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Fluorescence quenching reaction of porphyrins in micelles: Ionic
porphyrins quenched by nitrobenzene in ionic micelles
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Abstract

Fluorescence decays have been measured for 5,10,15,20-tetraphenyl-21H,23H-porphinetetrasulfonate (TPPS4−) adsorbed on the surface
of the cationic micelles, decyl-, dodecyl-, tetradecyl- and hexadecyl-trimethylammonium bromide at 25◦C, and 5,10,15,20-tetrakis{4-[N-
(trimethyl)ammmonio]phenyl}-21H,23H-porphine (TTMAPP4+) adsorbed on the surface of the anionic micelles, sodium decane-, dodecane-,
and tetradecane-sulfonate at 55◦C, in the presence of nitrobenzene (NB). The fluorescence decay curves are well represented by a single
exponential function. This is attributed to the shorter fluorescence lifetime of TPPS4− and TTMAPP4+ compared with those of Ru complexes
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nd pyrene, where non-exponential decays have been reported. The quenching rate constants in the micelles,km, have been obtained a
he dependence ofkm on the surfactant alkyl chain-length is calculated to be 0.21–0.23 per methylene unit. These values are muc
han the values for the distance-dependence factor for electron-transfer reactions, i.e. 1–1.5 per methylene unit. From model c
t appears that NB molecules are localized primarily in the peripheral region of the micelles rather than being uniformly distribut
he micelles. This phenomenon, together with the diffusion of NB molecules within micelles, results in the quenching reactions b
wo-dimensional and causes the small chain-length dependency observed in this work.
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. Introduction

The study of electron-transfer fluorescence quenching
eactions in micellar systems provides fundamental infor-
ation that can assist in elucidating the mechanisms of
odel bio-reactions and bimolecular reactions in restricted

ystems. There have been many detailed studies and kinetics
odels developed for electron-transfer fluorescence quench-

ng reactions in micellar systems[1–18]. The fluorescence
ecay curves for Ru complexes, pyrene and its derivatives in
icellar systems are well described by the Tachiya–Infelta
quation[1–9,19–21], which has been applied to a wide
ange of bimolecular reaction kinetics in micellar systems
o determining micellar properties[19–21]. However, there
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have been only a few reports of bimolecular reaction kine
in micellar systems using fluorophores with relatively s
lifetimes [14–18]. Furthermore, fluorescence quench
reactions involving porphyrins in micellar systems are
well understood.

We have reported previously the results of a st
of the electron-transfer fluorescence quenching rea
for the anionic porphyrin 5,10,15,20-tetraphenyl-21H,23H-
porphinetetrasulfonate (TPPS4−) adsorbed on the surface
Pt nanoparticles protected by cationic surfactants[22]. The
surfactant chain-length dependence of the electron-tra
rate was found to be small for this reaction, which we
terpreted as being due to the substantial penetration o
anionic porphyrin into the protecting surfactant layer.
study of the electron-transfer fluorescence quenching
tion for ionic porphyrins adsorbed on the surface of mice
in the presence of a quencher solubilized inside the mic
is necessary to gain a better understanding of redox rea
involving porphyrins in micellar systems.

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.02.013
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The fluorescence quenching reaction between porphyrins
and nitrobenzene (NB) is known to be due to the electron-
transfer mechanism[23,24]. In the present work, we have me-
asured fluorescence quenching rates of TPPS4− adsorbed on
the surface of a series of cationic micelles, and a cationic po-
rphyrin, 5,10,15,20-tetrakis{4-[N-(trimethyl)ammmonio]-
phenyl}-21H,23H-porphine (TTMAPP4+), adsorbed on the
surface of a series of anionic micelles in the presence of
NB solubilized in the micelles. Fluorescence quenching
rate constants were determined and their dependence on the
surfactant chain-length is discussed with the aid of model
calculations.

