Arabian Journal of Chemistry (2017) 10, S2429-S2435

King Saud University

ags2sdlloldl

Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Luminescence quenching of tris(4,4'-dinonyl-2,2’-
bipyridyl) ruthenium(II) cation with phenolate ions
in DMSO

@ CrossMark

Sheeba Daniel, George Allen Gnana Raj *

Department of Chemistry and Research Centre, Scott Christian College ( Autonomous), Nagercoil 629003, Tamil Nadu, India

Received 11 March 2013; accepted 4 September 2013
Available online 13 September 2013

KEYWORDS Abstract The photoredox reactions of biologically important phenols (p-coumaric acid, ferulic

acid, thymol, quercetin and gallic acid) with the excited state [Ru(nbpy)s]*" (nbpy = 4,4 -dino-
nyl-2,2 -bipyridine) complex proceed through photoinduced electron transfer reaction in DMSO
and have been studied by luminescence quenching technique. The complex shows absorption and
emission maximum at 457 and 628 nm and it shows a lifetime of 804 ns in DMSO. The excited state
fer; reduction potential of the complex E?{u2+*/'+ in DMSO is 0.72 V vs Ag/Ag™. The dynamic nature of
Structural effects quenching is confirmed from the ground state absorption studies. The reductive quenching of
[Ru(nbpy);]** by phenolate ions has been confirmed from transient absorption spectra and from
the linear variation of logk, vs oxidation potential of the phenols. The quenching rate constant,
(kq) is highly sensitive to the availability of active phenolate ions, oxidation potential of the
polyphenols, the free energy change (AG®) of the reaction and to the electron transfer distance
between the complex and the quencher. Structural effects seem to play an important role in the
photoinduced electron transfer reactions in DMSO.
© 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

Luminescence quenching;
Stern—Volmer equation;
Photooxidation of phenols;
Photoinduced electron trans-

1. Introduction interferences. Several thousand plant polyphenols are known,
encompassing a wide variety of molecules that contain at least
one aromatic ring with one or more hydroxyl groups in
addition to other substituents. The biological properties of
polyphenols include antioxidant, anticancer, and anti-inflam-

matory effects (Gianmaria et al., 2011). The antioxidant activ-

Polyphenols constitute one of the most common and
widespread groups of substances in flowering plants, occurring
in all vegetative organs, as well as in flowers and fruits. They
are considered as secondary metabolites involved in the chem-

ical defense of plants against predators and in plant-plant
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ity of phenolic compounds is due to their ability to scavenge
free radicals, donate hydrogen atoms or electron, or chelate
metal cations. Among the variety of phenolic compounds, phe-
nolic acids have attracted considerable interest in the past few
years due to their many potential health benefits. The conver-
sion of phenol to phenoxyl radical is of interest to chemists
because of its involvement in biologically important processes
(Swarnalatha et al., 2011). The one electron oxidation of phe-
nolates to the resulting phenoxyl radical is a key step in the
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oxidation of phenols. The study of the kinetic and thermody-
namic aspects of electron transfer to generate phenoxyl radi-
cals bearing bulky groups in the ortho- and para-positions
may help to understand the different biological roles of
phenols.

The photochemistry and photophysics of transition metal
complexes containing d° electronic configuration, particularly
Ruthenium polypyridyl complexes ([Ru(NN);]*"), have at-
tracted the chemists in the design of light-driven water splitting
photoanodes (Brimblecombe et al., 2010; Li et al., 2010; White
et al., 2012; Young et al., 2012), molecular probes (Gill and
Thomas, 2012; Liao et al., 2012; Tan et al., 2013; Tan et al.,
2012), construction of solar cells (Adewale et al., 2012; Chitra
et al., 2013; Sannino et al., 2013; Brewster et al., 2011; Tuikka
et al., 2011), artificial photosynthesis (Kalyanasundaram and
Graetzel, 2010) sensors (Cui et al., 2008; Schmittel and Lin,
2008), molecular machine devices (Balzani et al., 2009; Li
et al., 2008) and organic light emitting diodes (Chi and Chou,
2010). This is due to the combination of excellent photophys-
ical and electrochemical properties such as luminescence in
solution at room temperature, moderate quantum yield and
excited state lifetime, spectroscopically distinguishable metal
redox states, tunable electronic properties, ability to undergo
energy and electron transfer processes and chemical stability
(Campagna et al., 2007; Kavan et al., 2008; Lee et al., 2003;
Lo et al., 2008; Siebert et al., 2011; Sun et al., 2010).

