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Abstract

The e�ects of L-tyrosine esters with hexyl (C6Tyr), octyl (C8Tyr) and dodecyl (C12Tyr) groups on quenching of
partially quaternized poly(1-vinylimidazole)-bound ruthenium (II) complexes (RuQPIm-19 and RuQPIm-44, the

numbers represent the degree of quaternization in molar percentage) with the 1,1 0-dimethyl-4,4 0-bipyridinium
dication (methylviologen: MV2+) have been kinetically investigated in methanol. In the absence of L-tyrosine esters,
the Stern±Volmer plots for RuQPIm-19 and RuQPIm-44 showed an upward deviating curve and a straight line,
respectively. This result indicated that the quenching mechanism depended signi®cantly on the degree of

quaternization. The computed curve ®tting to the observed Stern±Volmer plots showed that the quenching reaction
proceeded through only a static quenching process for RuQPIm-19 and through only a dynamic quenching process
for RuQPIm-44. In the presence of L-tyrosine esters, the Stern±Volmer plots for quenching of RuQPIm-44 showed

downward deviating curves, indicating that these quenching reactions proceeded through both dynamic quenching
and static quenching processes. This was supported by the fact that the curve ®tting according to the theoretical
equation reported as a combination of dynamic and static quenching models agreed well with the observed Stern±

Volmer plots. On the other hand, although the quenching reactions for RuQPIm-19 systems also proceeded through
mediated and non-mediated processes, both were static quenching processes; namely, the quenching reactions
proceeded through two di�erent static quenching mechanisms. A new Stern±Volmer plot for the systems was

proposed and the kinetic parameters were estimated. Furthermore, it was found that the quenching rate constants
for the mediated processes were faster than those for the dynamic quenching process in the RuQPIm-44 and the
statically non-mediated process in the RuQPIm-19. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

In biological systems, many redox proteins undergo
long-range electron transfer involving electron tunnel-

ing through polypeptides, and their kinetics and reac-
tion mechanisms have been extensively studied [1±3].
Such investigations using modi®ed proteins [4, 5] have

suggested that some amino acid residues in the pro-
teins would participate in the long-range electron
transfer in biological systems [6±8]. For example,

photoinduced electron transfer in the photosynthesis of

green plants occurs through tyrosine residues [9]. In
these electron transfer systems, however, modi®ed
enzyme systems and synthetic donor±acceptor systems,

which are di�cult to modify, synthesize and character-
ize, have been mainly employed. For simple systems,
the electron transfer reaction in a natural polymer

matrix has been reported [10], and some polymer sys-
tems containing donors and acceptors have also been
studied [11, 12]. The pathway e�ect in photoinduced

electron transfer from Ru(bpy)2+3 (bpy = 2,2 0-bipyri-
dine) to methylviologen in a synthetic polymer ®lm has
been investigated, and the electron transfer distance
was found to double in the presence of 3-methylindole
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as a tryptophan residue model [13]. Further, for
electrochemical water oxidation in a polymer mem-

brane, the charge transfer distance is increased by the
addition of p-cresol from 1.28 to 2.25 nm, showing
that p-cresol functions as a mediator for the charge

transport [14].
Recently, partially quaternized poly(1-vinylimidazole)-

bound ruthenium (II) complexes (RuQPIm) as polymer

photosensitizers have been employed for photosensi-
tized charge separation and photoinduced hydrogen
generation reactions [15±17]. In the quenching reaction

of RuQPIms with methylviologen, the quenching e�-
ciency depended signi®cantly on the degree of quater-
nization; it decreased with increasing degree of
quaternization [18]. Furthermore, a Stern±Volmer plot

showed an upward deviating curve at a low degree of
quaternization, while it showed a straight line at a
high degree of quaternization. These results led us to

conclude that the quenching mechanism changed with
the degree of quaternization. In the present paper,
we report the kinetics and mechanism of quenching of

RuQPIms with methylviologen and the e�ect of
L-tyrosine esters.

