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Novel Effects of Polyelectrolytes on Fluorescence Quenching of Tris(2,2, -bipyridine)ruthenium(II) 
by Methyl Viologen and Cu거'
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The addition of poly(styrenesulfonate) (PSS) to Ru(bpy)32* solutions shifted the emission peak by 3 nm to red, and increased 

emission intensity by 1.8 times. By contrast, poly(vinylsulfonate) (PVS) had little effect on the fluorescence spectrum. The ef

fects of PSS on the spectral properties of Ru(bpy)32* were attributed to the presence of a hydrophobic phenyl group in PSS, 

which interact with Ru(bpy)33+ by, at least in part, hydrophobic effect. The binding constant of Ru(bpy)32* to PSS in 0.1 M 

NaCl was 6x 104 M'1, and this value was about 1어 times higher than those of methyl viologen (MV1*) and Cu거‘. The Stem- 

Volmer constants of emission quenching of Ru(bpy)3거 by MV2* and Cu거 in 0.1 M NaCl solutions were 426 and 40 M-1, which 

correspond to second order rate constants(^) of 1.1 X 10* and LOx 1 어 respectively. The presence of PSS enhanced 

by ~50 times, whereas PVS increased the values only 1-4 times. The large enhancing effect of PSS, despite of lower charge 

density than PVS, was explained in terms of longer life-time of photoexcited Ru(bpy)32+ bound to PSS and strong association 

of Ru(bpy)33+ to PSS due to a specific interaction involving hydrophobic effect. The variation of Kw's on the concentrations 

■of PVS and PSS were also investigated for Ru(bpy)产-MV" and Ru(bpy)32+ -Cu2+ photoredox systems.

Introduction

The quenching of the excited triplet state of tris(2,2z- 

bipyridine)ruthenium(II) cation (Ru(bpy)32+) via electron 

transfer reaction has been a subject of intense studies. These 

studies are mainly focused on the possibility of using the com

plex cation in conversion of solar energy into the stored chemical 

energy, and thus, on the enhancement of the efficiency of the 

conversion.1 Methyl viologen (MV2+: 1,1 ?-dimethyl-4,4'- 

bipyridinium) salts have been most widely used as an electron 

mediator, i,e.t fluorescence quencher. To accelerate the desired 

electron transfer reaction and/or to prevent back or side reac

tions, various microheterogeneous systems were extensively 

utilized.1,2

In view of large influences of polyelectrolytes on the rates 

and yields of many chemical reactions,2 the effects of polyelec

trolytes on the quenching of fluorescence of photoexcited Ru 

(bpy)j2+ by various quenchers have been investigated.2-8 Similar

ly, the electron transfer reactions involving polymer-pendent 

Ru(bpy)32+ or viologens were also studied.9-11 The rates of elec

ton transfer quenching of the excited Ru(bpy)32+ by Cu2+ and 

Fe2+, for example, were increased up to 3 orders of magnitude 

by the addition of an anionic polyelectrolyte, poly- 

(vinylsulfonate).5-5 The remarkable enhancement of the quen

ching were attributed to the condensation of the Ru(bpy)32+ 

and the cationic quenchers in the potential fields of the poly

anion by the coulombic interaction.

In this paper, we describe our results of the studies on the 

fluorescence quenching of Ru(bpy)32+ by MV거 and Cu저 in poly- 

(styrenesulfonate) (PSS) and poly(vinylsulfonate) (PVS) solu

tions, which reveal that a specific interaction with polyelec

trolytes also greatly affects the rates of the electron transfer 

reactions between the photoredox couples.

Experimental

Ru(bpy)3(C104)2 was prepared by modification of a 

precedure described in a literature12 for the preparation of Ru 

(bpy)3(PF3)2, ie, the reaction of RuC13.xH2O and 2,2'- 

bipyridine was followed by column chromatography on alumina 

and by precipitation with aqueous NaClO4. PVS and PSS were 

obtained from Polyscience as sodium salts, and purified by 

precipitation from ethanol. All solutions were prepared with 

deionized distilled water. The concentration of Ru(bpy)a2+ was 

determined by using the value of £453 = 14000 for the

complex ion.5 The concentrations of polyelectrolytes were 
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calculated from dried weight and given in terms of monomer 

units.

Absorption spectra were taken on a Beckman DU-8B spec

trophotometer, and fluorescence spectra were recorded on a 

Hitachi 650-IOS fluorescence spectrophotometer at 25±0.5°C. 

