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Bisnitronyl nitroxides bridged by tetra(ethyleneoxy) sensing
metal ions spectroscopically and electrochemically

Yanxin Yu,a,b Deqing Zhang,a,* Guanxin Zhang,a Zhiyong Wangb and Daoben Zhua

aBeijing National Laboratory for Molecular Sciences, Organic Solids Laboratory, Institute of Chemistry,

Chinese Academy of Sciences, Beijing 100080, China
bHefei National Laboratory for Physical Science at Microscale and Department of Chemistry,

University of Science and Technology of China, Hefei, Anhui 230026, China

Received 30 January 2006; revised 9 March 2006; accepted 10 March 2006
Available online 31 March 2006
Abstract—Compound 1 containing two nitronyl nitroxide units bridged by tetra(ethyleneoxy) was designed and synthesized for
sensing metal ions, by taking the features of nitronyl nitroxides: a chromophore showing absorption in visible range, reversible oxi-
dation/reduction and coordination to metal ions. The absorption spectrum of 1 was altered markedly upon mixing with a few rare
earth metal ions and some transition metal ions. Moreover, the oxidation potential of 1 was shifted to more positive range in the
presence of metal ions including Pb2+, Ba2+, and Ca2+. Thus, compound 1 can sense metal ions both spectroscopically and
electrochemically.
� 2006 Elsevier Ltd. All rights reserved.
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Scheme 1. Synthesis of compound 1. Reagents and conditions: (i) p-
CH3C6H4SO3H (cat), HC(OCH2CH3)3 (cat), CH3OH, rt, 24 h, and
PbO2, 70%; (ii) tetraethylene glycol, DEAD, PPh3/THF, 75%.
Nitronyl nitroxides were initially discovered by Ullman
in 1970’s and widely used as spin probes.1 In 1991, p-
nitrophenyl nitronyl nitroxide was found to be a bulk
ferromagnet.2 Since then, nitronyl nitroxides were inten-
sively investigated for studies related to organic mag-
nets. Because of their spin-related properties of
nitronyl nitroxides, nitronyl nitroxides are introduced
to calixarenes3 and crown ether frameworks4 to study
molecular conformation change and sense metal ions
with ESR as the output signal. Nitronyl nitroxides are
also chromophores showing absorptions in visible range
around 550 nm, and they are also electron donors that
can be reversibly oxidized and reduced.5 For instance,
the fluorescence of 2-nitronyl nitroxide pyrene was
shown to be largely quenched and modulated by the
combined actions of cysteine and CF3COOH mimicking
the performance of an ‘AND’ logic gate.6 It should also
be mentioned that nitronyl nitroxides can be coordi-
nated to metal ions under suitable conditions.7

Considering the unique properties of nitronyl nitroxide
unit: a chromophore showing absorption in visible
range, reversible oxidation/reduction and coordination
to metal ions, a bisnitronyl nitroxides molecule (1,
Scheme 1) was designed for sensing metal ions. The
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absorption spectrum of 1 changed markedly upon
mixing with Gd3+, Er3+, Fe3+, and Cu2+. Moreover,
the oxidation potential of 1 was anodically shifted in
the presence of Pb2+ and even Ca2+ and Ba2+ which
cannot induce any detectable change for the visible
region of the absorption spectrum of 1. Therefore,
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Figure 2. Color changes observed for the solution of 1 (5.0 · 10�4 M)
in the presence of different amounts of Gd3+ and pyridine in CH3CN:
from left to right: 0.0 equiv of Gd3+ + 0.0 equiv of pyridine, 1.0 equiv
of Gd3+ + 0.0 equiv of pyridine, 2.0 equiv of Gd3+ + 0.0 equiv
of pyridine, 3.0 equiv of Gd3+ + 0.0 equiv of pyridine, 4.0 equiv of
Gd3+ + 0.0 equiv of pyridine, 4.0 equiv of Gd3+ + 4.0 equiv of
pyridine.
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molecule 1 with two nitronyl nitroxides bridged by
tetra(ethyleneoxy) can sense metal ions both spectro-
scopically and electrochemically.