2. Experimental

2.1. Materials

L-Tyrosine, alkyl alcohols, and other synthesis re-

agents (commercially available guaranteed reagents)
were used without further puri®cation. 1,1 0-Dimethyl-
4,4 0-bipyridinium chloride (methylviologen; MV2+)

was purchased from TCI Co. Ltd, and recrystallized
from methanol. Polymer-bound ruthenium (II) com-
plexes (RuQPIm-19 and RuQPIm-44: the numbers
represent the molar percentage of quaternized imidazo-

lium residues) were prepared according to a method
described elsewhere [15, 19]. cis-Bis(2,2 0-bipyridine)di(1-
methylimidazole)ruthenium (II) hexa¯uorophosphate

{[Ru(bpy)2(MeIm)2](PF6)2} as a low molecular weight
model complex was prepared by re¯uxing a methanol
solution of cis-bis(2,2 0-bipyridine)dichlororuthenium
(II) and 1-methylimidazole for three days under an
argon atmosphere. The ruthenium (II) complex was
characterized using UV±vis absorption, luminescence,
Fourier-transform infrared (FTIR) and 1H-NMR spec-

troscopies and elemental analysis. L-tyrosine esters with
hexyl (C6Tyr), octyl (C8Tyr) and dodecyl (C12Tyr)
groups were prepared by a modi®ed version of the thio-

nyl chloride method [20] Fig. 1. To an alkyl alcohol at
08C, thionyl chloride (55 mmol) and then L-tyrosine
(5 mmol) were added. The resulting suspension was

stirred at 708C for 12 h. After cooling to room tem-
perature, 300 ml of ethyl ether was added. The white
precipitate was collected by ®ltration, su�ciently

washed with ethyl ether, and dried. These L-tyrosine
esters were puri®ed by recrystallization from methanol-
ethyl ether. Identi®cation was carried out by 1H-NMR

spectroscopy and elemental analysis.

2.2. Measurements

UV±vis spectra were recorded on a JASCO V-570
UV/VIS/NIR spectrophotometer. Luminescence spec-
tra were recorded on a Hitachi 650-10 S ¯uorescence

spectrophotometer. Luminescence lifetimes for these
ruthenium (II) complexes were measured using a
Horiba NASE-550 nanosecond ¯uorometer.

The quenching reaction was carried out at 258C
under an argon atmosphere in methanol. Sample
solutions were adjusted to [Ru(II)] = 2.0 � 10ÿ5 mol
dmÿ3, [L-tyrosine esters] = 5.0 � 10ÿ2 mol dmÿ3, and

[Viologen] = 0±5.0 � 10ÿ3 mol dmÿ3. The lumines-
cence at 648 nm from the triplet metal-to-ligand
charge-transfer (MLCT) state [15, 21], which was

excited at 488 nm, was monitored as a function of the
concentration of viologen.

3. Results

The luminescence quenching of 2.0 � 10ÿ5 mol dmÿ3

RuQPIm-44 in methanol at 258C using MV2+ is

shown in Fig. 2. A change in the luminescence spectral
pro®le was not observed, indicating the absence
of an emitting excited state complex under these
experimental conditions.

3.1. Absence of L-tyrosine esters

Fig. 3 shows Stern±Volmer plots for the quenching of
RuQPIm-19, RuQPIm-44 and Ru(bpy)2(MeIm)2+2 with
MV2+ inmethanol. The Stern±Volmer plot forRuQPIm-

19 showed an upward deviating curve, while it showed
straight lines for RuQPIm-44 and Ru(bpy)2(MeIm)2+2 .
These results indicate that the quenching reaction

Fig. 1. Chemical structure of RuQPIm.
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Fig. 3. Stern±Volmer plots for quenching of ruthenium (II)

complexes with MV2+ for RuQPIm-19 (Q), RuQPIm-44 (R)

and Ru(bpy)2(MeIm)2+2 (*).

Fig. 2. Luminescence spectral changes of RuQPIm-44 with

increasing concentration of MV2+ in methanol.

proceeds through a dynamic process for RuQPIm-44
and Ru(bpy)2(MeIm)2+2 and through both dynamic

and static processes or only a static process for
RuQPIm-19.
For RuQPIm-44 and Ru(bpy)2(MeIm)2+2 systems,

the quenching reaction proceeds through a dynamic
process due to the linear Stern±Volmer plot and no in-
teraction of the MV2+ species of the ruthenium (II)

complex residue, and can be expressed by Eqs. (1)±(4):

Ru4
hn 0 *Ru �1�

*Ru4
ke

Ru� hn �2�

*Ru4
kd

Ru �3�

*Ru ÿÿÿÿÿÿÿ4kq2 �MV2��
Ru �4�

where kq2 is a second-order quenching constant, and

kd and ke are the rate constants of the nonluminescent
and luminescent decays of the photoexcited ruthenium

