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Abstract

A new mixed-ligand complex [Ru(bpy)a(3,3’-dcbpy)]** (compound 1) was synthesized, where bpy = 2,2'-bipyridine and 3,3'-
dcbpy = 3,3'-dicarboxy-2,2’-bipyridine. The ground state pK,; and pK,, of compound 1 were 0.2 and 2.2, respectively. The ground state
pK., and pK,, values of 1.7 and 2.9 for compound 2 ([Ru(bpy).(4.4’-dcbpy)]*", where bpy = 2,2'-bipyridine and 4.,4’-dcbpy = 4,4'-
dicarboxy-2,2’-bipyridine) were also measured. The stronger acidity of compound 1 was attributed to intramolecular hydrogen-bonding
interaction. The excited state pK; values of compound 1 and 2 were determined by means of spectrophotometric titration. Compared to the
ground state pK,s of compound 1 and 2, the higher values for pK's revealed that the excited state species was a slightly stronger base than
its ground state analog. Compound 1 had shorter emission lifetime and smaller quantum yield than those of the compound 2. These results
implied that the substituted positions of carboxylic acid in the 2,2’-bipyridine ligand had effect on the photophysical properties of the

complexes. © 1999 Elsevier Science S.A. All rights reserved.

Keywords: Ruthenium polypyridyl complex; Spectrophotometric titration; Ground state acid—base properties; Excited state acid—base properties

1. Introduction

Synthesis and characterization of electrochemical and
photochemical properties of various polypyridyl transi-
tion-metal complexes have been of prime focus in numerous
research groups because of their potential use in solar energy
conversion schemes in recent years [1-3]. Particularly,
ruthenium(II) polypyridyl complexes have been employed
as efficient photosensitizers for the past two decades. In this
class of sensitizers, cis-(NCS),bis(2,2'-bipyridyl-4,4'-dicar-
boxylate) ruthenium(Il) has been proven to be the most
efficient. A solar-to-electric energy conversion efficiency of
10% was achieved with nanocrystalline TiO, film coated
with a monolayer of this complex [4]. However, these
complexes show very weak luminescence in solution. For
example, the emitting state of the above complex has
luminescence quantum yield of only 0.4% (125 K) and a
50 ns lifetime (298 K) [5]. Therefore, it is difficult to study
photophysical properties of this complex.

The acid-base properties of transition metal complexes
containing dicarboxylic acid substituent pyridine ligands
can provide important information about the nature of
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excited states. For this purpose, bis(2,2’-bipyridine)(3,3'-
dicarboxy-2,2-bipyridine) ruthenium(Il) chloride (com-
pound 1) was synthesized. Detailed photophysical studies
of the acid-base properties of this complex were reported in
this paper. For comparative purposes, the parallel measure-
ments on bis(2,2"-bipyridine)(4,4'-dicarboxy-2,2'-bipyri-
dine) ruthenium(Il) chloride (compound 2) were carried
out. These experimental results may provide further insight
into the photoelectrochemical and excited state photophy-
sical properties of the cis-(NCS),bis(2,2'-bipyridyl-4,4’-
dicarboxylate) ruthenium(Il) and cis-(NCS),bis(2,2’-bipyr-
idyl-3,3’-dicarboxylate) ruthenium(II).

2. Experimental
2.1. Materials

All chemicals and solvents were of reagent grade and used
as received without further purification.

Synthesis of the 3,3’-Dicarboxy-2,2'-bipyridine(3,3’-
dcbpy) was described in the literature [6]. The product
was characterized by means of elementary analysis. Anal.
Calcd. for C1,HgN,0,4 C, 59.0; N, 11.5; H, 3.3. Found: C,
59.0; N, 11.8; H, 3.5.
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4,4'-Dicarboxy-2,2-bipyridine was prepared by the
method of Whitten et al. [7].

Compound 1 was synthesized as described for compound
2 [8], by using 3,3’-dicarboxy-2,2’-bipyridine as a starting
material. Anal. Caled. for [Ru(bpy),(3,3’-dcbpy)]-
Cl,-12H,0: C, 40.6; N, 8.8: H, 5.0. Found: C, 41.2; N,
8.5; H, 3.9.

[Ru(bpy);]Cl, was prepared as described in the literature
[9].