The synthesis of Ru(II) complexes with long chain hydro-
phobic ligands is of great interest in recent years because of
their potential applications in thin film devices, sensors, heter-
ogeneous catalysis (Dunn and Zink, 2007; Holder et al., 2005;
Metera and Sleiman, 2007) and for the construction of dye sen-
sitized solar cells (Chandrasekharam et al., 2011; Xu et al.,
2012; Zhu et al., 2012). The dyes with longer hydrocarbon
chains give higher efficiency when used as a sensitizer in dye
sensitized solar cells (Mori et al., 2007). Castro and co-workers
(Castro et al., 2005) have successfully designed a sensor for
hydrocarbon, based on ruthenium(Il)-complex, ([Ru
(nbpy);* " (nbpy = 4,4-dinonyl-2,2-bipyridine)) which is able
to detect reversibly and to quantify both aromatic and ali-
phatic hydrocarbons in aqueous samples.

The excited state properties like emission lifetime, quantum
yield, wavelength of emission maximum and redox potentials
of [Ru(bpy)s** (bpy = 2.2-bipyridine) are largely affected
by the introduction of electron-donating and electron-with-
drawing groups in the 4,4-position of 2,2-bipyridine
(Rajendran et al., 2001; Rajendran et al., 1997; Swarnalatha
et al., 2005). The excited state properties of ruthenium(II)-
polypyridine complexes can also be finely tuned by changing
the nature of the solvent or medium. The rate of electron trans-
fer from a donor molecule to an acceptor in a solvent is con-
trolled by several factors and the most important of them
are the free energy change of the reaction (AG®), the reorgani-
zation energy (4) and the electron transfer distance (d) between
the donor and acceptor (Verma et al., 2012). Numerous works
have been reported on the importance of the substituent, pH,
steric and electronic effects on the photoinduced electron
transfer reactions of ortho-, meta- and para-substituted pheno-
late ions to the excited state Ru(Il)-polypyridine complexes in
aprotic, protic, mixed solvents and in micelles (Miedlar and
Das, 1982; Rajendran et al., 2001; Rajendran et al., 1997,
Swarnalatha et al., 2011; Swarnalatha et al., 2005; Thanaseka-
ran et al., 1998; Verma et al., 2012).

Luminescence quenching is an important technique used to
obtain adequate information about structure and dynamics of
luminescent molecules. It is a process, in which the lumines-
cence intensity of the solute decreases by a variety of molecular
interactions such as excited state reactions, molecular rear-
rangements, energy transfer, ground-state complex formation
and collision-quenching (Huili et al., 2012; Matos et al.,
2008). The present study concentrates on the quenching behav-
ior of the [Ru(nbpy);** complex with polyphenols and
thymol (quenchers) in DMSO. The transient absorption spec-
tra confirm the electron transfer nature of the reaction of the
excited state [Ru(nbpy)s]* " with polyphenols in DMSO, where
the quenching process proceeds through the formation of phe-
nolate ions. Further, the nature of quenching (static or dy-
namic) is recorded by electronic absorption spectra as well as
quenching rate constant.

2. Experimental

2.1. Materials

RuCl3.3H,0, ligand (4,4 -dinonyl-2,2 - bipyridine) and the
quenchers (p-coumaric acid, ferulic acid, thymol, gallic acid,
quercetin) were purchased from Sigma—Aldrich. HPLC grade
solvents were used throughout the study for the synthesis of
complex as well as for quenching studies. The complex,
[Ru(nbpy)s] Cl, was synthesized according to the procedure
previously described (Castro et al., 2005). Then the complex
was treated with sodium tetrafluoroborate to get the BF, salt
[Ru(nbpy)s](BF4).

2.2. Equipments

Samples of the complex, [Ru(nbpy);]** as well as the quench-
ers in DMSO were freshly prepared for each measurement.
Absorption spectra were measured using SYSTRONICS
2203 double beam spectrophotometer. Emission spectra were
recorded using JASCO FP-6300 spectrofluorometer. All the
sample solutions used for emission and excited state lifetime
measurements were deaerated for about 30 min by dry nitro-
gen gas purging keeping the solutions in cold water to ensure
that there is no change in volume of the solution. All the spec-
tral measurements were carried out at 298 K. Excited state life-
time and transient absorption measurements were made with
laser flash photolysis technique using an Applied Photophysics
SP-Quanta Ray GCR-2(10) Nd:YAG laser as the excitation
source (Ramamurthy, 1993). The time dependence of the lumi-
nescence decay was observed using a Czerny—Turner mono-
chromator with a stepper motor control and a Hamamatsu
R-928 photomultiplier tube. The production of the excited
state on exposure to 355 nm was measured by monitoring
(pulsed Xenon lamp of 250 W) the absorbance change. Tran-
sient spectra were obtained by a point-to-point technique,
monitoring the absorbance changes (AA) after the flash at
intervals of 10 nm over the spectral range 300-700 nm, averag-
ing at least 30 decays at each wavelength.