(II) complex. The Stern±Volmer plot for the dynamic
quenching process can be expressed by Eq. (5) [22]:

I0=I � 1� Ksv�MV2��; Ksv � kq2 � t0 �5�

where Ksv is a Stern±Volmer constant which is given

by the product of the second-order quenching rate con-
stant kq2 and the lifetime of the probe in the absence of
quencher t0. According to Eq. (5), the Stern±Volmer

plot for the dynamic quenching process gives a straight
line. For RuQPIm-44 and Ru(bpy)2(MeIm)2+2 , as pre-
dicted by Eq. (1), these plots are linear (R 2=0.999).

Therefore, the quenching reactions for these systems
take place only through a dynamic quenching process.
The values of Ksv, t0 and kq2 are summarized in
Table 1. Compared with the Ru(bpy)2(MeIm)2

2+ sys-

tem, the quenching constant for the RuQPIm-44 system
is small because the RuQPIm-44 has many positively
charged groups around the ruthenium (II) complex

residue.
As mentioned above, because the Stern±Volmer plot

for RuQPIm-19 is nonlinear, the quenching reaction

would proceed through not only dynamic quenching
but also static quenching processes, or only a static
process. We have reported that the MV2+ species

undergo the p±p interaction with an imidazolyl residue
on the RuQPIm-19 [15, 18]. The binding of MV2+

species with the RuQPIm-19 having many imidazolyl
residues should be multisteps, as expressed by Eqs.

(6)±(9):

RuQPIm-19�MV2� �K1 �RuQPIm-19ÿMV2�� �6�

�RuQPIm-19ÿMV2�� �MV2� �K2 �RuQPIm-19

ÿ 2MV2�� �7�

�RuQPIm-19ÿ �nÿ 1�MV2��

�MV2� �Kn �RuQPIm-19ÿ nMV2�� �8�

Kn � �RuQPIm-19ÿ nMV2��
�RuQPIm-19ÿ �nÿ 1�MV2���MV2�� ,

Kn � K1=n �n � 1, 2, 3, . . .� �9�
where RuQPIm-19±nMV2+ represents the RuQPIm-19
to which n molecules of MV2+ are bound. The number

of MV2+ molecules bound to the RuQPIm-19 obeys
the Poisson distribution [23±25]. Here, we de®ne the
quenching by the MV2+ species undergoing p±p inter-

action as static quenching and propose two quenching
models through both the dynamic and static quenching
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processes (model 1) and only the static quenching pro-
cess (model 2). In model 1, the quenching reaction is
divided into a dynamic process expressed by Eqs. (1)±

(4) and a static process expressed as follows:

RuQPIm-19ÿ nMV2� 4
hn 0 *RuQPIm-19ÿ nMV2� �10�

*RuQPIm-19ÿ nMV2� 4
ke

RuQPIm-19ÿ nMV2� � hn
�11�

*RuQPIm-19ÿ nMV2� 4
kd

RuQPIm-19ÿ nMV2� �12�

*RuQPIm-19ÿ nMV2� ÿÿÿ4nkq1 RuQPIm-19ÿ nMV2� �13�
where kq1 represents the ®rst-order rate constant of
quenching by the MV2+ species undergoing p±p inter-
action with the RuQPIm-19 and is proportional to the

number of the interacted MV2+ molecules (n). Based
on these equations [26, 27], the Stern±Volmer plot for
this model is represented by Eq. (14):

I0=I �
1� Ksv�MV2��

1� Ksv�MV2���1ÿ exp�ÿK1�MV2���� ÿ kq1t0K1�MV2��
�14�

In model 2, the dynamic quenching by the MV2+

species having no interaction in the bulk solution does
not occur, whereas only a static quenching occurs. The

reaction mechanism of this model is almost the same
as that of model 1. By substituting kq2=0 in Eq. (14),
the Stern±Volmer plot for this model is expressed by
Eq. (15).

I0=I � 1

1ÿ kq1t0K1�MV2�� �15�

The observed Stern±Volmer plot ®ts the computed
curve using Eqs. (14) and (15), indicating that the

quenching reaction should obey either model 1 or
model 2. Because the plot of I/I0 against the concen-
tration of MV2+ gives a straight line, however, the

Stern±Volmer plot for this quenching would be given
by Eq. (15) corresponding to model 2; namely, the
dynamic quenching does not occur in this system. Our

previous report showed the RuQPIm-19 shrank on
addition of MV2+ in methanol [28]. Therefore, the
shrinking of the RuQPIm-19 chain induced by p±p in-

teraction of MV2+ species causes inhibition of the
dynamic quenching process.

