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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-dinonyl-2,2"- bipyridine) complex proceeds through
photoinduced electron transfer reaction in 50 % aqueous acetonitrile at pH 11 and has been studied by luminescent
guenching technique. The complex shows absorption and emission maximum at 456 and 618 nm and it shows a life
time at 625 ns in 50 % aqueous acetonitrile at pH 11. The dynamic nature of quenching is confirmed from the
ground state absorption studies. The reductive quenching of [Ru(nbpy)s]?* by the phenolate ions have been
confirmed from the transient absorption spectra. The quenching rate constant, (k;) is highly sensitive to the
availability of active phenolate ions, oxidation potentials of the phenols, the free energy change, (4G°) of the
reaction and the electron transfer distance between the donor and the acceptor.

Keywords: Luminescence quenching; Stern-Volmer equatiompt®&dxidation of phenols; photoinduced electron
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INTRODUCTION

Relating to artificial photosynthetic systems whiate capable to harvest and exploit photons enatyedolar
energy, ruthenium(ll) complexes coordinated by Kehmcycles, such as 2,2'-bipyridines (bpy), havenbeidely
studied due to their predictable coordination bédraas well as their interesting photophysical atettrochemical
properties[1-3]. Ruthenium(ll)-polypyridine compkschave particularly drawn significant intereshcsi they are
able to catalyze reduction and oxidation process®der visible light irradiation enclosing a broaghge of
substrates. These privileges could be utilizedafmplications including, e.g., the photocatalytic@®position of
water and the implementation in photovoltaic desipk 5]. The light sensitizing feature of ruthemigoordination
compounds has been further used as luminescentosleeisors as well as for the production of singletecular
oxygen [6, 7].

Polyphenols constitute one of the most common adéspread groups of substances in flowering plasurring
in all vegetative organs, as well as in flowers &ods. They are considered secondary metabalitesived in the
chemical defence of plants against predators apthint-plant interferences. Several thousand ahtphenols are
known, encompassing a wide variety of moleculeshatain at least one aromatic ring with one orertoydroxyl
groups in addition to other substituents. The aidint activity of phenolic compounds is due toithability to
scavenge free radicals [8], donate hydrogen atareteotron, or chelate metal cations [9]. The cosiom of phenol
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to phenoxyl radical is of interest to chemists heseaof its involvement in biologically importantogesses [10-12].
The one electron oxidation of phenolates to thaltieg) phenoxyl radical is a key step in the oxidatof phenols.
The photoinduced electron- transfer reactions tiewium(ll)-polypyridyl complexes with severattho-, meta-
andpara- substituted phenolate ions are highly influenbgdhe change of structure of the ligands of theglex

as well as the substrates. The decrease in thekjngrrate constank{) value with increase in the bulkiness of the
ligand as well as the quencher has been explamedrins of increase in the electron transfer destgl3-16].
Miedlar and Das presented a detailed report onrédective quenching of *[Ru(bpyf* by several substituted
phenolate ions [17]. The rate of electron tranff@m a donor molecule to an acceptor in a solvemointrolled by
several factors and the most important of thentleeree energy change of the reactiag?), the reorganization
energy i) and the electron transfer distance (d) betweemtmor and acceptor [18].

Investigations on the quenching efficiency of Raihen(ll) polypyridyl complexs with phenols havedremade so
far and the present study concentrates on the firenbehavior of the [Ru(nbpyf* (nbpy = 4,4'-dinonyl-2,2'-
bipyridine) complex with polyphenols in 50 % aquscacetonitrile at pH 11. The transient absorpspectra
confirms the electron transfer nature of [Ru(nB§y)with polyphenols in 50 % aqueous acetonitriletal p, where
quenching process proceeds through the formatiophefolate ions. Further, the nature of quenchatati¢ or
dynamic) is recorded by electronic absorption gjpess$ well as quenching rate constant.