Compound 2 was prepared according to the reported
procedure1 by condensation of salicylaldehyde with
2,3-bis(hydroxylamino)-2,3-dimethylbutane, followed
by oxidation with PbO2. Compound 2 was transformed
to compound 1 after reaction with tetraethylene glycol,
PPh3, and DEAD via Mitsunobu reaction8 in 76%
yield.9

Compound 1 shows strong absorptions at 286, 330 nm
and weak absorption at 550 nm (Fig. 1). Compound 1
contains tetra(ethyleneoxy) unit and two nitronyl nitr-
oxides and thus may form complexes with metal ions
as crown ether. It is expected that coordination with
metal ions would alter its electronic structure and thus
its absorption spectrum. Alkali metal ions, alkali earth
metal ions, transition metal ions and several rare earth
metal ions were tested. It was found that the absorption
spectrum of 1 was changed markedly upon addition of a
few rare earth metal ions. For instance, Figure 1 shows
the absorption spectra of 1 in the presence of different
amounts of Gd3+. Upon addition of Gd3+, the absorp-
tion intensity around 550 nm was gradually reduced,
and concomitantly a new absorption around 401 nm
emerged. Accordingly, the color of the solution of 1 var-
ied gradually after addition of Gd3+ and the color
change can be detected by naked-eye as displayed in Fig-
ure 2. Besides, the absorption bands at 286 and 330 nm
were hypsochromically shifted and their intensities were
slightly enhanced. Three isoabsorptive points at 337,
370, and 482 nm were clearly observed. The inset of Fig-
ure 1 shows the plot of the variation of absorbance at
401 and 558 nm versus the amount of Gd3+ added
to the solution of 1, implying that the 1:1 complex was
formed between 1 and Gd3+. The corresponding bind-
ing constant was estimated to be (2.867 ± 0.1692) · 104

(R = 0.99433) by fitting the data to Benesi–Hildebrand
equation. It is interesting to note that the absorption
spectrum of 1 can be fully restored after addition of
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Figure 1. Absorption spectra of compound 1 in the presence of Gd3+

with increasing concentration (0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 ·
10�4 M) in CH3CN; the concentration of the compound 1 was
1.0 · 10�4 M in CH3CN; Inset shows the Job plot for compound 1–
Gd3+ complex in CH3CN solution.
4.0 equiv amount of pyridine to the solution of 1 con-
taining Gd3+ (4.0 equiv). This is likely due to the coor-
dination of Gd3+ with pyridine and thus compound 1
was released. This result again supports the fact that
variation of the spectrum of 1 in the presence of Gd3+

is due to its coordination with Gd3+.10 Under the same
conditions, addition of Er3+ to the solution of 1 led to
similar absorption spectral changes as shown in Figure
3. In the presence of Dy3+ and Nd3+ obvious changes
for absorption bands below 400 nm were observed, but
the absorption band around 550 nm was kept almost
unaltered (Fig. 3).11

Among the tested transition metal ions including Zn2+,
Cu2+, Ni2+, Co2+, Fe2+, Fe3+, and Mn2+, addition of
Cu2+/Fe3+ to the solution of 1 can also cause detectable
absorption spectral change (Fig. 4). Similarly, on the
basis of the plot of the absorbance difference measured
at 401 nm versus the amounts of Cu2+/Fe3+ it may be
concluded that compound 1 also forms 1:1 complex with
Cu2+/Fe3+. The corresponding binding constants for
Cu2+ and Fe3+ were estimated to (1.900 ± 0.103) · 103

(R = 0.99922) and (1.054 ± 0.028) · 103 (R = 0.99791),
respectively.

The absorption bands below 400 nm of 1 were changed
upon addition of Ba2+ and Ca2+, but the absorption
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Figure 3. Absorption spectra of compound 1 in the presence of Dy3+

