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Abstract We have synthesized 3,3,7,7-tetra[N-ethyl-N-
benzyl(acetamide)-2-oxymethyl]-5- oxanonane (EBAOO)
and its terbium complex. The crystal structures of the com-
plex were determined: [Tb(EBAOO)]2[Tb(NO3)5]3·H2O,
Orthorhombic, a=40.722 (6) Å, b=18.418 (3) Å, c=
20.496 (3) Å. In the structure, the rare earth ion satisfies
nine coordination. The geometry of the nine-coordinate poly-
hedron is discussed in terms of the dihedral angle and the
mean plane. The luminescence of the complex is noticeably
enhanced upon complexation with Ag+, which is due to the
suppression of photoinduced electron transfer (PET) process.
Therefore, the terbium complex can be used as a selective
fluorescent silver probe.

Keywords 3, 3, 7, 7-Tetra[N-ethyl-N-benzyl(acetamide)-
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Introduction

Metal ions such as Na+, K+, Ca2+, Zn2+ and Ag+ play an
important role in biological processes. However, investiga-

tion of their function in biological systems can be challeng-
ing because these metal ions lack intense visible absorption
and emission for easy detection. Chemosensors for these
ions provide an approach to such investigation and have
received considerable attention [1]. A number of “chromo-
phore– spacer–receptor” systems that can selectively recog-
nize specific guest ions at their receptor site and produce
measurable color and/or luminescence changes have been
described [2–8]. However, the performance accuracy of
these sensors is still limited, and there needs to be improved
specific response, in particular, in recognition selectivity for
Ag+ over other metal ions [9]. This issue necessitates the
development of sensor molecules that can adequately dis-
criminate Ag+ from other metal ions.

In this endeavor, we have designed a series of multi-
functional ligands having both selective ability to coordi-
nate transition metal ions and good luminescence properties
with lanthanide ions, considering the unique luminescence
properties of rare earth complexes, including hypersensi-
tivity to the coordination environment, narrow bandwidth
and millisecond lifetime [10].

In this paper, we report a new chemosensor, the terbium
(III) nitrate complexes with 3,3,7,7-tetra[N-ethyl-N-benzyl
(acetamide)-2-oxymethyl]-5-oxanonane (EBAOO; Fig. 1),
which can signal Ag+ specifically. The nitrogen atoms in
this ligand serve as silver ion receptor. In the absence of
cations, the emission of the complex is partially quenched
by photoinduced electron transfer (PET) from nitrogen lone
pairs. However, upon complexation of a metal ion, binding
the nitrogen lone pair electrons by the metal ion complex-
ation partially suppresses the PET process. For complexa-
tion with Ag+, the luminescence is noticeably enhanced.
Thus, the complex can be utilized as a chemosensor spe-
cific for detection of Ag+ by monitoring the changes in
luminescence.
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Experimental section

Reagents

All commercially available chemicals were of A.R. grade
and all solvents used were purified by standard methods.

Apparatus

Elemental analyses were determined on an Elementar Vario
EL analyzer. IR-spectra were measured on Nicolet Nexus
670 FT-IR using KBr pellets in the range of 400–
4,000 cm−1. The 1H NMR spectra were recorded on a
Varian 300 spectrometer using CDCl3 as solvent and TMS
as external reference. Fluorescence measurements were pe-
ormed on a Hitachi F-4500 spectrophotometer equipped
with quartz curettes of 1 cm path length. The excitation and
emission slit widths were 10 nm. Intensity data were col-
lected at room temperature on a Bruker SMART CCD area-
detector diffractometer using graphite monochromated
MoK\α radiation. The semi-empirical absorption correction
(multi-scan) was applied. The structures of the titled com-
pounds were solved by applying the direct method using a
Bruker SHELXTL and refined by a full-matrix least-squares
refinement on F2 using SHELEX 97. The non-H atoms
were refined with anisotropic displacement parameters.

