metal chlorides, silver ni-
trate, lead perchlorate and mercury chloride were used

Time-resolved

without purification for emission spectrum measurements.
Absolute ethanol was treated with sodium before use.
Europium nitrate was prepared from europium oxide.

Fluorescence and phosphorescence measurements

UV-VIS spectra of the compound were measured
with a Perking Elmer Lambda 20 UV-VIS spectrometer.
The emission and excitation spectra were detected in a
Hitachi F-4500 Fluorescence spectrophotometer. Time-
resolved fluorescence measurements were carried out with
a HORIBA NAES-1100 time-resolved spectrofluorometer,
operating on the single-photon counting principle, with
appropriate deconvolution-fit programs.

The solution of NAC in ethanol in the presence of a
metal salt was prepared. The samples were purged with
nitrogen for at least 30 min before measurements. The
fluorescence spectra were recorded at room temperature,
while the phosphorescence spectra at 77 K. The excita-
tion wavelength was either 280 nm or 320 nm. The spec-
tra were fully corrected for instrumental response.

Cyclic voltammetry measurements

The reduction potential of HEN was measured by
cyclic voltammetry method. The measurements were car-
ried out in acetonitrile solution by a platinum electrode
(0.5 mm diameter) as working electrode. A platinum
wire and a Ag/AgCl electrode were used as counter and
reference electrodes, respectively. The concentration of

HEN was 1 x 10~* mol/L.
Synthesis of NAC

NAC was synthesized by three steps: 2, 3-bis (2-
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hydroxyethoxyl) naphthalene was prepared and reacted
with tosyl chloride to give the ditosylate, then the ditosy-
late reacted with diethanolamine to yield NAC.

2,3-Bis ( 2-hydroxyethoxyl ) naphthalene This
compound was prepared with a modified method reported
in the literature.?” To a solution of 2,3-dihydroxy-naph-
thalene (80 g, 0.5 mol) in 1.5 L of n-butanol, NaOH
(40 g, 1.0 mol) was added under nitrogen atmosphere
and the mixture was stirred and heated to reflux. 2-
Chloroethanol (96.6 g, 1.2 mol) was added dropwise in
2 h, and the reaction was continued for 24 h. The reac-
tion mixture was cooled and acidified with 10 mL of HCl
during 6 h. The reaction mixture was filtered and the
residual solid was washed with chloroform. The com-
bined filtrate was concentrated by evaporation of the sol-
vent under vacuum. A brownish oil was obtained which
solidified on standing. This crude product was purified
by column chromatography on silica gel with acetone/
petroleum ether (V/V = 1/1) as eluent. The product
was recrystallized from EtOH to give white crystal, yield
14%; m.p. 145—146 C (lit.¥ 144—146 C); 'H
NMR (CD;Cl) 8: 7.2—7.7 (m, 6H), 4.31 (1, J =
4.2 Hz, 4H), 4.12 (1, J=4.3 Hz, 4H); IR (KBr)
v: 3304 (OH), 1487, 1509, 1601, 1629 (Ar, C =
C), 1261 (=C—0—C) em™'; MS m/z (%) 248
(M*, 43), 160 (100); Anal. caled for Cy HigO,
H,0: C63.15, H6.77; found C 63.42, H 6.83.

2,3-Bis (2-hydroxyethoxyl ) naphthalene ditosylate
2,3-Bis(2-hydroxyethoxyl ) -naphthalene (8.6 g, 0.035
mol) was dissolved into 40 mL of pyridine (dry). The
solution was stirred and cooled below 0 °C, while tosyl
chloride (14.7 g, 0.077 mol) in pyridine (dry, 20
mL) was added to the solution dropwise with stirring vio-
lently. The reaction temperature was kept below 2 C.
The reaction was remained at 4 °C for 12 h, then the re-
action mixture was poured over ice and stirred. A gray-
white solid (crude product) was obtained. Recrystalliza-
tion from ethanol twice afforded white needle crystal,
yield 88%; m.p. 110—112 C (lit.# 111—112 C);
"H NMR (acetone-dg) 8: 7.20—7.85 (m, 10H),
4.44 (t, J = 4.0 Hz, 4H), 4.34 (1, J=4.1 Hz,
4H), 2.35 (s, 6H); IR (KBr) v;: 1629, 1598, 1509,
1486, 1458 (Ar, C=C), 1360, 1177 (S0,), 1256
(=C—0—C) em™'; MS m/z (%) 556 (M*, 9),
199 (100); Anal. caled for C,gHy305S,: C 60.43, H
5.04, S11.51; found C 60.38, H 5.03, S 11.54.

2,3-Naphiho- 10-monoaza- 15-crown-5 (NAC)

Diethanolamine (8.4 g, 80 mmol) and sodium (3.3 g,
143 mmol) were added into 120 mL of ¢-butanol. The
mixture was stirred and heated to 50—55 °C under ni-
trogen. After sodium was dissolved completely, a solu-
tion of 2, 3-bis (2-hydroxyethoxyl ) naphthalene ditosylate
(19.02 g, 60 mmol) in 50 mL of dioxane was added
during 3 h, and the reaction was continued for 6 h. The
mixture was cooled to room temperature, and filtered.
The residual solid was washed with chloroform. The fil-
trate was combined. The solvent was removed under vac-
uum. A brown yellow solid was obtained. The crude
product was purified by column chromatography on silica
gel with chloroform-methanol ( V/V =20/1) as eluent.
Recrystallization from acetone-petroleum ether (30—60
°C) (V/V=1/1) gave a white crystal, yield 34% ; m.
p. 167—169 C; 'H NMR (acetone-dg) 8: 7.22—
7.69 (m, 6H), 4.17 (t, J=3.5 Hz, 4H), 3.86 (t,
J=3.8 Hz, 4H), 3.67 (t, J=4.3 Hz, 4H), 2.70
(t, J=4.3 Hz, 4H); IR (KBr) v: 3317 (NH), 2874
(CH,), 1628, 1600, 1508, 1485, 1449 (Ar, C=C),
1255 (=C—0——C) em™'; FABMS m/z (%); 318
(M* +1, 39); Anal. caled for CigHy;3NO,: C 68.14,
H7.25, N4.42, 020.19; found C 68.22, H 7.31,
N 4.15, 021.45.
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