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A Wide-range Luminescent pH Sensor Based on Ruthenium(II) Complex
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The measurement of pH is of great importance in biological,
chemical and industrial areas, such as biological and chemical
analyses, environmental monitoring, and process control. In
recent years, the optical pH sensing technique based on the
luminescence of certain indicators has received increasing
attention because it offers many advantages over the poten-
tiometric method employing a glass electrode,' such as small
probe size, high sensitivity, electrical safety, the absence of
any requirement for a reference electrode, and a wide selection
of available indicator dyes.2

Various luminescent dyes have been explored for the
development of optical pH sensors, including fluorescein
derivatives,3 corrole delrivatives,4 coumarin derivatives’ and
ruthenium(II) polypyridyl complexes.6 Of these, derivatives
of'the latter have been used extensively for optical pH sensors
because they display high photochemical stability, high molar
absorptivity, long luminescence lifetime derived from the
metal to ligand charge transfer (MLCT) excited states, and
large Stokes shift.”

For direct pH sensing by a luminescent indicator, the
indicator must include a pH-sensitive functionality which is
capable of reversible protonation-deprotonation and altering
the emissive properties of the indicator with pH changes. This
concept has been successfully applied to several ruthenium(II)
polypyridyl complexes [Ru(bipy),L]*" (bipy = 2,2’-bipyridine
derivatives) where L is a ligand possessing protonatable/
deprotonatable functional groups.8 Similarly to most pH
indicators, however, these [Ru(bipy)zL]2+ complexes have a
narrow pH sensing range. Therefore, the development of
luminescent chemosensors with a wide-range pH sensing
function continues to be an interesting research area.

With the aim of preparing a Ru(II) complex covering a
broad pH sensing range, we designed a ruthenium complex
consisting of two different polypyridyl ligands, each possess-
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Scheme 1. Reagents and conditions: (a) RuCl;-3H,0, dimethylfor-
mamide, reflux, 2 h; (b) 3,4-dihydroxy-1,10-phenanthroline, EtOH/1
M NaOH, reflux, 3 h.

ing different protonatable/deprotonatable functionalities:
-OH and -CO,H. Herein we report on the synthesis and
luminescent properties of [RuLL’,]"" where L is 4,7-dihydroxy-
1,10-phenanthroline and L’ is 4’-methyl-2,2’-bipyridine-4-
carboxylic acid. Ru(II) complexes containing 4,7-dihydroxy-
1,10-phenanthroline show luminescent pH sensitivity.8f

4°-Methyl-2,2’-bipyridine-4-carboxylic acid (1)’ was reacted
with RuCl; in dimethylformamide following Wrighton’s
method® with minor modification to provide the ruthenium
complex 2 as a dark violet solid in 72% yield.10 Reaction of
complex 2 with 4,7-dihydroxy-1,10-phenanthroline in a mixed
solvent of EtOH and 1 M NaOH solution afforded the
ruthenium complex 3 at a 91% yield as a red crystalline solid,
which was an inseparable mixture of stereoisomers." The
formation of complex 3 was confirmed by the presence of
resonance peaks (C NMR) for CO,H at 165.6 ppm, CH3 at
20.2 ppm and all aromatic carbons, as well as an indicative
molecular ion peak (MALDI-TOF MS) at m/z 786.12 (M-
2C1).

