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Herein we report a robust and easy method for detecting cesium
metal ion (Cs*) in partially aqueous solutions using the
fluorescence quenching of 2,4-bis[4-(N,N-dihydroxyethylamino)-
phenyllsquaraine. This squaraine dye was found to be both
highly sensitive (low limits of detection) and selective (limited
response to other metals) for cesium ion detection. The detection
is likely based on the metal complexing to the dihydroxyethanol-
amine moieties, which disrupts the donor-acceptor-donor architec-
ture and leads to efficient quenching.

Cesium, which is found in industrial," medical® and nuclear
wastes, can cause a number of negative health effects, includ-
ing cardiovascular disease and gastrointestinal distress."
Current methods for detecting cesium in complex environ-
ments include atomic absorption spectroscopy (AAS),” induc-
tively coupled plasma mass spectroscopy (ICP-MS),® and solid
state sensors.” While these methods are highly sensitive and
selective for cesium detection, they are often expensive and
require sample destruction.

Fluorescence-based methods have rarely been used for
cesium detection,® even though such methods have the poten-
tial to be both cheaper and non-destructive,” and have been
used successfully for the many analytes.'® In one example of
fluorescence-based cesium detection, researchers synthesized
a substituted calixarene that bound cesium with high
affinities, resulting in a significant fluorescence enhancement
and a 0.3 pM detection limit.**

Reported herein is a highly sensitive and selective method
for cesium detection that relies on the fluorescence quenching
of a near-infrared emitting squaraine fluorophore (compound
1). Squaraine fluorophores are used extensively in detection
schemes due to their narrow absorption and emission bands
in the near-infrared spectral region, as well as their marked
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sensitivity to the surrounding environment."? Squaraines have
been used to detect metal ions, including mercury, silver, and
lead, as well as other transition metals, alkali metals, and
lanthanide metals."?
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Compound 1 was synthesized following literature-reported
procedures.'* The fluorescence response of the squaraine to
various metal ions was tested by mixing a squaraine solution
in DMSO with aqueous solutions of metal ions, and compar-
ing the fluorescence spectra of the resulting solutions with the
squaraine fluorescence spectra in the absence of any metal ion
(but in the same DMSO-water ratio). The squaraine solution
was made fresh daily due to partial degradation under the
experimental conditions.

The addition of 1.0 mM of cesium carbonate led to a sig-
nificant quenching of the squaraine fluorescence to 7.6% of
its initial value, as well as a complete disappearance of the
characteristic squaraine absorption band (Fig. 1). Even as little
as 0.010 mM of cesium carbonate caused the squaraine fluo-
rescence to decrease to 92% of its initial value (red line,
Fig. 1). Plotting this fluorescence quenching as a function of
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Fig. 1 The absorbance and fluorescence spectra of compound 1 with increas-
ing amounts of cesium carbonate (0.10 mM compound 1; 650 nm excitation).
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Fig. 2 lllustration of the relationship between cesium concentration and fluor-
escence quenching.
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Fig. 3 Visual detection of cesium by color changes of compound 1.

cesium concentration yielded a plot that rapidly approached
saturation at high cesium concentrations (Fig. 2).

This complete cesium binding was easily detected by visual
inspection of the squaraine solution (Fig. 3). The addition of
1.0 mM of cesium carbonate rapidly turned the light blue
squaraine solution colorless, whereas other common metal
ions displayed no measurable color change.

The sensitivity of this method was determined by calculat-
ing the limit of detection. Although this limit is typically
defined as three times the standard deviation of the back-
ground noise (or ten times the standard deviation for quantifi-
cation limits),"” in this case that definition led to a value that
was effectively zero. Using 30 times the standard deviation of
the background noise for these calculations led to a limit of
detection of 0.096 uM, which provides an upper boundary for
the detection limit. This detection method is more sensitive
than previously reported fluorescence-based methods for
purely aqueous solutions,'" as well as for cesium ion detection
in mixed solvent systems."®

The selectivity of this detection method was determined by
screening a wide variety of other metals, including transition
metals, alkali metals, and alkali earth metals in a variety of
oxidation states. Most of these ions led to no significant
changes in the squaraine’s fluorescence spectra (Fig. 4).

Preliminary experiments indicate that both the carbonate
anion and cesium cation are necessary for the highly efficient
fluorescence quenching, as no fluorescence quenching was
observed for the following species: Cs,SO,, CsNO; and Csl.
Both K,CO; and Na,COj; induced some degree of squaraine
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Fig. 4 The effect of metal ion addition on the fluorescence emission spectrum
of compound 1 (1.0 mM metal ion; 0.10 mM compound 1).
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Fig. 5 Partial quenching of compound 1's emission in the presence of palla-
dium() chloride.

fluorescence quenching, albeit significantly less than the
quenching observed for Cs,CO; (at 1.0 mM metal ion: 7.6%,
28% and 29% of initial fluorescence was observed for Cs,CO3,
K,CO3 and Na,CO3, respectively).

The squaraine fluorescence was also partially quenched in
the presence of palladium chloride, with the addition of
1.0 mM of palladium chloride leading to a 22% decrease in
the squaraine emission (Fig. 5). In this case, the addition of
any amount of palladium led to approximately the same
degree of fluorescence quenching (17% quenched at [PdCl,] =
0.010 mM vs. 22% quenched at [PdCl,] = 1.0 mM), indicating a
non-specific fluorescence quenching mechanism.