The redox potential of the complex, [Ru(nbpy)s;]*> " and the
oxidation potentials of the polyphenols in DMSO medium
were determined by cyclic voltammetric technique using
CH1604C electrochemical analyzer. A glassy carbon (working
electrode), Pt (counter electrode) and (Ag/Ag’) electrode
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(reference electrode) were used for the electrochemical
measurements and tetrabutylammonium perchlorate was the
supporting electrolyte.

2.3. Luminescent quenching studies

The structure of the ligand and the quenchers used in the
present study are shown in Fig. 1. The complex and the
quenchers taken in the present study are soluble in DMSO
and the excited state life time of the [Ru(nbpy)s]* " is longer
in aprotic solvents than protic one (Castro et al., 2005).
DMSO has greater proton affinity than other aprotic solvent
like acetonitrile (Astudillo et al., 2007). In DMSO, a hydro-
gen bonding interaction is established between the phenolic
—OH groups of the phenols and the oxygen atom of DMSO
(O-H...0O), which polarize the O-H bond, making the pro-
ton transfer easier than in the case of acetonitrile (Astudillo
et al., 2007). This proton transfer yields phenolate ion, which
act as quenchers in these photoinduced ET reactions, hence
we use DMSO as solvent in this study. The photochemical
reduction of [Ru(nbpy)s]*" complex with these phenolate
ions has been studied by the luminescence quenching tech-
nique. The sample solutions were purged carefully with dry
nitrogen for 30min. The Iluminescence measurements
(Fig. 2) were performed at different quencher concentrations
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Figure 2 The change in emission intensity of ‘[Ru(nbpy)s]* "
with different concentrations of gallic acid (2 x 107*-1.4 x 10~%) in

DMSO.

Where I, and I are the emission intensities in the absence and
presence of quencher respectively and 7o is the emission
lifetime of [Ru(nbpy);]** in the absence of quencher.

3. Results and discussion

and the quenching rate constants, k,, were determined from
Stern—Volmer plots (Fig. 3) using the equation given below

. 3.1. Electronic spectra and luminescent life time
(Lakowicz, 2006).

The absorption spectrum of [Ru(nbpy);]*" shows a high

I/I=1+kq1[Q] (1) energy absorption at 286 nm corresponding to the ligand
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Figure 1  Structure of ligand and quenchers.
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Table 1 Rate constants (kg), oxidation potential of quenchers
vs Ag/Ag” (E,) and free energy changes (AG’) for the
reductive quenching of [Ru(nbpy)3]2+ with the quenchers in
154 DMSO.
Quencher kqM7's™h B2, vs Ag/Agt (V) AGP (eV)
Phenol 1.4x 10® 0.78 0.06
Q124 p-Coumaric acid 3.1 x 10° 0.67 —0.047
~ Ferulic acid 8.7 % 10% 0.51 —0.212
Thymol 1.24 % 10° 0.41 —0.307
114 Quercetin 2.48 x 10° 0.30 —0.422
' Gallic acid 6.21 x 10° 0.082 —0.639
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Figure 3 Stern—Volmer plot for the reductive quenching of
“[Ru(nbpy);]** with p-coumaric acid in DMSO.

centered 7—m transition and a low energy absorption at
457 nm assigned to the dn—n" metal to ligand charge transfer
(MLCT) transition. The MLCT involves electronic excitation
from the metal orbital [dr (Ru)] to the ligand centered acceptor
7" orbitals (ligand). The [Ru(nbpy)s]*" complex shows an
emission maximum at 625 nm and has an excited state lifetime
at 804 ns in DMSO.

3.2. Redox potential

The ground state reduction potential of the Ru(Il) complex in
DMSO is —1.37 V vs Ag/Ag™ electrode. The redox potentials
of excited state couples are calculated from the potential of the
ground state couples and the zero—zero energy, Ey o (found to
be 2.1 eV) (Swarnalatha et al., 2005). The excited state redox
potential of the complex (Ex."") is 0.72V vs Ag/Ag". The
free energy change (AG®) values are calculated from the excited
state redox potential of [Ru(4,4’-dinonyl-2,2’-bipyridine);]**
and oxidation potentials of polyphenols. The experimental
bimolecular quenching rate constant (kq) of “[Ru(nbpy)s]* ",
oxidation potentials of quenchers vs Ag/Ag”, and AG® in
DMSO are shown in Table 1.