Preparation of EBAOO and the terbium complex

A solution of 3,3,7,7-tetrahydroxymethyl-5-oxanonane
(2.5 g, 10 mmol) in THF was added dropwise into a THF
solution that was suspended with NaH (1.6 g, 60%, 40mmol),
and the mixture was stirred under nitrogen at room temper-
ature until no gas appeared. Then a solution of N-ethyl-N-
benzylchloroacetamide (8.7 g, 44 mmol) in THF was added

dropwise into the mixture. After the mixture was refluxed for
6 h, the THF was evaporated and the residue was washed by
column chromatography (silica gel, 2:1 CHCl3/CH3CO2Et)
and evaporated in vacuum resulted a yellow oil (4.3 g),
yield, 50%. Anal. Calcd. for C56H78N4O9 (%): C, 70.71; H,
8.26; N, 5.89. Found: C, 70.65; H, 8.31; N, 5.85. 1H NMR
(300 MHz, CDCl3) δ 0.81 (6H), 1.05 (12H), 1.10 (4H),
3.22–3.36 (20H), 4.04–4.17 (8H), 4.53–4.57 (8H), 7.18–
7.32 (20H) ppm.

The terbium (III) complex was also synthesized. An
ethyl acetate solution of Tb(NO3)3·6H2O (0.25 mmol) was
added dropwise to a solution of the ligand (0.1 mmol) in
the ethyl acetate (20 ml). The mixture was stirred for 4 h
and white precipitate formed. The precipitate was collected
and washed three times with ethyl acetate. Further drying in
vacuum afforded a powder, yield, 75–80%. The single
crystal was grown from acetone with slow evaporation at
room temperature. About 1 week later, transparent crystals
formed from the solution.

Results and discussion

IR spectra

The IR spectrum of EBAOO shows bands at 1,637 and
1,044 cm−1, which may be assigned to υ (C=O), υ (C–O–C)
respectively. In the IR spectra of the complexes, these bands
shift by about 23 cm−1, and 14 cm−1 toward lower wave-
numbers, thus indicating that the C=O, ether O atoms take
part in coordination to the metal ion. The absorption bands
assigned to the coordinated nitrates were observed at 1,497
and 1,311 cm−1 for the complex. It indicates that coordinated
nitrate groups in the complex are bidentate and there is no
free nitrate [11], which is demonstrated by the crystal struc-
tures illuminated as follows.

Determination of the X-ray structure

The crystal data and refinement results of the complex are
summarized in Table 1. Selected bond lengths and angles are
given in Table 2. Figure 2a shows the structure and the
atomic numbering schemes. As we can see from Fig. 2a,
four chains of EBAOO stretch around and form a cup-like
cavity to encapsulate the metal ion, the nine oxygen atoms of
EBAOO all take part in the coordination, the nitrogen atoms
of the four chains do not coordinate. Five nitrates chelate a
Tb3+ to form the big counter anion, and one H2O lies outside
of the coordination sphere. For the nine oxygen atoms coor-
dinated to Tb1, the five ether oxygen atoms appear to be all
at the same distance, 2.47±0. 05 Å, and the other four Tb1-
carboxylate oxygen bond distances are slighter shorter, and

Fig. 1 Structure of 3,3,7,7-tetra[N-ethyl-N-benzyl(acetamide)-2-
oxymethyl]-5-oxanonane (EBAOO)
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lie in the range of 2.30–2.39 Å. In the crystal structure, it is
notable that the ratio of Tb to EBAOO is 5:2, but cation/
anion is 2:3, which is rare in rare earth complexes.

Nine-coordinated Ln (III) complexes most frequently
form tricapped trigonal prism (TCTP) or capped square anti-
prism (CSAP) polyhedrons. As shown in Fig. 2b, the TCTP
geometry can be accessed using the three rectangular (O2–
O5–O9–O8, O2–O5–O7–O1, O8–O9–O7–O1) and two
triangular (O2–O8–O1, O5–O9–O7) faces of the trigonal
prism and the three atoms occupying the capping positions
(O3, O4, O6). The dihedral angles (δ) between pairs of ad-
jacent triangular faces, O3(O2O5)O4, O4(O1O7)O6 and
O6(O8O9)O3, were calculated to be 21.10, 5.54 and
50.18°, respectively. Significant deviation from the ideal
TCTP geometry in the range of 15–45°, can be found in the

5.54° of O4(O1O7)O6. This dihedral angle suggests that
O4, O1, O7 and O6 are almost planar. The mean standard
deviation of the four atoms in this plane is 0.0979. The O4
and O6 atoms are located 0.044 and 0.053 Å above the