The 2D emission spectra of complex 3 in buffer solutions of
pH 10.0 and 2.0 are shown in Figure 1. In the former (Figure
la), complex 3 was almost deprotonated and displayed a
strong emission at 620 nm when excited by radiation of 485
nm and overlapped emissions maximized near 470 nm with
the excitation wavelength of 335 nm. The emission at 620 nm
was attributed to MLCT of Ru(II) complexes and the emission
near 470 nm to the ligand-centered transition.' In figure 1b,
where complex 3 is fully protonated, a weak emission was
observed at around 635 nm with a red shift and a significantly
reduced intensity compared to the 620 nm band in Figure (1a).
The reduced intensity of the MLCT band on the increased
acidity of the media was observed similarly in the MLCT of
[Ru(bipy).L] ** where Lis 4,7-dihydroxy-1,1 O-phenanthrolinegf
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Figure 1. 2D Emission spectra of complex 3 (2.5 x 10 M) in
phosphate buffer solutions at the following pH: (a) 10.0 and (b) 2.0.
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Figure 2. (a) Emission spectra of complex 3 in buffer solutions
between pH 10.0 and 2.0 at 25 °C. (b) Relative emission intensity
vs. pH of complex 3 in buffer solutions. All points are relative to the
highest intensity point at pH 10.0. The line is provided to aid
visualization and has no physical significance.

and 3-carboxy-2,2 ’—bipyridin<3.6b’8b

To determine the response of complex 3 to H' ions, we
exposed it (2.5 x 10* M) to various phosphate buffer solutions
(0.1 M) between pH 2.0 and 10.0, and observed the emission
intensity at 620 nm with excitation at 485 nm. As shown in
Figure 2, the emission intensity was strongly dependent upon
pH over the broad range of pH from 3 to 9. This wide range of
pH response was attributed to the multiple protonation-depro-
tonation equilibriums arising from the acidic functionalities
(-CO:H and -OH) with different pKa values in the complex.
Such multiple protonation-deprotonation equilibriums of
complex 3 are clearly evident in Figure 2b, where the plots of
the relative emission intensity vs. pH have two inflection
points near pH 4.5 and 8.0, owing to the stepwise deprotona-
tion of CO,H and OH groups in the ligands.

Complex 3 exhibited an increase in the emission intensity
in the direction of deprotonation. The blue shift of the MLCT
band of complex 3 in basic medium was inexplicable because
the MLCT emission could be affected by any combination of
numerous factors including the solvent polarity, stereochemistry
of the ligand-metal complex, spin-orbital coupling, electron
density or oxidation state of core metal. In the literature,
however, the MLCT band of [Ru(bipy)zL]2+ is red-shifted for
the ligand 4,7-dihydr0xy—1,10-phenanthrolinegf’13 and blue-
shifted for 3-carboxy-2,2’-bipyridine8b upon an increase of
pH. Thus, the blue shift of MLCT emission of Ru complex 3
in basic medium was attributed to the strong influence of the
two CO,H groups in 4’-methyl-2,2’-bipyridine-4-carboxylic
acid on the blue-shifted emission of complex 3 over the
4,7-dihydroxy-1,10-phenanthroline inducing red-shifted emiss-
ion.

In summary, we synthesized the Ru(II) complex consisting
of polypyridyl ligands possessing different acidic func-
tionalities, CO,H and phenolic OH. This complex, which was
capable of multiple equilibriums of protonation and deprotona-
tion, displayed excellent luminescent pH sensitivity to extend
the operating pH range, thereby suggesting the promising
potential of this luminescent dye as an indicator for optical pH
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sensing applications over a wide pH range of 3-9. The
development of optical pH sensing membranes containing
this indicator is in progress and will be reported soon.

Acknowledgments. This work was supported by grant no.
RTI04-03-03 from the Regional Technology Innovation
Program of the Ministry of Knowledge Economy (MKE).

References and Notes

—_—

. Vonau, W.; Guth, U. J. Solid State Electrochem. 2006, 10, 746.

2. (a) Korostynska, O.; Arshak, K.; Gill, E.; Arshak, A. Sensors

2007, 7,3027. (b) Lin, J. Trends Anal. Chem. 2000, 19, 541. (c)
Fry, D. R.; Bobbitt, D. R. Microchem. J. 2001, 69, 123.