The emission spectra were recorded in 550-660 nm range (slit 

width 5 nm) at excitation wavelength of 450 nm. For all ex

periments, air-saturated solutions were used, since the electron 

transfer rate expressed in terms of Stern-Volmer constant deter

mined from an air-saturated solution is the same as that from 

a deaerated solution.3 Unless otherwise specified, all solutions 

contained 0.1 M NaCl to maintain the nearly same ionic strength 

for all measurements, because the electron transfer rate under 

study strongly depends on the ionic strength13 as expected from 

the interionic nature of the reactions.

Results and Discussion

Effects of PVS and PSS on the Emission Spectrum of Ru 

(如)，)产・ The emission intensity of Ru(bpy)32+ solutions was 

greatly increased, upto 1.8 times, and the peak of emission spec

trum shifted to longer wavelength by 3 nm by the addition of 

PSS. The typical spectra demonstrating the effects of PSS are 

아iqwh in Figure 1. In contrast to PSS, the addition of PVS to 

solutions of Ru(bpy)32+ had little or no effect on the intensity 

and peak position of the emission spectrum, which agreed well 

with a previous report.4 The increased emission intensity in the 

presence of PSS reflects the longer life-time of a photoexcited 

Ru(bpy#가 associated with PSS than that of free Ru (bpy)3a+ 

or Ru(bpy)32* simply residing in the potential field of PVS. This 

suggests a specific interaction between PSS and Ru(bpy)32+, and 

the specific interaction is supported by the change in the posi

tion of emission peak in PSS solutions. Since both PSS and PVS 

bear sulfonate groups in common, the observed effects on the 

spectral properties of Ru(bpy)32+ stem from the presence of the 

hydrophobic phenyl group in PSS rather than the polar anionic
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Figure 1. 디uorescenc® spectra of Ru(bpy)j+ in the absence and 

presence of 4 mM PSS. Excitation wavelength was 450 nm. 

group.

Meis이 et al.14 reported red shift (~20 nm) of emission peak 

of Ru(bpy)32+ in SDS micellar solution and attributed the shift 

to the interaction of Ru(bpy)3재 with hydrocarbon chains of the 

surfactant. DeGraff and coworkers1516 recently reported bin

ding of a-diimineruthenium(II) complexes with non-ionic 

surfactants and subsequent increases in life-time of the excited 

state. Their binding strength increases with hydrophobicity of 

ligands. These reports are in the same direction as the observ

ed effects of PSS on 나此 fluorescence spectra of Ru(bpy)32+, 

and suggest that hydrophobic interaction between Ru(bpy)3a+ 

and PSS is, at least in part, responsible for the observed spec

tral change in PSS. However, little effect of SDS on emission 

intensity,14 no direct relationship between position of emission 

peak and hydrophobicity of solvent media,14 and no apparent 

interaction between Ru(bpy)32+ with non-ionic surfactant 

Triton15 imply that other factors might also be involved in the 

effects of PSS on the fluorescence spectra of Ru(bpy)32+. The 

clarification of these factors is beyond the scope of present 

study.

The variation of emission intensity of Ru(bpy),가 solution 

with concentrations of PSS is plotted in Figure 2. The observ

ed fluorescence intensity (7) can be described by an average for 

the free and bound Ru(bpy)32+, when self-quenching is 

negligible.

' ffree'free+f bound^ bound ⑴

where/s and Ps represent the fraction and emission intensity 

of each species present in solution, respectively. The emission 

intensity measured in the absence of PSS should be Zfree)and 

the limiting intensity at high [PSS] can be assumed as Zbound. 

Using these values, the fractions of bound Ru(bpy)」+ at dif

ferent concentration of PSS are calculated.