2. Experimental

5,10,15,20-Tetraphenyl-21H,23H-porphinetetrasulfonic
acid, disulfuric acid tetrahydrate (H4TPPS·2H2SO4·4H2
O) (Dojin), 5,10,15,20-tetrakis{4-[N-(trimethyl)ammmo-
nio]phenyl}-21H,23H-porphine tetrakis(p-toluenesulfonate)
(TTMAPP4+TS−

4) (Dojin), NB (Wako, guaranteed rea-
gent), sodium decane-, dodecane-, and tetradecane-sulfonate
(C10SO3Na, C12SO3Na, and C14SO3Na) (Kanto Chemical,
analytical reagent), and sodium dodecyl sulfate (NaDS)
(Kanto Chemical, guaranteed reagent) were used without fur-
ther purification. Decyl-, dodecyl-, tetradecyl-, and hexade-
c
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Fig. 1. Fluorescence decay curves for TPPS4− at 25◦C in (1) C10TABr, (2)
C12TABr and (5) C16TABr and those in the presence of 20 mM NB in (3)
C10TABr, (4) C12TABr and (6) C16TABr. All C nTABr concentrations are
200 mM.

sured in C14TABr, but are not shown inFig. 1 for clarity.
All decay curves are described well by the single exponential
function:

I = I0 exp
(
− t

τ

)
(1)

whereτ is the decay time constant. In the absence of NB,
TPPS4− fluorescence intensities decay more rapidly with in-
creasing chain-length of CnTABr, and the fluorescence decay
time constants in C10TABr and C16TABr are 11.4 and 7.8 ns,
respectively (Fig. 1, curves 1 and 5). This decrease in lifetime
is attributed to the TPPS4− fluorescence being quenched by
Br− on the surface of the CnTABr micelles. The addition of
NB increases the decay rates, which will be discussed later.

The fluorescence decay curve for TTMAPP4+ adsorbed on
the surface of C12SO3Na micelles is shown inFig. 2 (curve
1). The TTMAPP4+ fluorescence decay time in the absence of
NB is virtually independent of surfactant chain-length, being
in the range of 10.9–11.6 ns in the CnSO3Na solutions used in
this work. Also shown inFig. 2is the effect of the addition of
20 mM NB on the fluorescence decay curves for TTMAPP4+

adsorbed on CnSO3Na (n= 10, 12, 14) micelles (curves 2–4).
In the presence of NB the TTMAPP4+ fluorescence intensities
decay more rapidly with decreasing length of the CnSO3Na
chains. All decay curves are again described well by Eq.(1).
If some fraction of the fluorophores were not adsorbed on the
m ld be
e e flu-
o ched
t the
m orbed
fl good
fi in-
d the
m

yl-trimethylammonium bromide (C10TABr, C12TABr,
14TABr, and C16TABr) (Tokyo Kasei, guaranteed reage
ere used after being kept below 1 Torr for 1–2 days. W
as doubly distilled. TPPS4− solutions were prepared
dding NaOH solutions to H4TPPS·2H2SO4·4H2O solu-

ions.
Fluorescence decays were measured using an app

ncluding a femtosecond laser system and a streak
ra. The second harmonic of a femtosecond Ti:Sap

aser (Spectra-Physics, Tsunami 3960, the waveleng
ulse∼ 800 nm, the fwhm of the pulse∼ 80 fs) pumped
y the SHG output of a Nd:YVO4 laser (Spectra-Physic
illennia-V) was used to excite the porphyrins. The

ected fluorescence was dispersed by a monochromato
easured using a streak scope (Hamamatsu, C4334

uorescence signals were averaged using a PC.
Fluorescence decay measurements were perform

5◦C for TPPS4− and at 55◦C for TTMAPP4+. The surfac
ant concentrations were 200 mM (1 M = 1 mol dm−3) for all
amples. The bulk NB concentrations were varied from
0 mM and the bulk concentrations of the porphyrins w
1�M.

. Results and discussion

The fluorescence decay curves measured for TPPS4− ad-
orbed on the surface of CnTABr (n= 10, 12 and 16) micelle

n both the absence and presence of 20 mM NB are sho
ig. 1. The fluorescence decays for TPPS4− were also mea
icellar surface, then the fluorescence decay curves wou
xpected to follow a double exponential function becaus
rescence from the adsorbed fluorophores will be quen

o some extent by the NB molecules which localize in
icelles, whereas the fluorescence from any non-ads

uorophores would be expected to be unquenched. The
t of the decay curves to a single exponential function
icates that essentially all fluorophores are localized in
icelles.
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Fig. 2. Fluorescence decay curve for TTMAPP4+ at 55◦C in (1) C12SO3Na
and those in the presence of 20 mM NB in (2) C14SO3Na, (3) C12SO3Na
and (4) C10SO3Na. All CnSO3Na concentrations are 200 mM.