2.2. Measurements

UV-Vis absorption spectra were recorded on a HITACHI
U-2001 UV/Vis spectrophotometer and emission spectra on
a HITACHI-850 fluorescence spectrophotometer with a
computer for data collection and analysis. Emission quan-
tum yields were calculated by comparison with the inte-
grated intensity of the emission spectrum of an absorbance-
matched solution of [Ru(bpy)3]2+C12 (P, = 0.042) [10] in
water. The fluorescence lifetimes were measured at room-
temperature with a time-resolved spectrofluorimeter (Horiba
NAES-1100), Which was based on the single-photon-count-
ing method. The light source (2 ns FWHM) for the excita-
tion was a high-pressure hydrogen flash lamp of free-
running type. The excitation wavelength was 460 nm. Each
sample was bubbled with N, for 30 min prior to use.

Acid—base titration experiments were performed on sam-
ples dissolved in 1 mol/l NaCl to keep a constant ionic
strength. The ground pKQ was determined by spectrometric
titration, and the excited state pK; was measured by fluor-
escence titration. Ground-state absorption spectra were
obtained from samples having an absorbance of ca. 0.7 at
460 nm. The acidity of these solutions was adjusted by the
addition of solutions of HCI and/or NaOH (0.1-0.8 mol/l).
The total volume change of the sample was negligible
(<1%). The Hammett acidities (H,) of these dilute solutions
were assigned using a pH glass electrode calibrated with
standard aqueous buffers and by assuming pH = Hy [11]. In
the strongly acidic regimes (H, < 0.5), absorption spectra
were obtained by titrating with 98.6% H,SO,. Estimated
errors in the reported values are as follows: absorption and
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emission maximums, +1 nm (£5 nm for weak emitters);
emission lifetime, £10%; pK,, pK;, +0.1.

3. Results and discussion
3.1. UV-Vis spectra and the ground state pK,’

The UV-Vis absorption spectra for [Ru(bpy), (3,3'-
dcbpy)]*" in aqueous solution as a function of pH are shown
in Fig. 1(a). The absorption bands near 450 nm were
assigned to metal-to-ligand change-transfer (MLCT) transi-
tions by analogy to the parent compound [Ru(bpy)s]*". As
the pH decreased, the absorbance of the MLCT band
decreased and broadened. Then a new, low-energy shoulder
appeared at ca. 500 nm. As the pH increased, the energy
maximum of the MLCT band became sharper and red-
shifted. The changes of these spectra were completely
reversible, and the compound was stable at each pH. Two
isosbestic points at 427 nm and 496 nm were in the figure at
pH between 2 and 7. Below pH 2, the spectra changed little.

The absorption changes at 453.5 nm as a function of pH
between —0.6 and 10.5 for compound 1 at room-temperature
showed titration curves with two inflection points
(ng1 =0.2 and ng2 =2.2) in Fig. 1(b). Thus in Fig. 1(b)
the spectrum at pH = 4.7 represented that of the deproto-
nated form, at pH = 1.9, the monoprotonated form, and at
pH = 0, the diprotonated form. The observations of two of
isosbestic behavior and two inflection points in the titration
plot demonstrated that two different protonation steps
occurred in compound 1 (Eq. (1) and Eq. (2)), which could
be used to describe the acid-base behavior of this com-
pound:

[Ru(bpy), (3,3’ — dcbpy)H,)*+
= [Ru(bpy), (3,3’ — dcbpy)H]"

0 _
pk9=0.2

)]

[Ru(bpy),(3,3' — dcbpy)H] "

= Ru(bpy), (3,3 — debpy)] + H" )
a2
0.65
*_’_________——4
/
0.60; /‘
0.55 /

0.504 /

0454,_.~—*

pH

Fig. 1. (a) Absorption spectra of 1 in aqueous solution for the following values of pH: 1, 6.16; 2, 4.70; 3, 4.15; 4, 3.14; 5, 2.60; 6, 2.3; 7, 2.11.
Spectrophotometric titration of 1 showing absorbance change at 453.5 nm for various values of pH.
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Fig. 2. (a) Absorption spectra of 2 in aqueous solution for the following values of pH: 1, 5.38; 2, 4.25; 3, 4.04; 4, 3.31; 5, 2.99; 6, 2.12. (b)
Spectrophotometric titration of 2 showing absorbance change at 459 nm for various values of pH.