The variation of I with concentration of PSS reflects the 

equilibrium between free and bound Ru(bpy)32+. If we assume 

that each Ru(bpy)32* binds to a pair of anionic sites of PSS,
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Figure 2. Variation of emission intensity of Ru(bpy)f solutions at 600 

nm with [PSS]. Inset is the plot of the emission data according to equa

tion 4 to calculate the binding constant. 
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the equilibrium can be written as follows;

〔Ru(电y)；+〕f+(PSS〉=〔Ru(bpy)；，〕临& ⑵

and the apparent equilibrium constant is expressed as;

K ______ f bound

(Hb。搭(〔pss〕/2) (司

The binding constant K is dependent on /bound due to change 

in electrostatic potential of the polyanion upon ionic associa

tion. Considering this fact, the equation (3) can be rewritten 

in terms of semi-empiric지 relationship of Katchalsky-Spitinik.17

log 、— = k泪 K-Hi log (〔P S S〕/2) (4)
U" boun/

where n is an empirical parameter. In the range of [PSS]total» 

[Ru(bpy)32+]totah at which condition the self-quenching is also 

negligible, [PSS] is replaced by [PSS]total. The plot of equation 

(4) is shown in inset of Figure 2. K and n values were 6x 104 

M~' and 1.2, respectively.

Fluorescence Quenching in the Absence of Poly electrolyte. 

The addition of fluorescence quencher (Q), MV2+ or Cu2+, 

decreased the fluorescence intensity. The quenching data were 

analyzed by Stem-Volmer plot,

Io//=1+KSV [Q] (5)

In this equation, Io and I denote the emission intensities in the 

absence and presence of a quencher, respectively. The Stern- 

Volmer constant K部 is related to the second order rate cons

tant g) for the quenching and the fluorescence life-time (rr) 

of a fluorescing species by Arsv=k, rF.

The fluorescence quenching data of Ru(bpy)32+ by MV2+ and 

Cu가 are plotted in Figure 3 according to equation (5), and 

Ksv's in the absence of polyelectr이yte were calculated as 426 

M"1 for MV2+ and 40 M-1 for Cu2+. These values correspond 

to kq values of 1.1 x 109M이s이 (for MV2+) and l.Ox 108 

(for Cu하) as rF of Ru(bpy)32+ in air saturated aqueous solu

tion is 0.4 gsec.13 The kq values are in fair agreement with those 

determined by life-time measurements.13,18

Quenching in PSS and PVS Solutions. The emission quen

ching of photoexcited Ru(bpy)产 by cationic quenchers, MV2+ 

and Cu2+, were greatly enhanced by the addition of anionic 

polyelectrolytes, PSS and PVS. The Stern-V이mer plots in 8 

mM PSS and PVS solutions are presented in Figure 3. Unlike

Figure 3. Stem-V이me「plots of emission quenching of Ru(bpy)f by 

MVa+ and Cua+ in 8 mM PSS and PVS solutions. Filled circles are data 

taken in the absence of polyelectrolytes.

the plots of data taken in the absence of polyelectrolytes, the 

Stem-Volmer plots in the presence of polyelectrolytes exhibited 

large curvature. Such quenching behavior is similar to those 

reported for similar photoredox systems in PVS4*19 and SDS 

micellar14 s어utions. The curvature in Stem-Volmer plot 

represents, largely, the dependencies of the apparent bimolecular 

quenching constant, kq = K&v/rFt on the concentration of quen

chers, and mainly arises from competition of Ru(bpy)32+ and 

cationic quenchers for available anionic sites of polyanions. 

When quencher concentration is low, both Ru(bpy)32+ and quen

chers condense in the potential field of polyanionic domain and 

the fluorescence quenching is very efficient. However, further 

addition of quenchers at given concentration of polyelectrolytes 

may displace some Ru(bpy)32+ from the polyanionic domain, 

resulting in less efficient electron transfer reaction. The Ksv 

values extrapolated to [Q] = 0, i.e.t slopes at [Q] = 0 in Figure 

3, are summarized in Table 1.

As can be seen in Figure 3 and Table 1, the presence of PSS 

enhanced about 50 times, while the value increased o디y 1-4 

times by PVS.20 Despite of large difference in the intrinsic quen

ching constants of MV2+ and Cu2+, the enhancement of quen

ching produced by the polyelectrolytes is similar for both 

quenchers. Thus, the large difference in the enhancing effects 

between PSS and PVS should be attributed to the difference 

in the interacting properties of Ru(bpy)32+ with PSS and PVS. 

From the structural point of view, the negative chaise density 

of PSS is expected to be lower 사lan that of PVS. If one con

siders only electrostatic effect of polyelectrolytes on the quen

ching rate, the PSS should have less enhancing effect than PVS, 

but this is not the case observed in this investigation. The specific 

interaction, at least in part due to hydrophobic effect, between 

Ru(bpy)3저 and PSS seems to be responsible for the higher KsJs 

in PSS solutions. This interaction is also manifested in changes 

of the spectral properties of Ru(bpy)3거 as shown in Figures 

1 and 2.