Table 2 The selected bond lengths (Å) and angles (°) for Tb
(EBAOO)]2[Tb(NO3)5]3·H2O

Bond lengths (Å) and angles (°)

Tb1–O9 2.295 (9)
Tb1–O5 2.328 (9)
Tb1–O3 2.384 (10)
Tb1–O7 2.391 (9)
Tb1–O4 2.421 (9)
Tb1–O8 2.428 (9)
Tb1–O1 2.435 (9)
Tb1–O2 2.511 (9)
Tb1–O6 2.525 (8)
O(9)–Tb(1)–O(5) 85.0 (3)
O(9)–Tb(1)–O(3) 73.8 (3)
O(5)–Tb(1)–O(3) 73.7 (4)
O(9)–Tb(1)–O(7) 79.6 (3)
O(5)–Tb(1)–O(7) 72.9 (3)
O(3)–Tb(1)–O(7) 138.6 (4)
O(9)–Tb(1)–O(4) 144.4 (3)
O(5)–Tb(1)–O(4) 65.5 (3)
O(3)–Tb(1)–O(4) 113.4 (3)
O(7)–Tb(1)–O(4) 73.2 (3)
O(9)–Tb(1)–O(8) 65.2 (3)
O(5)–Tb(1)–O(8) 138.0 (3)
O(3)–Tb(1)–O(8) 70.0 (3)
O(7)–Tb(1)–O(8) 125.3 (3)
O(4)–Tb(1)–O(8) 150.3 (3)
O(9)–Tb(1)–O(1) 132.9 (3)
O(5)–Tb(1)–O(1) 141.3 (3)
O(3)–Tb(1)–O(1) 118.5 (3)
O(7)–Tb(1)–O(1) 102.9 (3)
O(4)–Tb(1)–O(1) 76.4 (3)
O(8)–Tb(1)–O(1) 76.6 (3)
O(9)–Tb(1)–O(2) 134.6 (3)
O(5)–Tb(1)–O(2) 91.7 (3)
O(3)–Tb(1)–O(2) 61.9 (3)
O(7)–Tb(1)–O(2) 142.2 (3)
O(4)–Tb(1)–O(2) 69.0 (3)
O(8)–Tb(1)–O(2) 89.4 (3)
O(1)–Tb(1)–O(2) 67.7 (3)
O(9)–Tb(1)–O(6) 72.7 (3)
O(5)–Tb(1)–O(6) 131.7 (3)
O(3)–Tb(1)–O(6) 134.6 (3)
O(7)–Tb(1)–O(6) 61.4 (3)
O(4)–Tb(1)–O(6) 111.7 (3)
O(8)–Tb(1)–O(6) 68.7 (3)
O(1)–Tb(1)–O(6) 68.3 (3)
O(2)–Tb(1)–O(6) 134.2 (3)
O(7)–Tb(1)–O(1) 102.9 (3)
O(4)–Tb(1)–O(1) 76.4 (3)
O(8)–Tb(1)–O(1) 76.6 (3)

Table 1 Crystal and experimental data

Characteristic

Empirical formula C112H158N23O64Tb5
Formula weight 3645.21
Wavelength 0.71073 Å
Temperature 298 (2) K
Crystal system Orthorhombic
Space group: Pbcn Z=4
a 40.722(6) Å
b 18.418(3) Å
c 20.496(3) Å
V 15372(4) Å3

Dx 1.575 g/cm3

Absorption coefficient 2.366 mm−1

F (000) 7,312
Crystal size 0.42×0.39×0.37 mm
θ range 2.22 to 25.01°
Limiting indices −47<=h<=48, −21<=k<=16, −24<=l<=23
Reflections collected/
unique

77,078/13,413 [R(int)=0.1105]

Completeness
(to θ=25.01°)

99.0%

Absorption correction Semi-empirical from equivalents
Max. and min.
transmission

0.4748 and 0.4365

Goodness of fit on F2 1.058
Final R indices
[I>2sigma(I)]

R1=0.0753, wR2=0.1710

R indices (all data) R1=0.1684, wR2=0.2371
Largest diff. peak and
hole

1.417 and −2.103 eÅ−3

Measurement Bruker SMART CCD area-detector
diffractometer

Program system SHELXL-97
Structure determination Direct method
Refinement Full matrix