The UV-Vis absorption spectra for [Ru(bpy),(4,4'-
debpy)]** (compound 2) in aqueous solution as a function
of pH are shown in Fig. 2(a). The absorption bands near
460 nm were attributed to MLCT transitions. Upon lowering
of pH, the MLCT band located at 460 nm showed a small
decrease in intensity. Two isosbestic points at 422 nm and
478 nm were also found in the plot at pH between 1 and 6.
Below pH 1, the spectra traced slightly off the isosbestic and
changed little (not shown). The absorption changes at
459 nm as a function of pH between 1 and 11 at room-
temperature yielded two pK, values for the ground state as
1.7 and 2.9 (see Fig. 2(b)).

The stronger acidity of compound 1 as compared to its
4,4'-dcbpy analog could be explained in terms of intramo-
lecular hydrogen-bonding interaction between the two car-
boxylic acid substituents in 3,3’- positions. The hydrogen-
bonding interaction could occur between one of the oxygen
atoms bonded to the carbonyl carbon atom in the 3 position
with the hydrogen atom bonded to the carboxyl group in the
3’ position in compound 1. The distance of 3,3’- positions
might fall within the hydrogen-bonding domain, which was
more favorable than that of 4,4'- positions. The hydrogen-

bonding interaction might withdraw the electron from the
carboxyl groups, then increase the electron withdrawing
effect of the carboxyl groups. The above effect would
decrease the electron density on the carboxyl group and
increase the acidity of compound 1. So the pK, values of
compound 1 were accordingly smaller than those of com-
pound 2.

3.2. Emission properties

Fig. 3(a) shows the emission spectra for compound 1 at
various pH conditions. The luminescence intensity was
almost pH independent above pH 7. Unlike the absorption
intensities, the emission intensities of compound 1 varied
mildly in dilute acidic solutions. The intensity decreased
rapidly in middle acidic solutions and the emission was
almost unchanged in strong acidic (below pH 2) solutions
showing independent of pH again. The luminescence peaks
at 615 nm in solutions of pH 6.17 and at 635 nm in pH 1.9
were assigned to deprotonated form and the monoprotonated
form of 1 in the excited state, respectively, suggesting that
proton transfer occurred within the lifetime of the excited
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Fig. 3. (a) pH dependence of room-temperature emission for 1. From 1 to 9, the values of pH are 10.47; 4.15; 3.14; 2.60; 2.30; 2.11; 1.90, respectively.

Titration curves for relative emission intensity variation with pH for 1 (615 nm).



172 P-H. Xie et al./Journal of Photochemistry and Photobiology A: Chemistry 122 (1999) 169-174

& 3
1 1
-

Relative emission intensity

8
2

0

Relative emission intensity
o3

nm

500 550 600 650 700 750 800

0.8 -

0.6 4

“f

0.2 prsuas a8

0.0

Fig. 4. (a) pH dependence of room-temperature emission for 2. From 1 to 7, the values of pH are 7.99; 6.12; 5.38; 4.25; 4.04; 3.31; 2.12, respectively. (b)

Titration curves for relative emission intensity variation with pH 2 (645 nm).

state. The emission intensity of the monoprotonated form
was very weak (ca. 7%) as compared to that of the depro-
tonated one.

Fig. 4(a) shows the emission spectra for compound 2 as a
function of pH. At pH above 5.38, the emission maxima and
intensities were independent of pH. As pH decreased from
5.38 to 4.25, a sudden decrease occurred. Then between pH
4.25 and 2.99, the emission intensities decreased gradually
and slowly; at pH below 2.99, the emission maximums and
intensities were again almost independent of pH.

As the pH decreased from 5.38 to 2.72, the luminescence
peak of compound 2 at 645 nm red-shifted to 685 nm, which
was assigned to the excited states of the deprotonated and
monoprotonated species, respectively. The emission inten-
sity for the monoprotonated species was weak (ca. 17%)
compared to that for the basic one.

A summary of the emission quantum yields and lifetimes
of compound 1 and 2 at different pH were listed in Table 1.
These data suggested a profound influence of the substituted
positions of carboxyl group at the 2,2'-bipyridine ligand on
the photophysical properties of the compounds. As shown in
Fig. 3(a) and Fig. 4(a) and Table 1, compound 1 emitted at
shorter wavelength, and had a shorter emission lifetime and
smaller quantum yield than compound 2. This behavior is
opposite to the predicted trend by the energy gap law

(Eq. (3)) [12].

where C is the slope in cm and E,,, is the energy in cm ™' at
the emission maximum. According to Eq. (3), k,. of com-
pound 1 should be smaller than that of compound 2 and,
therefore, the emission quantum yield of compound 1 should
be higher than that of the compound 2. This may be
attributed to a thermal population of high-lying ligand field
(’LF) state (Fig. 5) [13].