EXPERIMENTAL SECTION

MATERIALS

RuCk.3H,0, ligand (4,4'-dinonyl-2,2'- bipyridine) and thaepchersg-Coumaric acid, ferulic acid, thymol, gallic
acid, quercetin) were purchased from Sigma — AldridPLC grade solvents were used throughout traydtr the
synthesis of complex as well as for quenching studDeionized water was used in all quenching éxpats. The
complex, [Ru(nbpyj Cl, was synthesized following the procedure of Castral [19]. Then the complex was
treated with sodium tetrafluoroborate to get the Bfalt [Ru(nbpyj]( BF,)..

2.2 Equipments

Sample solutions of the [Ru(nbg})’ complex and the quenchers were freshly prepaneesch measurement. The
absorption spectral measurements were carried siny BYSTRONICS 2203 double beam spectrophotometer.
Emission intensity measurements were carried odttha emission spectra were recorded using ELICOLBL
spectrofluorimeter. All the sample solutions used €émission and excited state lifetime measuremerse
deaerated for about 25 min by dry nitrogen gasipgry keeping the solutions in cold water to eedhiat there is

no change in volume of the solution. All the spalctneasurements were carried out at room temperdxcited
state lifetime and transient absorption measuresnesgre made with laser flash photolysis technigsiegian
Applied Photophysics SP-Quanta Ray GCR-2(10) Nd:YkSer as the excitation source [20]. The time
dependence of the luminescence decay is obsenieg asCzerny—Turner monochromator with a steppetomo
control and a Hamamatsu R-928 photomultiplier tuliee production of the excited state on exposur@ste nm
was measured by monitoring (pulsed Xenon lamp df ¥%) the absorbance change. Transient spectra were
obtained by a point-to-point technique, monitorihg absorbance changdés\j after the flash at intervals of 10 nm
over the spectral range 300—700 nm, averagingaat [80 decays at each wavelength. The redox pakteritthe
complex, [Ru(nbpy)?* and the oxidation potentials of the polyphennl§® % aqueous acetonitrile medium at pH
11 were determined by cyclic voltammetric technigaemgCH1604C electrochemical analyzer.

2.3 Quenching studies

The structures of the ligand and the quenchers iséte present study are shownRiy. 1. The photochemical
reduction of [Ru(nbpy]?* complex with various concentrations (2 x16 1.4 x 10% of quenchers in 50 %
aqueous acetonitrile at pH 11 has been studiedubynkscent quenching techniques. Phenolate iontheof
guenchers for the quenching studies were preparatiing the corresponding polyphenols with NaOH déime pH
of the solution was maintained at 11 to confirmt tha quencher was present as phenolate ions.

221



G. Allen Gnana Rajet al J. Chem. Pharm. Res,, 2013, 5(2):220-227

I\ _(—

4,4'-dinonyl-2,2'-bipyridine

Quenchers
OH OH
HO OH @
HO 0]
OH
@ C | HO
OH
HO O OH O
Gallic acid Quercetin Thymol
"""0H
N OH HO
HO CH;
p-coumaric acid Ferulic acid

Fig 1 Structure of ligand and quenchers

The change of emission intensity of *[Ru(nbg$) with change of [Q] measured at 298 K is showifFigm2. The
quenching rate constark,, for the reaction was determined by the lumineseaquenching technique from the
Stern—Volmer equation using emission intensity ¢2td.

Io/I =1+ kg 7o[Q] )

Wherel, and| are the emission intensities in the absence aadepce of quencher respectively agds the
emission lifetime of Ru (ll) complexes in the absenof quencher. A sample Stern—Volmer plot for the
luminescence quenching of *[Ru(nbgly) with polyphenol is shown iRig.3.
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Fig 2 The change in emission intensity of *[Ru(nbpy]?* with different concentrations of gallic acid in 50% aqueous acetonitrile at pH 11

T
550

1.35

1.30 4

1.25 4

1.20 -

1.15 4

I/1

1.10 4

1.05 +

1.00

T T T T T T 1

T T T T T T T
0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014

[QIM

Fig 3 Stern — Volmer plot for the reductive quenchig of *[Ru(nbpy)s]** with ferulic acid in50 % aqueous acetonitrile at i 11
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RESULTS AND DISCUSSION