3.2. Quenching of RuQPIm-44 in the presence of L-tyrosine

esters

For Ru(bpy)2(MeIm)2+2 , the Stern±Volmer plot does

not change even on adding L-tyrosine esters, indicating
that the L-tyrosine esters hardly a�ect the quenching
reaction.
Fig. 4 shows the Stern±Volmer plots for quenching

of RuQPIm-44 with MV2+ in the presence of L-tyro-
sine esters. The Stern±Volmer plots for all systems
showed the downward deviating curves. It is known

that the alkyl groups in the L-tyrosine esters (C6Tyr,
C8Tyr and C12Tyr) undergo van der Waals interaction
with the alkyl side chains on the RuQPIm-44 and the

enhancement of the quenching would be caused by
mediation of the L-tyrosine esters [28]. For clari®cation
of this quenching reaction, the quenching process
mediated by the L-tyrosine esters, referred to as a

mediated quenching process, would be important.
Nonlinear Stern±Volmer plots suggest that the

Table 1

Kinetic parameters obtained from luminescence quenching data in the absence of L-tyrosine esters for these ruthenium (II) com-

plexes

t0 (ns) Ksv (Mÿ1) kq2 (M
ÿ1 sÿ1) kq1K1

Ru(bpy)2(MeIm)2+2 622 92.86 1.49 � 108 Ð

RuQPIm-19 628 Ð Ð 1.33 � 108

RuQPIm-44 648 86.57 1.34 � 108 Ð

Fig. 4. Stern±Volmer plots for quenching of RuQPIm-44 with

MV2+ in the absence (W) and in the presence of L-tyrosine

esters: C6Tyr (*), C8Tyr (Q) and C12Tyr (R).
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mediated quenching process does not proceed through
a dynamic quenching process. Carraway et al. have

proposed the Stern±Volmer plot for a two-site quench-
ing model in which the quenching reaction takes place
at two independent sites with di�erent second-order

quenching rate constants, as shown in Eq. (16) [29]:

I0=I � 1

f1=�1ÿ kq21t0�Q�� � f2=�1ÿ kq22t0�Q��
� f1 � f2 � 1�

�16�

where f1 and f2 represent the fractions of the sites hav-

ing rate constants of k21 and k22. The observed Stern±
Volmer plots did not agree with the computed curve
®tting according to Eq. (16). This result is evidence

that the mediated quenching process does not proceed
through the dynamic quenching process; namely, the
mediated quenching process would proceed through a

static quenching mechanism. Therefore, the quenching
reactions for the L-tyrosine esters systems can be
divided into two processes; a mediated quenching pro-
cess and a non-mediated quenching one, which corre-

spond to a static quenching process and a dynamic
quenching process, respectively. For the dynamic
quenching process, the quenching reaction proceeds as

follows:

RuQPIm-44�Tyr�m 4hn
0
*RuQPIm-44�Tyr�m �17�

*RuQPIm-44�Tyr�m 4
ke

RuQPIm-44�Tyr�m � hn �18�

*RuQPIm-44�Tyr�m 4
kd

RuQPIm-44�Tyr�m �19�

*RuQPIm-44�Tyr�m �MV2� ÿÿÿ4kq2

�MV2��RuQPIm-44�Tyr�m �MV2� �20�

where RuQPIm-44(Tyr)m represents the number of L-
tyrosine esters undergoing van der Waals interaction

with the RuQPIm-44. Furthermore, the static quench-
ing process, corresponding to the mediated quenching
process, can be expressed by Eqs. (21)±(28).