In typical cases, photoexcitation of ruthenium polypyridyl
complexes generates a singlet metal-to-ligand charge-trans-
fer state (MLCT) which undergoes fast, highly efficient
intersystem crossing (®;;. =~ 1) to a manifold of closely
spaced triplet state CMLCT) [14]. As shown in Fig. 5, these
states can then decay back to the ground state through both
radiative (k) and nonradiative (k,,) mechanisms. Nonradia-
tive deactivation of excited states includes two processes.
One is the lowest excited state *MLCT) which decays to the
ground state directly. The other is a thermal population of
high-lying ligand field (*LF) states. This *LF state undergoes
fast nonradiative decay to the ground state or ligand dis-
sociation [15].

In principle, the energy of LF excited state depends on the
field strength, which depends on the 6-donor and 7-acceptor
properties of the ligand, the steric crowding around the metal
and the bite angle of the polydentate ligands [14]. For
compound 1, the bite angle cannot be optimized because
of the steric hindrance on the 2,2'-bipyridine which leads to
weakening of the ligand field strength. Thus, the energy of

Ky ox e~ CEem 3) LF excited state of compound 1 decreases. Furthermore, the
Table 1

The emission quantum yields and lifetimes at different pH for compound 1 and 2 (A, = 454 nm, A, = 610 nm for 1 and . = 460 nm, A, = 650 nm for 2)
Compound 1 2

pH 13.38 6.16 1.90 —0.60 13.38 7.99 2.12 —0.60
7 (ns) 341 109 102 492 471 243 190
Gem (1072) 12 12 3.8 30 29 9.7 8.0




P-H. Xie et al./Journal of Photochemistry and Photobiology A: Chemistry 122 (1999) 169-174 173

y S— E{ oA .
MLCT — reaction
hv -hv
nr KO
Ky
GS v v

Fig. 5. Energy-level diagram showing the excited state processes occurring in ruthenium polypyridyl compounds.

MLCT energy of compound 1 is slightly higher than that of
compound 2. Therefore, k. increases exponentially with
decreasing energy gap between MLCT and LF excited
states. In addition, the formation of hydrogen band can lead
to significant enhancement of nonradiate decay rates. An
increase in k,. may be the reason that the quantum yield of
compound 1 is smaller than that of compound 2. These
results provide experimental support directly for the lower
solar energy conversion efficiency of the cis-(NCS),bis(2,2'-
bipyridyl-3,3’-dicarboxylate) ruthenium(Il) than that of the
cis-(NCS),bis(2,2'-bipyridyl-4,4'-dicarboxylate) rutheniu-
m(II) [16].

3.3. Excited state pK

The titration curve of the luminescence intensity at
615 nm for 1 is shown in Fig. 3(b) over the pH range of
2-11 with one inflection point at 3.8. Since the two car-
boxylic acid groups also displayed two distinct pK,s in the
excited state. The inflection point represented the equili-
brium between the deprotonated form and monoprotonated
form and indicated the value of pH for the other equilibrium
(between monoprotonated form and diprotonated form) was
lower than 1.9. The results illustrated that the excited
complex could be protonated without electronic deactiva-
tion. As an example, when the deprotonationated form of
compound 1 was excited at pH 3.14, the emission of the
monoprotonated form was observed predominately.

The pK, in the excited state (pK},) corresponding to the
equilibrium between the deprotonated and monoprotonated
forms was evaluated in two empirical ways based on For-
ster’s cycle, using the emission and absorption spectra and
their titration curves [17,18].

First, in the titration method, the pK}, was given as
Eq. (4)

pH = pK; + log (2') @

Where the pH is taken at the inflection point of compound 1
in the luminescence curve. 7 (102 ns) and 7(341 ns) are the
excited state monoprotonated and the deprotonated species,

respectively. Then, the pK?, of compound 1 was determined
to be 3.3.

Second, the Forster treatment results in Eq. (5), which
described the relationship between ground and excited state
pK.s based on pure 0-0 transitions in wavenumbers (cmfl)
for the deprotonated (vg) and monoprotenated(vgy. ),
respectively. At room-temperature, the ground state pKY
of complex 1 was 2.2, the emission energy maximums for
the deprotonated and monoprotonated species were
vg = 1.63 x 10*em™", vy, = 1.58 x 10* cm™', then the
predicted excited state pK}, was 3.2 which agreed well with
the value measured by fluorescence titration.