The absorption spectrum of [Ru(nbgljj complex shows a high energy absorption at 28&amesponding to the
ligand centered — n* transition and the low energy absorption at 456 assigned to the d— n* metal to ligand
charge transfer (MLCT) transition. The MLCT invobselectronic excitation from the metal orbitak [(Ru)] to the
ligand centred acceptar* orbitals (ligand). The [Ru(nbpy)f* complex shows an emission maximum at 618 nm
and excited state life time at 625 ns in 50 % ageexetonitrile at pH 11. The ground state andtectdtate redox
potentials vs Ag/A§ of the [Ru(nbpy)>* complex in this medium arel.28 V and 0.82 V respectively. The free
energy changeAG") values are calculated from the excited state xquiiential of [Ru(nbpy]®* and oxidation
potentials of phenolate ions. The experimental bemdar quenching rate constarky)( of *[Ru(nbpy)]?*,
oxidation potentials of phenolate ions ak@’ in 50 % aqueous acetonitrile at pH 11 are shovifaisie 1.

Table 1 Rate constants, oxidation potential of querhers and free energy changes for the reductive quehing of [Ru(nbpy)s]** with
phenols in 50 % aqueous acetonitrile at pH 11

Quencher Ky E° oxaVS Ag/AG (V) | AG (eV)
p-coumaric acid| 2.4 x f0 0.63 -0.19
Ferulic acid 5.6 x 10 0.57 -0.25
Thymol 7.1x1€ 0.4¢ -0.3¢
Quercetin 1.4x 10 0.25 -0.57
Gallic acid 46x1d 0.37 -0.45

Absorbance

1 1 1 1 1 I 1
250 300 350 400 450 500 550
Wavelength [nm]|

Fig 4 Absorption spectra of [Ru(nbpy}]** in the presence of different concentrations of queetin in 50 % aqueous acetonitrile at pH 11

3.1 Reductive quenching of *[Ru(4,4dinonyl-2,2-bipyridine) 5)** with phenolate ions

The Stern — Volmer plots for the emission intensityhe photoredox systemBig.3) are found to be linear which
indicates that, dynamic quenching is the predontimaoecess and the contribution from static quenghis
negligible. In order to check the ground-state clexpgformation, quenchers are added in incrementshé&o
[Ru(nbpy}]** complex in 50 % aqueous acetonitrile at pH 11 #edabsorption spectra are recorded at different
concentrationsKig. 4). The absorption spectra of the reactants areldquiéhe sum of the component spectra.
There is no significant change in MLCT absorptioaxima of [Ru(nbpyj]? in the presence of the quenchers under
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the present experimental conditions which helpsousonclude that the contribution from the statiemching is
negligible here [13].

Thek, values for gallic acid, quercetin, thymol, ferudicid ando-coumaric acid are 4.6 x 101.44 x 16, 7.1 x 16,

5.6 x 10 and 2.4 x 1®respectively. In alkaline medium at pH 11 all fiteenolic —OH groups in the quenchers
taken in the present study are in the phenolatm.fdvost phenolic compounds with one —OH group do no
effectively quench [Ru(bpy)** photoluminescence [22,23]. Here gallic acid has 8OOH and three phenolic —
OH groups and in alkaline medium especially abd4eQhe carboxylic acid as well as the three phereDH get
ionized [24]. On the other hand quercetin has tiffergnt pharmacophores, the catechol group in Bngnd the
three hydroxyl groups in rings A and C, of whicle ttatechol moiety is the most reactive one whepeaienation
occurs easily [25]. Steric hindrance exerted byttbezoy — pyrone derivative (ring A and C) dira — position of
the ring B reduces its quenching efficiency. Hettoe availability of the phenolate ion for quenchisgless in
quercetin than gallic acid. Therefore thevalue of gallic acid is somewhat higher than getinc The presence of
isopropyl group at the ortho- position of thymoke&s a slight steric effect and reduces the quelgckite constant.
The hydroxyl derivaties of cinnamic acig-¢oumaric acid and ferulic acid) shows the lelgsvalues. The —
CH=CH-COOH chain at thpara- position of phenol has electron acceptor propgstand the stabilization of the
resulting phenolate ion might be increased by mdectelocalization after hydrogen donation by therbxyl
group. Hence the availability of phenolate ion isam less inp-coumaric acid and ferulic acid thus reduces the
quenching rate constant, tkeof latter is somewhat higher than the former duthe presence of electron releasing
methoxy group in thertho- position of the phenol. Here the steric and natdrthe substituent in thertho- and
para- positions affects thig,.