For fluorophores with long lifetimes such as Ru com-
plexes and pyrene at low quencher concentrations in micelles
[1,3–9,19–21], fluorescence decay curves have been reported
to be well described by the Tachiya–Infelta equation[2,3]:

I(t) = I0 exp

[
q{exp(−kmt) − 1} − t

τ0

]
(2)

whereq is the average number of quencher per micelle,τ0
the decay time in the absence of NB, andkm a micellar
quenching rate constant. The derivation of Eq.(2) includes
the assumption that the distribution of the quencher in mi-
celles obeys a Poisson distribution. In the present cases of
the TPPS4− + NB/CnTABr, TTMAPP4+ + NB/CnSO3Na and
TTMAPP4+ + NB/NaDS systems, however, the fluorescence
decays cannot be described satisfactorily by Eq.(2). If the
product ofkm andτ0 is much smaller than 1, then Eq.(2)
reduces to Eq.(3):

I(t) ≈ I0 exp

[
−

(
qkm + 1

τ0

)
t

]
(3)

In this case, the decay function becomes a single exponential
function.

The quenching rates, 1/τ − 1/τ0 are plotted as a function of
the bulk NB concentration, [NB], inFig. 3. The (1/τ − 1/τ0)
(=qkm) values are proportional to the bulk NB concentration,
a tain
t -
c B
c mply
s tion
n NB
c e,
w

q

Fig. 3. Fluorescence decay rates as a function of the bulk NB concentration:
(a) TPPS4− in C10TABr (�), C12TABr (�), C14TABr (�) and C16TABr
(×). (b) TTMAPP4+ in C10SO3Na (©), C12SO3Na (�), C14SO3Na (♦) and
NaDS (+).

where [M] is the micellar concentration, which was estimated
using Eq.(5):

[M] = [S] − cmc

N
(5)

where [S] is the total surfactant concentration and cmc the
critical micelle concentration. The [M] values were calcu-
lated using the literature values for cmc andN [19,25–27],
which are listed inTable 1. Fig. 4shows the quenching rates,
1/τ − 1/τ0 (=qkm), plotted as a function of theq values. The
fluorescence quenching rate constants,km, were calculated
from the slopes of the lines inFig. 4and these values are also
listed inTable 1.

The magnitude ofkm is more than an order of magni-
tude smaller than the 1/τ0 values which are in the range of
(0.8–1.3)× 108 s−1. Theτ0 values for the ionic porphyrins
are one to two orders of magnitude smaller than those for Ru
complexes, pyrene and its derivatives, whose decay curves
can be described by Eq.(2) but not by Eq.(3). The observed
nd increase with decreasing alkyl chain-length. To ob
he km values, it is necessary to estimate theq values. Be
ause the (1/τ − 1/τ0) values are proportional to the bulk N
oncentration, we assume that all NB molecules are si
olubilized in the micelles and that the micellar aggrega
umbers,N, and micellar sizes are independent of the
oncentration. The number of NB molecules per micellq,
as calculated using Eq.(4):

= [NB]

[M]
(4)
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Table 1
Micellar properties and quenching rate constants

cmc (mM)a Na km (×106 s−1)b

C10SO3Na 41[25] 40 [26] 9.5
C12SO3Na 10[27] 52 [27] 5.7
C14SO3Na 2.6[27] 80 [26] 4.0
NaDS 8[19] 64 [19] 5.2
C10TABr 65 [19] 39 [19] 4.0
C12TABr 15.3[19] 55 [19] 2.6
C14TABr 3.6 [19] 70 [19] 1.9
C16TABr 0.9 [19] 89 [19] 1.1

a Values for cmc and aggregation numbers were taken from the literatures
shown in square brackets.

b Quenching rate constants for TTMAPP4+ − NB in anionic micelles and
TPPS4− − NB in cationic micelles.

single exponential decays are attributed to the small values
of the product ofkm andτ0.

In Fig. 5, the logarithm of thekm values are plotted as a
function of the surfactant chain-length,n, and these values are
seen to decrease linearly with increasing alkyl chain-length.
The fluorescence quenching reaction of the porphyrins with
NB is due to electron-transfer[23,24] and electron-transfer
rates are known to decrease exponentially with increasing
reaction distance between reactants,r [28–30]. Therefore,
km can be expressed as:

km = k0 exp(−βr) (6)

where k0 is the reaction rate atr = 0 and β a distance-
dependence factor. From the study of fluorescence quenching
reactions, Murata et al.[31] have reportedβ values ranging
from 0.8 to 1.2Å−1 (or 1–1.5 per methylene unit assuming
1.25Å per methylene unit). From analysis of the transient
effect in fluorescence quenching reactions[31,32], transient-
absorption and fluorescence decay measurements[33–38],
and current measurements using a gold electrode[39–43],

F ecules
p
C
C

Fig. 5. Fluorescence quenching rate constants,km, as a function of the
surfactant chain-length,n. TTMAPP4+ + NB/CnSO3Na (©), TTMAPP4+

+ NB/NaDS (�), TPPS4− + NB/CnTABr (�).

theβ values are calculated to be in the range of 0.8–1.8 per
methylene unit.