CCDC 284126 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic, Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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mean plane, respectively, while the O1 and O7 atoms are
displaced in the opposite direction by 0.045 and 0.053 Å,
respectively. The mean standard deviation of the plane
formed by O2, O5, O9 and O8 is 0.1024. The O2 and O9
atoms are located 0.040 and 0.061 Å above the mean plane,
respectively, while the O5 and O8 atoms are displaced in
the opposite direction by 0.045 and 0.056 Å, respectively.
In CSAP, the Tb (III) ion is located 0.840 Å below the
upper plane (O2–O5–O9–O8) and 1.431 Å above the lower
plane (O4–O7–O6–O1). The displacement of each atom
from the mean plane shows that the Tb (III) complex forms
a slightly distorted capped square polyhedron.

Fluorescence spectroscopy

The luminescence response of the complex to Ag+ is unique.
Significant changes in emission intensities of the fluores-
cent spectra occurred upon the addition of minute amounts
of Ag+ ions (Fig. 3). As mentioned above, the four nitrogen
atoms of EBAOO did not coordinate with Tb3+. The emis-
sion of the complex in methanol (1×10−4 M), when excited

at 320 nm, is partially quenched by photoinduced electron
transfer (PET) from nitrogen lone pairs. Upon addition of
a methanolic silver ion solution, the fluorescent spectra of

Fig. 2 View of the [Tb
(EBAOO)]2[Tb(NO3)5]3·H2O
showing atom labeling and
ellipsoids at 30% (a) and the
arrangement of the atoms for the
polyhedrons (b). In this view,
hydrogen atoms are omitted for
clarity

Fig. 3 Fluorescence spectra of Tb-EBAOO (1×10−4 M) in methanol
in the presence of Ag+. The insert shows the plot of I0/(I−I0) vs
[Ag+]−1. Excitation was at 320 nm
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the complex showed a noticeable enhancement in emission
which often accompanies the complexation [12]. After ad-
dition of silver ion, binding the nitrogen lone pair electrons
by metal ion complexation partially suppresses the PET
process, causing the fluorescence to increase [13, 14].

The insert in Fig. 3 shows the plot of I0/(I−I0) versus
[Ag+]−1, where I0 and I represent the emission intensity at
546 nm in the absence and presence of Ag+, respectively.
The yielded straight line further confirms that the complex-
ation of Ag+ is in a 1:1 ratio. The 1:1 complexation con-
stant can be calculated from the emission intensity and the
concentration of metal ion, [M], as follows [14, 15]:

I � I0
I1 � I

¼ K M½ �t � L½ �t
I � I0
I1 � I0

� �� �

where I1 is the emission response when no further change
occurred upon continued addition of silver ions. [L]t is the
total concentration of the complex molecule and [M]t
represents the total silver ion concentration. The complex-
ation constant is 1,037 L/mol, which is calculated using a
non-linear curve-fitting method [16] with the observed
experimental emission.

It is of particular interest that the addition of other metal
ions such as Na+, K+, Ca2+, Ba2+, and Zn2+, etc., in the
same concentration reveal no increase or a faint response to
the fluorescent intensity of the complex, despite complex-
ation with the nitrogen atom as reflected in the absorption
spectrum changes. Evidently, the complex can remarkably
discriminate Ag+ from other metal ions.

Conclusion

The ligand, 3,3,7,7-tetra[N-ethyl-N-benzyl(acetamide)-2-
oxymethyl]-5-oxanonane (EBAOO) and its terbium complex
were synthesized. The crystal structures of the complex were
determined: [Tb(EBAOO)]2[Tb(NO3)5]3·H2O. The geometry
of the nine-coordinate polyhedron is discussed in terms of
the dihedral angle and the mean plane. The luminescence of
the complex is noticeably enhanced upon complexation with
Ag+, which is due to the suppression of photoinduced
electron transfer (PET) process. In contrast, the addition of
other metal ions such as Na+, K+, Ca2+, Ba2+, and Zn2+, etc.,
in the same concentration reveal no increase or a faint re-
sponse to the fluorescent intensity of the complex, despite

complexation with EBAOO. Therefore, the terbium complex
can be used as a selective fluorescent silver probe.
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