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A bis(m-phenylene)-32-crown-10-based host to which are covalently attached two pyrene groups as
fluorescence chromophores was designed and synthesized. Its complexations with paraquat (PQ) and
diquat (DQ) were studied by proton NMR, ESI mass spectrometry, and UV–vis spectroscopy. Its chemo-
sensor behavior to PQ and DQ was revealed by fluorescence emission spectroscopy. This new host can
function as a fluorescence chemosensor for PQ and DQ due to the inhibition of photoinduced electron
transfer between the bis(m-phenylene)-32-crown-10 moiety and the pyrene groups by the addition of
PQ (or DQ).

� 2008 Elsevier Ltd. All rights reserved.
Paraquat (PQ) and diquat (DQ) are non-selective, effective, and
quick acting herbicides.1 They have been widely used in agriculture
and horticulture. For their highly toxic effects on humans, numer-
ous methods, such as electrophoresis, chromatography, photomet-
ric, and immunoassay, have been developed to monitor and control
these herbicides in the environment, water, food, and clinical sam-
ples.1 However, these methods usually are time-consuming and
often require expensive and sophisticated instrumentation and/or
sample preparation.1,2 Fluorescence chemosensors based on
molecular recognition, for their high sensitivity and selectivity,
are one of the most active research areas in the detection and
determination of cations and anions.3 Crown ethers and related
compounds have been widely used for molecular recognition of
PQ and DQ by us and others.4 Swager et al. prepared conducting
polymers with crown ether side groups to detect PQ based on con-
ductivity changes on PQ binding.5 Willner et al. reported that the
formation of the complexes between PQ and a series of dialkoxy-
benze- and dialkoxyarene-capped Zn(II)–porphyrins resulted in
effective static quenching of the excited chromophores at very
low quencher concentrations.6 Yagi et al. developed a novel dual-
mode porphyrinic receptor which can bind PQ derivatives to
achieve the supramolecular control of photoinduced electron
transfer (PET).7 However, fluorescence chemosensors for PQ and
DQ based on molecular recognition have been rarely reported up
to date.
ll rights reserved.

9.
Pyrene is one of the most widely used fluorogenic units. Mole-
cules with two (or more) pyrene groups can be used as excimer
sensors because of the sensitivity of the intensity ratio of the
monomer to the excimer emission to subtle conformational
changes of the pyrene-attached receptors. The ratio change of
monomer to excimer emission intensities is an informative para-
meter in a variety of sensing systems.8 To explore the application
of the crown ether/PQ (or DQ) molecular recognition motif in the
detection of PQ (or DQ), we designed a bis(m-phenylene)-32-
crown-10 (BMP32C10) derivative host, 1, which has two pyrene
groups covalently linked to its two ends as the fluorescent chro-
mophores. In previous reports, it was found that BMP32C10 deriv-
atives can bind both PQ and DQ,4g,l,r,9 so here the BMP32C10
moiety can function as the recognition part and the fluorescence
intensities of two pyrene groups can be measured as the parame-
ters for sensing. Here we report the synthesis of 1, and its complex-
ations and sensing behavior with PQ and DQ.

To synthesize the fluorescent host 1, bis(5-bromomethyl-
m-phenylene)-32-crown-1010 was synthesized by the literature
procedure. Then, this intermediate was reacted with (1-hydroxy-
methyl)-pyrene11 to afford BMP32C10 derivative 1 in 78% yield
(Scheme 1).12

Then, the complexation between 1 and PQ (or DQ) was studied.
Job plots13 (e.g., for 1�PQ in Fig. 1) based on UV–vis absorbance
data of the charge-transfer band (k = 420 nm) demonstrated that
the two complexes were of 1:1 stoichiometry in solution. The 1:1
stoichiometry of complexation between 1 and PQ (or DQ) was also
confirmed by electrospray ionization mass spectrometric charac-
terization of an equimolar solution of 1 and PQ (or DQ) in acetone.
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Scheme 1. Synthesis of bis(m-phenylene)-32-crown-10 derivative 1.
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Figure 1. Job plots showing the 1:1 stoichiometry of the complex between 1 and
PQ in acetone by plotting the absorbance intensity at k = 420 nm (the host–guest
charge transfer band) against the mole fraction of 1. [1]0 and [PQ]0 are initial
concentrations of 1 and PQ. [1]0 + [PQ]0 = 2.00 mM.
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Figure 2. (a) The absorption spectral changes of 1 (2.00 mM) upon addition of PQ
and (b) the absorbance intensity changes at k = 420 nm upon addition of PQ (from 0
to 14.2 mM) in acetone. The red solid line was obtained from the non-linear curve-
fitting.
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Two relevant peaks were found for 1�PQ: m/z 605.2 (27%)
[1�PQ�2PF6]2+ and 1355.4 (100%) [1�PQ�PF6]+. One related peak
was found for 1�DQ: m/z 1207.3 (30%) [1�DQ�PF6�HPF6]+, with
the base peak at m/z 1047.4, corresponding to [1+Na]+. No peaks
were found for complexes with other stoichiometries.