If the NB molecules are solubilized only in the core of
the micelle, then the chain-length dependence ofkm would
be expected to be approximately 1–1.5 per methylene unit.
From the slopes inFig. 5, the chain-length dependences
are calculated to be 0.23 and 0.21 per methylene unit for
the TPPS4− + NB/CnTABr and TTMAPP4+ + NB/CnSO3Na
systems, respectively. The chain-length dependences for the
present systems are more than a factor of 4 smaller than the
literature values. In the case of Pt nanoparticles stabilized by
CnTACl, we reported[22] a chain-length dependence value
of 0.45 per methylene unit for the electron-transfer from
excited TPPS4− adsorbed on the stabilizing layer surface
to the Pt metal core. This smaller value was interpreted as
being due to the penetration of TPPS4− into the cationic
surfactant layers[22]. Because the chain-length dependence
values for the present systems are about half than that for
the TPPS4−–Pt nanoparticle system, their small magnitude
cannot be interpreted as being solely due to the penetration
of the porphyrins into micelles.

In order to better understand the possible reasons for the
small chain-length dependences, model calculations were
performed based on the following assumptions: (1) one fluo-
rophore is adsorbed on the micellar surface and one quencher
is solubilized in the micelle; (2) the quenching rate constant,
k
a not
c cule;
( face
a
q
L were
c 18,
2 ane-
, were
ig. 4. Fluorescence decay rates as a function of the number of NB mol
er micelle for TPPS4− in C10TABr (�), C12TABr (�), C14TABr (�),

16TABr (×); and for TTMAPP4+ in C10SO3Na (©), C12SO3Na (�),

14SO3Na (♦), NaDS (+).
m, is given by Eq.(6), wherer is in units ofÅ, β is 1Å−1,
ndk0 is one per step; (3) the radii of the micelles do
hange as a result of solubilization of a quencher mole
4) the fluorophore moves randomly on the micellar sur
t the diffusion coefficient,DF = 1× 10−11 m2 s−1, and the
uencher inside the micelle diffuses atDQ = 1× 10−9 m2 s−1.
engths of the surfactants, including the head group,
alculated using the MM2 method, and are 13, 16,
1 and 23̊A for octane-, decane-, dodecane-, tetradec
and hexadecane-sulfonate, respectively. Calculations
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Fig. 6. Dependence of reciprocal number of steps on the surfactant chain-
length from model calculations. NB molecules are assumed to be solubilized
in the core whose radius is 1.0 (�), 0.8 (�), 0.66 (�) and 0.5 (�) times the
micellar radius, or in the shell whose thickness is 0.2 (©), 0.33 (�) and 0.5
(♦) times the micellar radius.

performed as follows. Operation 1: initial positions of reac-
tants are generated. Operation 2: quencher is moved by a dis-
tance (2DQ�t)1/2 within a micelle and fluorophore is moved
by (2DF�t)1/2 on the same micellar surface in random direc-
tions. Operation 3: if a generated random number is less than
or equal to exp(−βr), quenching reaction is taken to have
occurred. Otherwise return to the operation 2. Operation 4:
return to operation 1. The�t value was 10 fs. The number
of times of operation 2, which we will call the step numbers,
required to react were calculated and averaged over 10,000
different initial distributions for each surfactant chain-length.