3.3. Luminescence quenching of " [ Ru(4,4'-dinonyl-2,2'-
bipyridine);]?" with phenolate ions

The Stern—Volmer plots for the emission intensity of the pho-
toredox systems (Fig. 3) are found to be linear which indicates
that, dynamic quenching is the dominant process and the con-
tribution from static quenching is negligible. In order to check
the ground-state complex formation, quenchers are added in
increments to the [Ru(nbpy)s]** complex in DMSO and the
absorption spectra are recorded at different concentrations
(Fig. 4). The absorption spectra of the reactants are equal to
the sum of the component spectra. There is no significant
change in MLCT absorption maxima of [Ru(nbpy);]*" in
the presence of the quenchers under the present experimental
conditions which helps us to conclude that the contribution
from the static quenching is negligible here (Swarnalatha
et al., 2011).

The kqy values for gallic acid, quercetin and thymol are
6.21 x10°, 2.48x10° and 1.24x10°M~'s™! respectively,
whereas ferulic acid and p-coumaric acid record 8.7 x 108,
3.1x 108 M~ s™L. For the sake of comparison of the quench-
ing efficiencies, substituent effect and AG® of the polyphenols
with this complex, we have done this luminescent study with
phenol also and the results are discussed here. Phenol shows
the least kq of 1.4 x 105 M~'s~!. Miedlar and Das reported
this type of least kq value for phenol in the photoredox reac-
tions of [Ru(bpy);]*". The availability of phenolate ions is
more with respect to gallic acid (Angelique et al., 2010) due
to the presence of three phenolic -OH groups, acts as an effi-
cient quencher compared to the other polyphenols taken in the
present study. Quercetin has two different pharmacophores,
the catechol group (ring B) and the benzo-y-pyrone derivative
(ring A and C), of which the catechol moiety is the most reac-
tive one where deprotonation occurs easily (Trouillas et al.,
2006). Steric hindrance exerted by the benzo-y-pyrone deriva-
tive at para-position of the ring B reduces its quenching effi-
ciency when compared to gallic acid. This steric effect can be
ascribed to the increase of electron transfer distance when
the reaction occurs between two reactants carrying bulky
groups (Swarnalatha et al., 2005). The quenching efficiency
of thymol is somewhat lower than quercetin, due to the pres-
ence of one phenolic -OH and the isopropyl group at the
ortho-position of phenol exerting a slight steric hindrance there
by reducing the quenching rate constant. The hydroxyl
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Figure 4  Absorption spectra of [Ru(nbpy)s]” " in the presence of
different concentrations of ferulic acid in DMSO.
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derivatives of cinnamic acid (p-coumaric acid and ferulic acid)
show the smallest kq values. The -CH=CH-COOH chain at
the para-position of phenol has electron acceptor properties
and the stabilization of the resulting phenolate ion might be in-
creased by electron delocalization. Hence the availability of
phenolate ion is much less in p-coumaric acid and ferulic acid
thus reduces the quenching rate constant. The k of ferulic acid
is somewhat higher than p-coumaric acidformer due to the
presence of an electron-releasing methoxy group in the ortho-
position of the phenol. Here the nature of the substituent in
the ortho- and para-positions of phenols affects the k.

The BDE for the phenolic —-OH group in gallic acid
(75.5 kcal/mol) (Harris et al., 2007), is less than that of the
other phenols taken in the present study. Due to this low
BDE, gallic acid undergoes ionization easily and acts as the
most efficient quencher than quercetin, thymol, ferulic acid,
p-coumaric acid and phenol. Though quercetin consists of four
phenolic -OH groups, the BDE of the catechol group (ring B)
is less compared to the phenolic -OH groups in ring A; there-
fore the catechol group undergoes oxidation easily (Trouillas
et al., 2006). The quenching rate constant depends on the num-
ber of phenolic -OH groups present in the quencher. As the
number of phenolic -OH group increases the quenching rate
constant also increases. Here in this study the quenching rate
constant for gallic acid is higher than the other phenols, owing
to the presence of three phenolic -OH groups.