) 0.625
pK, = ng + <T> (v8 — VBH+) )

Fig. 4(b) shows the titration of the emission in intensity at
645 nm for compound 2 over the pH range of 2—11, with one
inflection point at pH 4.5. According to Eq. (4), and the
lifetimes of the deprotonated form(r = 471 ns) and mono-
protonated form (7 = 243 ns) of compound 2, the pK}, of
compound 2 was 4.2. And using vg = 1.538 x 10* cm ™,
vpny = 1.47 x 10* cm ™', the resulting value of pK;, was
4.3 according to Eq. (5).

The higher apparent values for pK; of compound 1 and 2
as compared to the ground-state pK, indicated that the
excited-state deprotonated forms of compound 1 and 2 were
slightly stronger base than the ground-state analogues. The
pK;, of the complex suggested that the ligand electron
density be significantly higher in the excited state than in
the ground state.

4. Conclusions

A new mixed-ligand polypyridylruthenium(II ) complex
[Ru(bpy)»(3,3’ -dcbpy)]2+ was synthesized. The ground state
pK.; and pK,; of compound 1 were 0.2 and 2.2, respectively.
The ground state pK,; and pK,, values of 1.7 and 2.9 for
compound 2 were also measured. The stronger acidity of
compound 1 could be attributed to intramolecular hydrogen-
bonding interaction. Compared to the ground state pK,, the
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higher value of pK; revealed that the excited state species
was a slightly stronger base than its ground state analog.
This result can be expected from the MLCT character of the
excited state. The substituted positions of carboxy group in
the 2,2’-bipyridine ligand had effect on the photophysical
properties of the complexes. The compound 1 had shorter
emission lifetime and smaller quantum yield than those of
the compound 2. The results can be interpreted in terms of an
additional nonradiative decay pathway by thermally popu-
lating a 3LF state. To further understand the above mechan-
ism, experiments are planned to study the temperature effect
of the emission properties for compound 1.

Acknowledgements

The authors wish to thank the NSFC for financial support.

References

[1] M.K. De Armond, K.W. Hanck, D.W. Wertz, Coord. Chem. Rev. 64
(1983) 65.

[2] S.M. Molnar, G. Nallas, J.S. Bridgewater, K.J. Brewer, J. Am. Chem.
Soc. 116 (1994) 5206.

(3]
[4]
[3]
[6]
[7]
[8]
[9]
[10]
(11]
[12]
[13]
[14]
[15]
(16]

(17]
[18]

K. Kalyanasundaram, Photochemistry of polypyridine and porphyrin
complexes, Academic Press, London, 1992.

M.K. Nazeeruddin, A. Kay, I. Rodicio, R. Humphry-Baker, E.
Muller, P. Liska, N. Vlachopoulos, M. Gratzel, J. Am. Soc. Chem.
115 (1993) 6382.

S. Ferrere, G.A. Gregg, J. Am. Soc. Chem. 120 (1998) 843.

F.L. Wimmer, S. Wimmer, OPPI BRIEFS 15 (1983) 368.

G. Sprintschnik, H.-W. Sprintschnik, P.P. Kirsch, D.G. Whitten, J.
Am. Chem. Soc. 98 (1976) 4947.

S. Anderson, E.C. Constable, K.R. Seddon, J.E. Baggott, M.J. Pilling,
J. Chem. Soc. Daltron Trans. (1985) 2247.

S. Anderson, K.R. Seddon, J. Chem. Res. S. (1979) 74.

J. Van Houten, R.J. Watts, J. Am. Chem. Soc. 98 (1976) 4853.
C.H. Rochester, Acidity Functions, Academic Press, New York,
1970.

J.V. Caspar, B.P. Sullivan, E.M. Kober, T.J. Mayer, Chem. Phys. Lett.
91 (1982) 91.

S.R.L. Fernando, M.Y. Ogawa, J. Chem. Soc. Chem. Commun.
(1996) 637.

V. Balzani, F. Barigelletti, S. Campagna, P. Balzer, A. von Zelewsky,
Coord. Chem. Rev. 84 (1988) 85.

G.F. Strouse, J.R. Schoonover, R. Duesing, S. Boyed, W.E. Jones, T.J.
Meyer, Inorg. Chem. 34 (1995) 473.

Y.J. Hou, B.W. Zhang, Y. Cao, X.R. Xiao, W.B. Wang, Submitted to
Inorg. Chem.

J.G. Vos, Polyhedron. 11 (1992) 2285.

A. Weller, Prog. Rract. Kinet. 1 (1961) 189.