The increased emission intensity of Ru(bpy)32+ solution in 

the presence of PSS (Figure 1) reflects higher fluorescence quan

tum yield and, thus longer life-time of the photoexcited Ru 

(bpy)32+ bound to PSS than the free Ru(bpy)32+. Since the half

widths of emission spectra are virtually unchanged with the 

presence of PSS, the ratio of emission intensities of bound and 

free Ru(bpy)32+, 1.8, is approximated as the ratio of life-times 

of bound and free Ru(bpy)32+. The increased life-time of Ru 

(bpy)3저 bound to PSS contributes to the enhanced Ksv in PSS

TABLE 1: Stern-Volmer and Apparent Second Order Rate Constants 
of Fluorescence Quenching ofPhotoexdted Ru(bpy)32*by MV2* and Cu1 
in Polyelectrolytes solutions.*

Polyelectrolyte [P], mA/
K、아 卄‘ % 10MK

MV2* Cu2+

（妇/（寸w

MV2+ Cu2* MV2* Cu2*

none 0 426 40 1.1 0.1 — —

PSS 4 23800 1920 35 2.7 31 27

8 17000 1680 24 2.3 22 23

PVS 4 640 90 1.7 0,23 1.5 2.3

8 790 140 2.1 0.35 1.9 3.5

•These values were taken at [Q]-*0 in 0.1 M NaCl solutions at 25°C. 

[Ru(bpy)ja+] was lx ICTW. b(妇/(妇甜 stands for the enhancement of 

by the presence of polyelectrolytes.
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solutions by = Using the equation of kq = K3V/vF, the 

bimolecular quenching constants are calculated and includ

ed in Table 1.

Assuming that the increased kq in the presence of PSS is due 

to the increased local concentrations of the interacting pair, Ru 

(bpy)33+ and a quencher, the * Effective local concentrations* * 

introduced by Tara and Morawet기' and the association con

stants of quenchers with PSS are estimated. The volume frac

tion of a polymer in the polymer concentration of n mole/1 

is given by Novn/1000, where No is Avogadro*s number and 

v (in cm3) denotes the volume of one monomer unit of the 

polymer. The fraction of a quencher residing in the volume frac

tion of the polymer becomes Ceff7Vovn/(Cbulk1000), where Ceff 

and Cbulk stand for the effective local concentration in the 

polyanion domain and the bulk concentration of a quencher, 

respectively. If one assumes that PSS exists in an extended rod

like conformation of radius 14 A and of monomer length 2.5 

A,21 the volume fraction of PSS in 8 mM solution becomes 

7.4 x 10-3. In this concentration of PSS, the fraction of bound 

Ru(bpy)32+ is virtually 1 (Figure 2), and thus the enhancement 

in 虹 is proportional to the increase of local concentration of 

a quencher in the domain of the polyanion. The 22 times in

crease in % for example, in case of MV2* in 8 mM PSS solu

tion, is equivalent to Ceff/Cbulk - 22. This value corresponds to 

the fraction of bound MV2+ of 0.16, and the apparent binding 

constant of MV2+ to PSS is calculated as 47 Af-1 

(K = 0.16/((l-0.16) x (8 x 0.16) x (8 x 10-3/2))).22 By the same 

method, K of Cu2+ to PSS in 8 mM PSS solution is estimated 

to be 49 M이. Also, the K values in 4 mM PSS solutions are 

calculated as 63 and 56 Af-1 for MV2+ and Cu자, respectively. 

The above estimation of K values is very crude.21 But it points 

that the binding constants of the quenchers with PSS are about 

3 orders of magnitude less than that of Ru(bpy)产 with the

Figure 4. Variation of K/s on the concentrations of polyelectr이ytes 

아lown. 자le concentrations of MV2* in PSS solutions were 0.750), 

2(0) and 4(®) mM. [Q] of other solutions were 2 mM.

same polyelectrolyte?2

The large difference between binding constants (K) of Ru 

(bpy)32+ and of MV저 or Cu2+ with PSS is 아uite contrast to that 

with PVS: Meisel and Matheson3 reported that KRu(bpy"/Kc『 

to PVS is only 34 The much smaller enhancement of K馭 and' 

kq by PVS than by PSS, despite of higher charge density, can 

be regarded as an evidence that the binding constant of Ru 

(bpy)「* to PVS is much smaller than the same to PSS. We ac

count this to a specific interaction between Ru(bpy)32+ and PSS, 

which is also responsible for the longer excited state life-time 

and shift in the emission peak of Ru (bpy)32+.