Phenolate ions containing alkyl groups in the ortho-
position play an important role in the antioxidant activity of
phenols (Lakowicz, 2006). The compounds with two or more
electron donating groups have lower oxidation potentials than
monosubstituted phenols, although —OH groups have stronger
effects than —-OCHj; groups (Aleksandra et al., 2007). Here the
oxidation potentials of the polyphenols containing electron
releasing groups in the ortho-position are very low, i.e., AG®
becomes more negative. The AG® values (Table 1) indicate that
all reactions are exergonic except with phenol. The oxidation
potential (0.78 V) and AG® (0.06 V) of phenol also support
the lowest kq for [Ru(nbpy)s]** in DMSO. This is in good
agreement with the reported kq value for luminescent quench-
ing of [Ru(bpy)s]** by phenolate ions in aqueous medium at
pH 12.5 (Swarnalatha et al., 2005). Gallic acid has a very

0.12 =
2+
0.08 - —=—[Ru(bpy),]
2+
—— [Ru(nbpy)s] with quercetin
0.04

-0.04

400 ' 500 ' 600 ) 700
Wavelength, nm
Figure 5 Transient absorption spectra of [Ru(nbpy);]*" at

100 ns after 355 nm laser flash photolysis in the absence and
presence of 0.0008 M quercetin in DMSO.

low oxidation potential (0.082 V) and the AG® value is more
negative (—0.639 e¢V), hence it undergoes oxidation easily
and acts as an efficient quencher compared to the other poly-
phenols taken in the present study. p-coumaric acid shows a
high oxidation potential value of 0.67 V and the free energy
change is —0.047 eV, recording a very low quenching rate con-
stant. The oxidation potential of ferulic acid (0.51 V) is less
than that of p-coumaric acid indicating that the former under-
goes oxidation easily, and shows somewhat higher k than the
latter. The oxidation potentials of quercetin and thymol are
0.3, and 0.41 V, respectively and the corresponding AG® values
are —0.422 and —0.307 eV. Thus the k4 values are highly sen-
sitive to the oxidation potential of the quenchers and the AG®
of the reactions.

The kq also depends on the electron transfer distance be-
tween the complex and the quenchers. From MM?2 molecular
model the radius of gallic acid, quercetin and thymol, are
4.1, 5.93 and 3.9 A whereas p-coumaric acid and ferulic acid
show the same radius (4.8 A). The radius of thymol is less than
that of gallic acid, hence the electron transfer distance is less in
thymol than gallic acid but the k4 value of gallic acid is supe-
rior to thymol due to its lower oxidation potential (0.08 V) and
AG° value (—0.64 eV). Quercetin excerts greater electron trans-
fer distance due to its high radius and it reduces the ky. The
radius of ferulic acid and p-coumaric acid seem to be the same
but the nature of the substituent (-OCHj3) in the former in-
creases the kq to some extent than the latter. This result con-
cludes that the k, value depends not only on the ET distance
but also on AG® value.

The reductive quenching of “[Ru(nbpy)s]*" by the pheno-
late ions has been confirmed from the transient absorption
spectra (Fig. 5) and from the linear variation of log kq vs oxi-
dation potential of the phenols (Fig. 6). The band at 510 nm in
the transient absorption spectra of the complex with quercetin
confirms the reductive nature ([Ru(nbpy);] ") of the complex.
The behavior of these redox systems can be discussed by a
common mechanism depicted in Scheme 1 (Swarnalatha
et al., 2005). The reactants diffuse together to form the encoun-
ter complex at the closest distance of approach. The electron
transfer occurs in this association complex
["Ru(NN);>* ... ArO7] resulting in the formation of a caged
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~
~
™ -
- 924 ~
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L ~
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20 838+ -
= ~
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8.4 ~
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Figure 6  Plot of log k4 vs oxidation potential of quenchers.
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g -et
hv || 1/t i
[Ru(NN)j] 2+ Ar0- <——  [Ru(NN);%...Ar0"] [Ru(NN);1* + Ar0’

Scheme 1

pair of radicals or radical ions. These radical ions either escape
from the solvent cage to give the redox products or undergo
back electron transfer to form original reactants.

4. Conclusion

The present study clearly establishes the luminescence
quenching mechanism of photoredox reactions of the
“[Ru(nbpy)s]*" with the polyphenols in DMSO. The k,
depends on the availability of phenolate ions, oxidation
potentials of the polyphenols, AG® values and the electron
transfer distance between the [Ru(nbpy);?" and the
quencher. The nature of the substituent in the ortho- and
para-positions affects the quenching rate constant. Gallic
acid behaves as an efficient quencher compared to other
polyphenols due to the availability of more number of phe-
nolate ions. The oxidation potential and the corresponding
free energy change values also confirm the higher rate of
quenching for gallic acid than other polyphenols taken in
the present study. This study confirms the structural effect
on the electron transfer reactions of biologically important
phenolate ions with the excited state "[Ru(nbpy)s]*".
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