The association constants (Ka) of 1�PQ and 1�DQ were deter-
mined by probing the charge-transfer bands of the complexes by
UV–vis spectroscopy employing a titration method. Progressive
addition of an acetone solution with high guest (PQ or DQ) concen-
tration and low host (1) concentration to an acetone solution with
the same host (1) concentration results in an increase of the inten-
sity of the charge-transfer band of the complex (Fig. 2). Treatment
of the collected absorbance data with a non-linear curve-fitting
program afforded the corresponding Ka values, 487(±16) M�1 for
1�PQ and 315(±19) M�1 for 1�DQ,14 close to the reported Ka values
550 M�1 and 390 M�1,4b,9a respectively, for BMP32C10�PQ and
BMP32C10�DQ. This is reasonable considering that the CH2OCH2Ar
has a Hammett r value of zero15 and thus is not expected to influ-
ence the complexation of 1 with PQ or DQ electronically.

Proton NMR characterization was also done to investigate the
complexations of 1 with PQ and DQ (Fig. 3). The proton NMR spec-
tra indicate that 1�PQ and 1�DQ are fast-exchange complexation
systems. The chemical shift changes showed very similar charac-
teristics after complexations of 1 with PQ and DQ. Significant up-
field shifts of aromatic protons H1 and H2 and a-ethyleneoxy
protons H14 of 1 were observed (Fig. 3b–d). Its benzyl protons H3

and b-ethyleneoxy protons H15 have relatively small upfield
changes, while c- and d-ethyleneoxy protons H16 and H17 moved
downfield (Fig. 3b–d). The pyridinium protons, H19, H20, and H22–
H25, of both PQ and DQ, methyl protons H18 of PQ and methylene
protons H21 of DQ also had obvious upfield shifts (Fig. 3a, b, d, and
e). Since protons H4 of the methylene groups connected to the pyr-
ene groups and aromatic protons H5–H13 on the pyrene groups of 1
had only very small chemical shift changes (Fig. 3b–d), it is reason-
able to think that these protons are not involved in non-covalent
interactions between the host 1 and the guest PQ or DQ and that
the molar ratio of the monomer to excimer changes a little after
the complexation of 1 with PQ or DQ.

The chemosensor behavior of the new host 1 to PQ and DQ was
investigated by fluorescence emission spectroscopy in acetone.
Fluorescence spectra (Fig. 4) showed that there are two sets of
peaks which display the characteristics of pyrene monomer
(kmax = 389 nm) and excimer (kmax = 479 nm), although the intensi-
ties of both the monomer and excimer emissions are relatively
small. This should be caused by PET from the BMP32C10 moiety
of the host to the pyrene groups.16 The progressive addition of
PQ into the acetone solution of the host which is at fixed concen-
tration resulted in the small decrease of the intensity of the exci-
mer emission peak and the drastic increase of the intensity of
the monomer emission peak. Similar results were observed for
the DQ titration. These indicated that the molar ratio of monomer
to excimer increased a little after the complexation of 1 with PQ or
DQ so the excimer peak decreased a little and that pyrene groups
exist as monomers when host 1 molecules are complexed. The
above proton NMR characterization also confirmed that the ratio
of monomer to excimer changed only a little since the peaks corres-
ponding to the aromatic protons on the pyrene groups shifted a
little after complexation.17 The main reason for the drastic increase
of the fluorescence intensity of the monomer emission is that the
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Figure 3. Partial proton NMR spectra (500 MHz, acetone-d6, 22 �C) of (a) PQ, (b) 2.00 mM 1 and PQ, (c) 1, (d) 2.00 mM 1 and DQ, and (e) DQ.
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Figure 4. Fluorescence emission intensity changes of 1 (6.96 � 10�6 M) upon
addition of PQ (from 0 to 0.18 mM) in acetone. The excitation wavelength was
350 nm.
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addition of PQ (or DQ) inhibited PET between the BMP32C10 moi-
ety and pyrene groups.

Interestingly, we found that after addition of PQ (or DQ), the
fluorescence emission color of the solution changed from cyan to
purple due to the change of the ratio of the monomer fluorescence
emission intensity to the excimer fluorescence emission intensity
(Fig. 5).

In summary, we designed and synthesized a BMP32C10-based
fluorescence chemosensor for PQ and DQ.18 Its fluorescence
chemosensor behavior to PQ and DQ was investigated using fluo-
rescence spectroscopy. We showed that the new host could act
as a fluorescence chemosensor due to the inhibition of PET
Figure 5. Photography of the fluorescence emissions of (a) 1 in the presence of PQ,
(b) 1, and (c) 1 in the presence of DQ in acetone under irradiation at 350 nm.
between the BMP32C10 moiety and the pyrene groups by the
addition of PQ (or DQ). The studies presented here provide a new
potential method for detection of PQ and DQ.
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