RuQPIm-44�Tyr�m

�MV2� �K1

RuQPIm-44�Tyr�m ÿMV2� �21�

RuQPIm-44�Tyr�m ÿMV2�

�MV2� �K2

RuQPIm-44�Tyr�m ÿ 2MV2� �22�

RuQPIm-44�Tyr�m ÿ �nÿ 1�MV2�

�MV2� �Kn

RuQPIm-44�Tyr�m ÿ nMV2� �23�

Kn � �RuQPIm-44�Tyr�m ÿ nMV2��
�RuQPIm-44�Tyr�m��MV2�� Kn � K1=n

�n � 1,2,3, . . .� �24�

RuQPIm-44�Tyr�m

ÿ nMV2� 4
hn 0 *RuQPIm-44�Tyr�m ÿ nMV2� �25�

*RuQPIm-44�Tyr�m

ÿ nMV2� 4
ke

RuQPIm-44�Tyr�m ÿ nMV2� � hn �26�

*RuQPIm-44�Tyr�m

ÿ nMV2� 4
kd

RuQPIm-44�Tyr�m ÿ nMV2� �27�

*RuQPIm-44�Tyr�m

ÿ nMV2� ÿÿÿ4nkq1 RuQPIm-44�Tyr�m ÿ nMV2� �28�

Based on these equations, the Stern±Volmer plots for
L-tyrosine esters systems are given by Eq. (14). The
observed Stern±Volmer plots for these L-tyrosine esters

systems agree well with the computed curve ®tting
according to the Eq. (14) (R 2=0.999). These kinetic
parameters are summarized in Table 2.

Table 2

Kinetic parameters obtained from luminescence quenching data of RuQPIm-44 in the presence of L-tyrosine esters for these ruthe-

nium (II) complexes

t0 (ns) Ksv (Mÿ1) kq2 (M
ÿ1 sÿ1) K1 (M

ÿ1) kq1 (s
ÿ1) kq1K1 (M

ÿ1 sÿ1)

RuQPIm-44

C6Tyr 648 109.38 1.69 � 108 310.88 5.57 � 105 1.73 � 108

C8Tyr 648 87.30 1.35 � 108 432.39 3.39 � 105 1.47 � 108

C12Tyr 648 76.85 1.19 � 108 625.37 2.28 � 105 1.43 � 108
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Fig. 5. Stern±Volmer plots for quenching of RuQPIm-19 with

MV2+ in the absence (*) and in the presence of L-tyrosine

esters: C6Tyr (w), C8Tyr (q) and C12Tyr (r).

3.3. Quenching of RuQPIm-19 in the presence of L-tyrosine
esters

Fig. 5 shows the Stern±Volmer plots for quenching
of RuQPIm-19 with MV2+ in the absence and in the

presence of the L-tyrosine esters. On addition of the
L-tyrosine esters, the quenching reactions were
enhanced, and the enhancement of the quenching

slightly decreased with increasing length of the alkyl
groups in the L-tyrosine esters. In these systems, the
quenching reactions proceed the same as those in the
RuQPIm-44 systems through a mediated quenching

process and a non-mediated quenching one. As men-
tioned above, the non-mediated quenching process is
expressed by Eqs. (6)±(13). The mediated process

would proceed through a static quenching mechanism
as mentioned in the RuQPIm-44 systems. Therefore,
these quenching reactions proceed through two di�er-

ent static quenching processes. The mediated process
proceeds as expressed by Eqs. (29)±(39):

RuQPIm-19�Tyr�m�MV2��
K 0

1

RuQPIm-19�Tyr�mÿMV2�

�29�

RuQPIm-19�Tyr�mÿMV2��MV2��
K 0

2

RuQPIm-19�Tyr�m
ÿ 2MV2� �30�

RuQPIm-19�Tyr�m ÿ �mÿ 1�MV2�

�MV2� �
K 0m

RuQPIm-19�Tyr�m ÿ nMV2� �31�

K 0m �
�RuQPIm-19�Tyr�m ÿ nMV2��
�RuQPIm-19�Tyr�m��MV2�� , K 0m � K1=m

�m � 1,2,3, . . .� �32�

RuQPIm-19�Tyr�m 4hn
0
*RuQPIm-19�Tyr�m �33�

*RuQPIm-19�Tyr�m 4
ke

RuQPIm-19�Tyr�m � hn �34�

*RuQPIm-19�Tyr�m 4
kd

RuQPIm-19�Tyr�m �35�

*RuQPIm-19�Tyr�m

�MV2� ÿÿÿÿÿÿÿ4kg 0
2
�MV2��

RuQPIm-19�Tyr�m �MV2� �35�

RuQPIm-19�Tyr�m

ÿ nMV2� 4
hn 0 *RuQPIm-19�Tyr�m ÿ nMV2� �36�

*RuQPIm-19�Tyr�m

ÿ nMV2� 4
ke

RuQPIm-19�Tyr�m ÿ nMV2� � hn �37�

*RuQPIm-19�Tyr�m

ÿ nMV2� 4
kd

RuQPIm-19�Tyr�m ÿ nMV2� �38�

*RuQPIm-19�Tyr�m ÿ nMV2� 4
kq 0

1
RuQPIm-19�Tyr�m

ÿ nMV2� �39�

where kq 02 represents the second-order quenching rate
constant and kq 01 represents the ®rst-order rate con-
stant of quenching through the mediated quenching

process. Furthermore, kq
0
1 is di�erent from kq1 in

Eq. (13), in which the rate of the mediated quenching
process is independent of the MV2+ molecule bound.