== [F"\U(ﬂbpy)3]2+ at 100 ns
0.07 -
——

[Ru(nbpy)3]2+ with gallic acid at 100 ns

0.00 -

'007 | T T T T T 1
400 500 600 700
Wavelength [nm]

Fig. 5 Transient absorption spectra of [Ru(nbpyj]>* at 100 ns after 355 nm laser flash photolysis imé absence and presence of 0.0008
M gallic acid in 50 % aqueous acetonitrile at pH 11

The AG® values Table 1) indicate that all reactions are exergonic X¥5° becomes more negative. The oxidation
potential and theAG® values show that quercetin undergoes oxidatiomeeasan gallic acid, but thk, value
indicates gallic acid as efficient quencher thaergatin. Thek, depends not only on th&G° but also the electron
transfer distance between the donor and the aacig@p From MM2 molecular model the radius of gakcid and
quercetin are 3.94 and 5.93, /0 the electron transfer distance is more in @ptgr and it decrease the. p-
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coumaric acid shows a high oxidation potential gadfi0.63 V and the free energy change is — 0.19@6rding a
very low quenching rate constant. The oxidatioreptél of ferulic acid (0.57 V) is less than th&pecoumaric acid
indicates that the former undergoes oxidation gaaild shows somewhat highgrthan the latter. The compounds
with two or more electron donating groups have lowedation potentials and higher antioxidant dlgi than
monosubstituted phenols, although —OH groups haeeger effects than — OGHbnes [26]. Quercetin and gallic
acid shows lower oxidation potentials than thymfekulic acid andp-coumaric acid. Thus, the nature of the
substituent present in the phenols also affectsateeof quenching.

The electron transfer nature of the quenching @®de confirmed from the transient spectra of [Rpfs]**
(Fig.5), recorded in the absence and presence of 0.00@&lNt acid. The band at 520 nm corresponds to the
formation of [Ru(nbpyj*. The behavior of these redox systems can be disdusy a common mechanism depicted
in Scheme 1The reactants diffuse together to form the enterutomplex at the closest distance of approach. Th
electron transfer occurs in this association compiRu(NN)z** ... ArO] resulting in the the formation of a caged
pair of radicals or radical ions. The radical i@ither escape from the solvent cage to give thexr@idoducts or
undergo back electron transfer to the formatiotheforiginal reactants.

k gt ket . .
*[Ru(NN);] % + ArO- *[Ru(NN)3 2* ... ArO "] [Ru(NN); * ... ArO |
k _gifs kot
hvl|l 1/t l
[Ru(NN);]>* + ArO” <—— [Ru(NN);*"... ArO "] [Ru(NN); |* + ArO

Scheme 1 Mechanism for the electron transfer quenatg of *[Ru(NN)s]?* with ArO~
CONCLUSION

The present study clearly establishes the reduntiwere of the *[Ru(nbpy)** complexes with polyphenols in 50 %
aqueous acetonitrile at pH 11. Tkgdepends on the availability of phenolate ionsdatibn potentials of the
phenols and\G® values and the electron transfer distance betwleemomplex and the quencher. The steric and
nature of the substituent in tleetho- and para- positions also affects the quenching rate coms@allic acid
behaves as an efficient quencher compared to ptierols due to less electron transfer distanceasaitability of
more number of active phenolate —OH. The studyioosfthe steric and structural effect on the etectransfer
reactions of biologically important phenolate iavith the excited state *[Ru(nbpgf".
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