The mechanism of cesium-induced fluorescence quenching
is currently under investigation, but the following conclusions
can already be drawn: (a) the lack of any bathochromic or hyp-
sochromic shift in the squaraine fluorescence spectra indicates
that metal-induced aggregation is unlikely to be a significant
contributing factor; (b) the relatively linear relationship
between cesium concentration and fluorescence quenching
(for low cesium concentrations) indicates that a well-defined
ion-squaraine interaction is occurring; and (c) Job plot experi-
ments do not yield a clear stoichiometry between the metal
ion and the squaraine fluorophore.
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The observed fluorescence quenching is in line with a lit-
erature report of a crown-ether containing squaraine whose
fluorescence was quenched in the presence of alkali and alkali
earth metals.'” In that report, the authors concluded that the
metal ions caused fluorescence quenching through binding in
the crown ether moieties, which disrupted the donor-acceptor—
donor nature of the squaraine chromophore.'® Similarly,
in this case we expect that the cesium cation binds strongly to
diethanolamine, attenuating its strongly donating character
and leading to highly efficient fluorescence quenching."’

Conclusions

In conclusion, reported herein is a sensitive and selective
method for detecting cesium via fluorescence quenching of a
squaraine fluorophore. This detection method has a number
of advantages compared to previously-reported systems,
including (a) low limits of detection; (b) marked insensitivity
to a variety of other common metals; (c) ease of operation; and
(d) monitoring of a fluorescent signal in the near-infrared
spectral region, which has limited interference from other ana-
lytes and will enable detection in complex media. The mechan-
ism of cesium-induced fluorescence quenching and the
applicability of this quenching in multiple environments are
currently under investigation, and results will be reported in
due course.

Acknowledgements

This research was partially supported by an undergraduate
research grant from the University of Rhode Island Foundation
to Ms Teresa Mako, and by a research grant from the Gulf of
Mexico Research Initiative.

Notes and references

1 M. V. Chandran, C. V. Ramana, T. B. Reddy and P. V. V. P. Rao,
Int. J. Sci. Nat., 2012, 3, 420.

2 A. M. Latifi, S. M. Nabavi, M. Mirzaei, M. Tavalaei,
H. Ghafurian, C. Hellio and S. F. Nabavi, Toxicol. Environ.
Chem., 2012, 94, 1670.

3 G. R. Peterson, Technol. Innovation, 2011, 13, 99.

16278 | Dalton Trans., 2013, 42, 16276-16278

=

View Article Online

(@) P. Melnikov and L. Z. Zanoni, Biol. Trace. Elem. Res.,
2010, 135, 1; (b) H. Miyazaki, H. Kato, Y. Kato, T. Tsuchiyama
and H. Tereda, J. Food Soc. Jpn., 2013, 54, 151.

K. Greda, P. Jamroz and P. Pohl, Talanta, 2013, 108, 74.

6 M. Liezers, O. T. Farmer and M. L. Thomas, J. Radioanal.

10

11

12

13

14

15

16

17
18
19

Nucl. Chem., 2009, 282, 309.

E. S. Cho, J. Kim, B. Tejerina, T. M. Hermans, H. Jiang,
H. Nakanishi, M. Yu, A. Z. Patashinski, S. C. Glotzer,
F. Stellacci and B. A. Grzybowski, Nat. Mater., 2012, 11, 978.
I. Leray and B. Valeur, Eur. J. Inorg. Chem., 2009, 3525.

(@) C. Li and G. Shi, ACS Appl. Mater. Interfaces, 2013, 5,
4503; (b) S. W. Thomas, G. D. Joly and T. M. Swager, Chem.
Rev., 2007, 107, 1339.

(@) 1. Grabchev, D. Staneva and R. Betcheva, Curr. Med.
Chem., 2012, 19, 4976; (b) R. Rodriguez-Rodriguez and
U. Simonsen, Curr. Anal. Chem., 2012, 8, 485.

V. Souchon, 1. Leray and B. Valeur, Chem. Commun., 2006,
4224,

(a) R. R. Avirah, D. T. Jayaram, N. Adarsh and D. Ramaiah,
Org. Biomol. Chem., 2012, 10, 911; (b) L. Beverina and
P. Salice, Eur. J. Org. Chem., 2010, 1207; (c) A. Ajayaghosh,
Acc. Chem. Res., 2005, 38, 449; (d) S. Sreejith, P. Carol,
P. Chithra and A. Ajayaghosh, J. Mater. Chem., 2008, 18,
264.

(a) M. C. Basheer, S. Alex, K. George Thomas, C. H. Suresh
and S. Das, Tetrahedron, 2006, 62, 605; (b) K. George
Thomas, K. J. Thomas, S. Das and M. V. George, Chem.
Commun., 1997, 597.

(@) J. V. Ros-Lis, R. Martinez-Manez and ]. Soto, Chem.
Commun., 2002, 2248; (b) K. T. Arun and D. Ramaiah,
J. Phys. Chem. A, 2005, 109, 5571; (¢) H. E. Sprenger and
W. Ziegenbein, Angew. Chem., 1966, 78, 937.

B. Saute, R. Premasiri, L. Ziegler and R. Narayanan, Analyst,
2012, 137, 5082.

G. G. Talanova, E. D. Roper, N. M. Buie, M. G. Gorbunova,
R. A. Bartsch and V. S. Talanov, Chem. Commun., 2005,
5673.

U. Oguz and E. U. Akkaya, Tetrahedron Lett., 1997, 38, 4509.
W. Shi and H. Ma, Chem. Commun., 2012, 48, 8732.

(a) K. Mlinaric-Majerski and T. Sumanovac Ramljak, Tetra-
hedron, 2002, 58, 4893; (b) M. Tanaka, M. Nakamura,
T. Ikeda, K. Ikeda, H. Ando, Y. Shibutani, S. Yajima and
K. Kimura, J. Org. Chem., 2001, 66, 7008.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3dt52215f