The enhancement of the bimolecular quenching constant of 

Cu2+ is about 2 times greater 산｝an that of MV2+ in PVS solu

tions. This reflects the higher charge density of Cu2+, compared 

to that of MV2+, which may appear as higher local concentra

tion of the cation in the potential field of PVS. However, the 

kq enhancing efficiency of PSS is almost same for both quen

chers. This seems due to hydrophobicity of MV2+, which 

counteracts the smaller charge density of the cation in binding 

with the hydrophobic PSS macroanion.

As expected, the fluorescence intensity of Ru(bpy)3거 solu

tions at constant concentrations of the fluorescing species and 

quencher was stronly dependent on the concentration of 

polyelectrolytes. The apparent Stern-Volmer constant (KQ 

were calculated at various concentrations of polyelectrolytes and 

graphed in Figure 4. This figure also demonstrates the 

remarkably different effects of PSS and PVS on the fluorescence 

quenching of Ru (bpy)32* by MV2* and Cu2+.

In contrast to PVS, the effects of PSS on K^s exhibit max

ima. Even though the concentration of Ru(bpy)32+ (1 x 10-5 M) 

is much lower, compared to those of quenchers, the much higher 

binding constant of Ru(bpy)32+ to PSS leads to higher local con

centration of the fluorescing species in the polyanion domain. 

When [PSS] is low, the Ru(bpy)32+-quencher pairs increase 

sharply with increasing concentration of PSS, resulting in higher 

Ksv. However, as the concentration of PSS is further increas

ed, the average number of Ru(bpy)32+-quencher pair, and thus, 

K$v's are rather decreased. On the other hand, the binding af

finity of Ru(bpy)32+ and quenchers to PVS are 시ose and small. 

The coulombic effect of PVS increases the average number of 

the interacting pairs up to much higher concentration of PVS 

as [PVS] increases. Thus, the effect of PVS on Ksv*s is rather 

similar to the effects of simple salts on equilibrium or rate con

stants of reactions involving charged species.

Conclusions

Studies on the fluorescence behaviors of Ru(bpy)32+ in PSS 

solutions reveal a specific interaction, which arises, at least in 

part, by hydrophobic interaction between the fluorescing species 

and the polyanion. This interaction leads to longer life-time 

of the excited state of Ru(bpy)3a+ and high binding constant 

of Ru(bpy)32+ to PSS. The binding constant was found to be 

6x 104 M-1, and about 103 higher than the same of MV2+ or 

Cu2+. Such specific interaction was not revealed in PVS. The 

combined effects of specific and coulombic interactions of Ru 

(bpy)产 with PSS resulted in remarkably high Ksv values for 

the emission quenching reactions between Ru(bpy)32+ and
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cationic quenchers, MV2+ and Cu자, compared to in PVS

solutions. The novel effects of PSS on the enhancement of the 

rates of electron transfer reactions due to longer excited life

time and higher binding constant of a reacting species might 

lead to improvement of the efficiency of photoenergy conver

sion by proper choice of hydrophobic polyelectrolytes.
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Methyl Linoleate Oxidation via Electron Transfer in Competition with *O2 Formation 
Photosensitized by N-Acetyl-L-Tryptophan and 3-Methyl Indole
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The efficiency of photosensitization of methyl linoleate (ML) oxidation by N-acetyl-L-trypophan(NAT) and 3-methyl in-

dole(scatole) was markedly enhanced by increased concentration of ML in ethanol solution. The fluorescence intensities of sen

sitizers were observed to be quenched by ML, indicating that ML interacts with the ind이e excited singlet state. The inhibition

of photosensitization by azide demonstrated a possible role of singlet oxygen in the photos타i$itiz휸tion. The steady state kinetic 

treatment of azide inhibition of photosensitization was expected to show linsr increase of reciprocal yi리d of ML oxidation

product vs. reciprocal ML concentration at constant azide concentration, but the actual slope was nonKnear. This indicates another 

competing reaction involved in the photosensitization. As a possible competing reaction, electron tmnsfer from ML to the ex

cited sensitizer was proposed, since the measured fluorescence quenching rate consent closely resembled electron transfer rate 

constant determined from ML concentration dependence of oxidation product formation.