(5.0 equiv), Er3+ (5.0 equiv), and Nd3+ (5.0 equiv); the concentration
of the compound 1 was 1.0 · 10�4 M.
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Figure 5. (A) Cyclic voltammograms of 1 (5.0 · 10�4 M) in the
presence of increasing amounts Gd(CF3COO)3: (a) 0.0 equiv of
Gd3+, (b) 6.0 equiv of Gd3+; (B) cyclic voltammograms of the solution
of 1 (5.0 · 10�4 M) containing 6.0 equiv of Gd3+ after addition of
increasing amounts of pyridine: (c) 0.0 equiv of pyridine, (d) 6.0 equiv
of pyridine; all experiments were performed in CH3CN at 298 K with
n-Bu4NPF6 (0.1 M) as supporting electrolyte, and the scanning rate
was 20 mV/s.
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Figure 4. (A) Absorption spectra of compound 1 in the presence of increasing amounts of Fe(III) (0.0, 1.0, 2.0, 3.0, and 4.0 equiv); (B) absorption
spectra of compound 1 in the presence of increasing amounts of Cu(II) (0.0, 0.5, 1.0, 1.5, and 2.0 equiv); the concentration of the compound 1 was
1.0 · 10�4 M.
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band around 550 nm kept almost unchanged (see
Supplementary data). However, alkali metal ions cannot
induce any detectable absorption spectral change for
compound 1.12

As reported previously, nitronyl nitroxides can be
reversibly oxidized and reduced.5 Coordination of 1
with metal ions would alter its electronic structure.
Thus, it can be anticipated that the oxidation potential
of 1 would be varied upon coordination with metal ions.

As indicated in Figure 5A, compound 1 shows an oxida-
tion potential ðE1=2

ox.Þ of 0.72 V, implying that the two
nitronyl nitroxides of 1 are simultaneously oxidized.
Both the oxidation and reduction peak currents were
gradually reduced after addition of Gd3+ to the solution
of 1 (Fig. 5A). Similar to the absorption spectral change
of 1 in the presence of Gd3+, its cyclic voltammogram
can be also restored after addition of pyridine as dis-
played in Figure 5B, where the cyclic voltammograms
of the solution of 1 containing 6.0 equiv of Gd3+ after
addition of different amounts of pyridine are displayed.

Because Fe3+ and Cu2+ are redox active, the studies of
their effects on the cyclic voltammogram of 1 were not
performed. Interestingly, the oxidation potential of 1
was shifted to more positive range in the presence of
Pb2+ as shown in Figure 6. For example, the potential
of oxidation peak was changed to 0.91 V after addition
of 1.0 equiv of Pb2+. Ba2+ and Ca2+ can also cause the
positive shift of the oxidation potential of 1 as shown
in Figure 7. But, Li+, Na+, K+, and Cs+ cannot induce
any variation of the oxidation potentials of 1. The dif-
ferent effects of metal ions on the oxidation potential
of 1 are probably due to their different binding con-
stants with 1.

For comparison, the analogue of 1 with one nitronyl
nitroxide (compound 3, see Supplementary data) unit
was synthesized. Similar absorption spectral changes
were observed for compound 3 in the presence of
Gd3+, Fe3+, Cu2+, Pb2+, and Ba2+ (see Supplementary
data). This can be understood by considering the fact
that it is also possible to form complexes between 3
and suitable metal ions through the oxygen atoms of
the tetra(ethyleneoxy) and nitronyl nitroxide units.

By taking advantage of the features of nitronyl nitrox-
ides: a chromophore showing absorption in visible
range, reversible oxidation/reduction and coordination
to metal ions, compound 1 containing two nitronyl nitr-
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Figure 7. Cyclic voltammograms of compound 1 (5.0 · 10�4 M) in the
presence of increasing amounts of Ca2+ (A) and Ba2+ (B).
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Figure 6. Cyclic voltammograms of 1 (5.0 · 10�4 M) in the presence of
increasing amounts of Pb(ClO4)2; all experiments were carried out in
CH3CN at 298 K with n-Bu4NPF6 (0.1 M) as supporting electrolyte
and scanning rate was 20 mV/s.
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oxide units bridged by tetra(ethyleneoxy) was designed
for sensing metal ions. The absorption spectrum of 1
was altered markedly upon mixing with a few rare earth
metal ions and some transition metal ions. Moreover,
the oxidation potential of 1 was shifted to more posi-
tive range in the presence of metal ions including Pb2+,
Ba2+, and Ca2+. Thus, compound 1 can sense metal
ion both spectroscopically and electrochemically. The
present results will add new merits to the chemistry of
nitronyl nitroxides. Further investigations include the
optimization of the linker that connects two nitronyl
nitroxides and design new bisnitronyl nitroxides for
selectively sensing metal ions.
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