Based on Eqs. (6)±(13) and (29)±(39), Eq. (40) is
represented:

I0=I �
"

�1� kq 02t0�MV2����1� kq 01t0�
1� kq 02t0�MV2�� � �kq 01t0 ÿ kq 02t0�MV2���exp�ÿK 01�MV2���

#

�
"

1� Ksv�MV2��
1� Ksv�MV2���1ÿ exp�1ÿ K1�MV2���� ÿ kq1t0K1�MV2��

#
�40�
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By substituting kq2=0 (Ksv= 0) and kq 02=0, a new
Stern±Volmer plot for quenching reactions through

two static quenching processes with di�erent ®rst-order
rate constants is represented in Eq. (41).

I0=I � �1� kq 01t0�
�1� kq 01t0 exp�ÿK 01�MV2�����1ÿ kq1t0K1�MV2���

�41�
In fact, the observed Stern±Volmer plots agree with
the computed curve using Eq. (41). The values of the
kinetic parameters obtained from the computed curve

®tting are summarized in Table 3.

4. Discussion

4.1. Quenching of RuQPIm-44

The quenching reaction proceeds as shown in

Scheme 1.
The kq2 values decrease with increasing length of the

alkyl groups in the L-tyrosine esters. This is attributed
to steric hindrance of the L-tyrosine esters, particularly

C12Tyr. As reported previously [28], these L-tyrosine
esters undergo van der Waals interaction with the
alkyl side chains on the RuQPIm-44, and the inter-

action increases with increasing length of the alkyl
groups in the L-tyrosine esters. Probably, the C12Tyr

species having a long alkyl group cannot be completely

incorporated into the polymer domain, and the C12Tyr

itself acts as steric hindrance to di�usion of the MV2+

species into the polymer domain, namely the dynamic

quenching process. In contrast, the C6Tyr and C8Tyr

can be completely incorporated into the polymer

domain. Surprisingly, incorporation of the C6Tyr

species into the polymer domain brings about accelera-

tion of the dynamic quenching process; the kq2 value is

larger than that of the Ru(bpy)2(MeIm)2+2 system. The

van der Waals interaction between the L-tyrosine esters

and alkyl side chains on the RuQPIm-44 would restrict

the ¯uidity of the alkyl side chains, leading to a

decrease in the steric hindrance for the dynamic

quenching process.

On the other hand, the kq1 value, corresponding to

the rate constant for the mediated quenching process,

also decreases with increasing length of the alkyl

groups in the L-tyrosine esters, while the K1 value, cor-

responding to the equilibrium constant of complex for-

mation between the MV2+ and the ruthenium (II)

complex residue through the L-tyrosine ester, increases.

That is to say, although the MV2+ species readily

form the complex, the mediated quenching process is

restricted. This result can be presumed as shown in

Scheme 2. The complex formation would be a�ected

by an electrostatic e�ect, electrostatic repulsion

between the MV2+ species and polymer, and the

increase in the alkyl groups in the L-tyrosine esters

decreases the electrostatic repulsion: consequently, the

K1 value increases. In contrast, the kq1 value would

depend on the distance between the MV2+ and ruthe-

nium (II) complex residue via L-tyrosine ester. Because

the steric hindrance of alkyl groups in the L-tyrosine

esters increases with increasing the length, the distance

between reactive centers via the L-tyrosine esters

increases, which leads to the decrease in the kq1 value.

When K1 is regarded as pre-equilibrium constant for a

bimolecular reaction as reported by Fouss [30], the sec-

ond-order quenching constant for the mediated

quenching process can be estimated by the product of

K1 and kq1. The mediated quenching process is slightly

faster than the dynamic quenching.