At first, the initial positions of the quencher were assumed
to be uniformly distributed all over the entire micelle, and the
steps required to react were calculated. Reciprocals of the av-
erage number of steps, which are proportional to the quench-
ing rate, are plotted inFig. 6(see data points represented by
�). The reciprocal numbers of steps decrease with increasing
chain-length, and the chain-length dependence is calculated
to be 0.31 per methylene unit. Next, we assumed that a mi-
celle consists of a core and a shell and that the quenchers
are located either only in the core or only in the shell. The

step numbers were calculated changing the radii of the core,
and the reciprocal number of the steps are shown inFig. 6
(closed symbols). The calculated chain-length dependences
for quenchers distributed within the core of 1.0, 0.8, 0.66,
0.5, and 0.3 times the micellar radii,rm, are 0.31, 0.33, 0.46,
0.76, and 1.15 per methylene unit, respectively. (The results
for the core of 0.3 timesrm are not shown inFig. 6.) With de-
creasing core-radius, the chain-length dependence increases,
and at 0.3 timesrm, the chain-length dependence is 0.92Å−1,
which is close to 1̊A−1 or 1.25 per methylene unit at the limit
of infinitely small core without diffusion. Also shown inFig. 6
are the results for quenchers distributed only within the shell
(open symbols). For the shell thickness range from 0.5, 0.33,
0.2 and 0.1 times ofrm, the chain-length dependences are
0.29, 0.28, 0.27 and 0.27 per methylene unit, respectively.
(For clarity, the results for the shell thickness of 0.2 times of
rm are not shown inFig. 6.) The chain-length dependences
decrease, although slightly, with decreasing thickness of the
shell. This calculation suggests that NB molecules are solubi-
lized mostly in the peripheral region of the micelles, and this is
consistent with spectroscopic studies showing that aromatic
compounds are solubilized in the palisade layer of micelles
[44–50]. The calculations using 10 times smallerD values
increase the step numbers, but the calculated chain-length
dependences did not change.

The above results of the model calculation show that
t and
c for
c ain-
l –0.23
p unit)
m rated
i e as
a usly,
t ts in
F f the
q er
t tion
o es of
k
T n
t n-
c t the

Table 2
Experimental quenching rate constants,km, micellar radiusrm, km normalized b e,
km�V

km
a (×106 s−1) rm (nm)

C
C
C
C
C
C
C

10SO3Na 9.5 1.6

12SO3Na 5.7 1.8

14SO3Na 4.0 2.1

10TABr 4.0 1.6

12TABr 2.6 1.8

14TABr 1.9 2.1

16TABr 1.1 2.3
a FromTable 1.
b �V is the shell volume of the 1/10 thickness of the micellar radius.
he NB molecules solubilized near the micellar surface
lose to the excited porphyrins are mainly responsible
ontrolling the reaction rate. The difference in the ch
ength dependences determined from experiment (0.21
er methylene unit) and calculation (0.27 per methylene
ay reflect that the porphyrins are more or less penet

nto the micelles but are not only located in the surfac
ssumed in the calculation. As was described previo

hekm values were obtained from the slopes of the plo
ig. 4, where the reaction rates are plotted as a function o
uencher concentrationq in molecule per micelle. In ord

o compare thekm values at the same surface concentra
f the quencher in molecule per unit surface area, valu
mS (S = 4πr2

m) were calculated and are listed inTable 2.
he chain-length dependence ofkmS is much smaller tha

hat ofkm, but thekmSvalues still decrease slightly with i
reasing surfactant chain-length. This fact suggests tha

y micellar surface area,kmS, andkm normalized by micellar shell volum

kmS(×10−10 m2 s−1) km�Vb (×10−20 m3 s−1)

3.1 4.4
2.3 3.8
2.2 4.2
1.3 1.9
1.1 1.7
1.1 2.0
0.73 1.5
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reaction is not a perfect two-dimensional surface reaction
either. Other factors to be considered are the facts that the
diffusivity of NB molecules decreases with increasing sur-
factant chain-length and that the degree of penetration of the
porphyrins into the micelles becomes smaller with increas-
ing surfactant chain-length. Also shown inTable 2arekm
values normalized to micellar shell volume,km�V, where
�V=V{1− (1−p)3}, V= 4πr3

m/3, andprm the thickness of
the shell. Thekm�V values are less dependent on the sur-
factant chain-length. However, further study is necessary to
clarify the effect of the chain-length on the diffusivity of the
solubilizate and the degree of penetration of porphyrins into
micelles.

4. Summary

The electron-transfer reaction rate constants were de-
termined for the TPPS4− + NB/CnTAB and TTMAPP4+ +
NB/CnSO3Na micelle systems. The fluorescence decay
curves measured can be described well by a single expo-
nential function because of the short unquenched decay
time-constants of these porphyrin molecules and the slow
quenching rate. Values for the micellar quenching rate con-
stant,km, were obtained, and lnkm values were found to
decrease linearly with increasing surfactant chain-length.
T 3 per
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