3. (a) Cajlakovic, M.; Lobnik, A.; Werner, T. Anal. Chim. Acta
2002, 455, 207. (b) Lobnik, A.; Oehme, I.; Murkovic, L;
Wolfbeis, O. S. Anal. Chim. Acta 1998, 367, 159. (c) Nivens, D.
A.; Zhang, Y.; Angel, S. M. Anal. Chim. Acta 1998, 376,235. (d)
Sanchez-Barragan, I.; Costa-Fernandez, J. M.; Sanz-Medel, A.
Sens. Actuators, B 2005, 107, 69.

4. Li, C.-Y.; Zhang, X.-B.; Han, Z.-X.; Akermark, B.; Sun, L.;
Shen, G.-L.; Yu, R.-Q. Analyst 2006, 131, 388.

5. Vasylevska, A. S.; Karasyov, A. A.; Borisov, S. M.; Krause, C.
Anal. Bioanal. Chem. 2007, 387,2131.

6. (a) Price, J. M.; Xu, W.; Demas, J. N.; DeGraff, B. A. 4nal.
Chem. 1998, 70, 265. (b) Goncalves, H. M. R.; Maule, C. D.;
Jorge, P. A. S.; Esteves da Silva, J. C. G. Anal. Chim. Acta 2008,
626, 62.

7. Demas, J. N.; DeGraff, B. A. Anal. Chem. 1991, 63, 829A.

8. (a) Kalyanasundaram, K.; Nazeeruddin, M. K.; Graetzel, M.;
Viscardi, G.; Savarino, P.; Barni, E. Inorg. Chim. Acta 1992,
198-200,831. (b) Zheng, G. Y.; Wang, Y .; Rillema, D. P. Inorg.
Chem. 1996, 35, 7118. (c) Thompson, A. M. W. C.; Smailes, M.
C. C,; Jeffery, J. C.; Ward, M. D. J. Chem. Soc., Dalton Trans.
1997, 5, 737. (d) Grigg, R.; Norbert, W. D. J. A. J. Chem. Soc.,
Chem. Commun. 1992, 18, 1300. (e) Bai, G.-Y.; Wang, K.-Z.;
Duan, Z.-M.; Gao, L.-H. J. Inorg. Biochem. 2004, 98, 1017. (f)
Giodano, P. J.; Bock, C. R.; Wrighton, M. S. J. Am. Chem. Soc.
1978, 100, 6960.

9. McCafferty, D. G.; Bishop, B. M.; Wall, C. G.; Hughes, S. G;
Mecklenberg, S. L.; Meyer, T. J.; Erickson, B. W. Tetrahedron
1995, 51, 1093.

10. Mp >300 °C (decomp.); 'H NMR (DMSO-ds) & 8.84 (d, 1H),
8.79 (d, 1H), 8.55 (d, 1H), 8.22 (dd, 1H), 7.84 (dd, 1H), 7.30 (dd,
1H), 2.40 (s, 3H, CHs); ESI-MS m/z 623.06 [M + Na]" (calcd
622.98).

11. Mp >280 °C (decomp.); 'H NMR (DMSO-de)  9.04-8.89 (m,
4H), 8.81 (s, 2H), 7.95-7.70 (m, 6H), 7.52-7.18 (m, 6H), 2.52 (s,
6H); BC NMR (DMSO-d) 6 165.6, 156.7, 151.4, 150.6, 148.2,
142.8,127.7, 126.2, 125.0, 123.3, 118.5, 110.4, 20.2; MALDI-
TOF MS: m/z 786.12 [M - 2C1]2+ (calcd 786.17).

12. a) Balzani, V.; Carassiti, V. Photochemistry of Coordination
Compounds; Academic Press: New York, 1970. b) Maestri, M;
Balzani, V.; Deuschel-Cornioley, C.; Zelewsky, A. Photo-
chemistry and Luminescence of Cyclometallated Complexes in
Advances in Photochemistry; Volman, D. H.; Hammond, G. S.;
Neckers, D. C., Eds.; John Wiley: New York, 1992; Vol. 17,
Chapter 1, pp 18-26.

13. Vos, J. Polyhedron 1992, 11, 2285.