Table 3

Kinetic parameters obtained from luminescence quenching data of RuQPIm-19 in the presence of L-tyrosine esters for these ruthe-

nium (II) complexes

t0 (ns) K 01 (Mÿ1) kq 01 (sÿ1) kq 01K
0
1 (Mÿ1 sÿ1) kq1K1 (M

ÿ1 sÿ1)

RuQPIm-19

C6Tyr 628 444.33 5.14 � 105 2.28 � 108 1.04 � 108

C8Tyr 628 380.11 4.68 � 105 1.78 � 108 1.08 � 108

C12Tyr 628 378.60 3.99 � 105 1.51 � 108 1.18 � 108

Scheme 1.
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4.2. Quenching of RuQPIm-19

As mentioned above, the quenching reaction for
RuQPIm-19 takes place with two di�erent static

quenching mechanisms, the mediated quenching pro-
cess and non-mediated quenching one as described in
Scheme 3.

We reported that the viscosity of the RuQPIm-19 is
decreased by addition of the MV2+ and addition of
L-tyrosine esters caused a further decrease in the

viscosity in the order of C12Tyr>C8Tyr>C6Tyr [28].
These results led us to conclude that the volume of the
polymer domain decreased. For the statically mediated

quenching process, the kq 01 and K 01 values decrease
with length of the alkyl groups in the L-tyrosine esters.
Because the increase in the steric hindrance of the

polymer chain, which is induced by the shrinking,
restricts the complex formation (K 01), kq 01 also
decreases, consequently leading to the restriction of the
statically mediated quenching process (decrease in the

kq 01K
0
1). Furthermore, kq 01 for the C12Tyr system

decreases in spite of a slight decrease in K 01, indicating
that kq 01K

0
1 value depends on kq 01, but barely on K 01.

In contrast, the kq1K1 values for the statically non-

mediated quenching process slightly increase with
increasing length of the alkyl groups in the L-tyrosine

esters. This result agrees with the order of an increase
in the volume of the polymer domain. Because the
increase in the volume decreases the steric hindrance

for the complex formation (K1), the K1 value increases,
and the kq1K1 values increase. Compared with the
value in the absence of L-tyrosine ester, however, the
kq1K1 values are small. This result can also be

explained based on the same reason mentioned above.
On the other hand, the kq 01K

0
1 value is larger than the

kq1K1, indicating that the mediated quenching process

is faster than the non-mediated quenching process.
These results suggest that the MV2+ species under-
going p±p interaction with the polymer backbone par-

ticipate in the statically mediated quenching process,
but not the MV2+ species having no interaction with
the polymer in the bulk solution, which is supported

by the fact that the K 01 value decreases with increasing
volume of the polymer domain. The complex for-
mation between the MV2+ species in the bulk solution
and ruthenium (II) complex residue through the L-

tyrosine ester barely depends on the volume of the
polymer domain. If it depended on domain volume,

Scheme 2.

Scheme 3.
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the K 01 value would increase with increasing the
domain volume because the steric hindrance decreases.

Compared with the RuQPIm-44 systems, the quench-
ing rate constants for the mediated quenching process,
K 01kq

0
1 for RuQPIm-19 and K1kq1 for RuQPIm-44, are

large because the electrostatic repulsion is smaller than
that of RuQPIm-44.

5. Conclusions

We kinetically analyzed the quenching of RuQPIm-
19 and RuQPIm-44 with MV2+ and revealed the
e�ects of the L-tyrosine esters on the quenching reac-
tions. In the absence of L-tyrosine esters, the Stern±

Volmer plots show a straight line for RuQPIm-44 and
an upward deviating curve for RuQPIm-19, the
quenching reactions proceed through only a dynamic

quenching process for RuQPIm-44 and through only a
static quenching process for RuQPIm-19. These reac-
tion mechanisms are varied by addition of the L-tyro-

sine esters. For RuQPIm-44, the Stern±Volmer plots
show the downward deviating curves. The computed
curve ®ttings to the observed Stern±Volmer plots indi-

cate that the quenching reactions take place through
both the dynamic quenching and static quenching pro-
cesses: consequently, the mediated quenching process
proceeds statically. In contrast, the quenching reactions

for the RuQPIm-19 systems proceed through two
di�erent static quenching processes. A new Stern±
Volmer plot is proposed as expressed by Eq. (41), and

the kinetic parameters can be estimated. These kinetic
parameters depend signi®cantly on the length of the
alkyl groups in the L-tyrosine esters.
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