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Toward a Hydrodynamic Description of Bimolecular Collisions in Micelles. An
Experimental Test of the Effect of the Nature of the Quencher on the Fluorescence
Quenching of Pyrene in SDS Micelles and in Bulk Liquids
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The simple hydrodynamic description of bimolecular collision rate constants afforded by the-SEokstein-
Smoluchowski (SES) equation is tested in a bulk liquid as well as in sodium dodecyl sulfate micelles.
Fluorescence quenching of pyrene by three different quenchers is used as a model to study collision rate
constants. One quencher is itself a cationic surfactant, one an uncharged long alkyl chain labeled with a
nitroxide, and the third an uncharged aromatic compound. The SES equation is found to give a remarkably
good description of the fluorescence quenching rate constant not only in bulk but also in micellar media. The
fluorescence quenching rate constant is independent of the type of quencher and varies with temperature,
viscosity (microviscosity in the case of micelles), and quencher concentration in accordance with the SES
equation. A zero-order model of diffusion in micelles is introduced in which pyrene and quencher diffuse
through the polar shell. The microviscosity of the shell is deduced from electron spin resonance measurements
of one of the quenchers, which is also a nitroxide spin probe. The probability of quenching upon collision
between reacting pairs is on the order of order unity in both bulk and micellar media. The observed slight
departure of this probability from unity in the case of micelles is discussed and arguments show it to be
accommodated by minor adjustments to the zero-order model.

Introduction severely restricted geometric constraints of a micelle is suspi-
cious at best. Nevertheless, preliminary work showghat eq
Y1 describes fluorescence quenching of pyrene in micelles rather
well. The dependence of the linearity of the fluorescence
guenching rate constant oy in micelles has been studied
with varying the viscosity by (1) mixing a nonionic surfactant
with sodium dodecyl sulfate (SDS)and (2) varying the
temperaturé: The proper dependence of the rate constant on
the concentration of the quench&g, has been verified by
8RT varying the size of SDS, dodecyl trimethylammonium bromide
Ko Zm 1) (DTAB), and chloride (DTAC) micelle3.Reekmans et dl.
studied the effect orky of changing micelle size by adding
whereR = 8.31x 107 erg/K is the gas constank,the absolute alkanes and alcohols. Croonen ef atudied the influence of
temperature, angl the shear viscosity of the solution. The rate NaCl. The size of the micelle enters indirectly because the rate

In recent papers, we have begun to test a hydrodynamic theo
of bimolecular collisions in micelles using the quenching of
pyrene fluorescence as the experimental médellhe basis
for the test of the theory is the StokeBinstein—Smolulchowski
(SES) equatiofi® which gives the rate constant for diffusion-
controlled collisions Kp) between two types of molecules, A
and B in solution, as follows:

constantkp is given in units of L/mol s whem is in units of constant of collisions depends on the quencher concentration,
poise. The rate constant of quenching is given by which is determined by the volume through which they diffuse.
It is important to bear in mind that the effective concentration
ky = PkyCq (2 of the quencher in a micelleCq, is very different from the

concentration of the quencher [Q] computed using the entire
where Cq is the effective concentration of the quenchers in sample volume.

mol/L _andP is the probability of quenchin_g upon_collision. The purpose of this work is 3-fold: (1) to further test egs 1
In view of some rather radical assumptidnaq 1 is already 414 2 in micelles, with particular emphasis on varying the nature
r.em.arkablc.e When applied to collisions in norma!, homogeneous qf the colliding pair, (2) to test egs 1 and 2 in bulk liquid and
liquids, being independent of any property of either A or B. In - yatermine the quenching probability P (a quenching probability
partl_cular, the size of the diffusing molecgles does not enter, p emerges from egs 1 and 2 when applied to micelles that are
Ieadllng_ Debﬁé.tg reger to e‘i 1 a; a peC“"gf but well-knowr;l dependent on the model of diffusion employed), and (3) to lend
result In co oid ¢ emlstry. T.US’ according to eq 1, a support for a simple modetin which all quenchers and pyrene
molec_ular pairs wou!d collide w_|th_the same rate constant. If diffuse through the polar shell as detailed below. Three very
eq 1 is remarkable in normal liquids, then its application to different quenchers with structures as in Scheme 1 are employed.
*To whom correspondence should be addressed. E-mai: DMBP and 5DSE are Spa_ringly soluble in water, as is pyrene.
radha.ranganatha@csun.edu. Thus to a good approximation the quenchers encounter pyrene
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in the micelle environment. GPC is itself a surfactant. We take

advantage of the fact that nitroxide spin probes are excellent

guenchers of pyrefleand employ 5DSE as a quencher. None
of the three quenchers show appreciable migration from one
micelle to another during the lifetime of pyrene as discussed
below. The viscosity in eq 1 is estimated from the rotational
correlation time of 5DSE, incorporated into the micelles,
measured by EPR. The quenching rate constank, is
measured by time-resolved fluorescence quenching (TRFQ).

Theory

Time-Resolved Fluorescence Quenching (TRFQ)The
quenching rate constarky, has been of interest in theoretical
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and the collision rate is the arrival rate of particles on this
spheret®19 The result for the probequencher collision rate
constant is

kp = 47R,.D (5)
whereD is the mutual diffusion coefficient of the probe and
guencher aniyq is the radius of the sphere of influence around
the probe. The StokeEinstein equation for the diffusion
coefficient,Dq, of a quencher molecule of radilg in a medium
of viscosity ist®

RT
Dq BnNgR, ©)
whereNp is the Avogadro number. A similar expression holds
for the diffusion coefficienD,, for a probe molecule. The mutual
diffusion coefficientD is the sum oD, andDg. TakingRyq to
be the sum of the radii of probe and quencher, assumed to be
of the same radius, yields eq 1 for the bimolecular collision
rate constantkp. The assumption of equal radii for the two
diffusing particles is not very restrictive. For example, a factor
of 4 difference in their radii results in less than a 50% error in
the prediction of eq 2.The quenching rate constaky, is then
given by the product of the bimolecular collision rate constant
and the concentration of the quencher (eq 2). The quenching
rate constant in a bulk solvent is given by

ke = PkolQ] ()

investigations because it can be measured experimentally and Application of the SES Equation to Micelles.In a bulk

models the reaction rate constant between solubilized reactantsiquid, the computation of the quencher concentration, [Q], is
in micelles. Fluorescence quenching in globular micelles has straightforward, the viscosity is uniform throughout the sample,
been observed to be a first-order kinetic process, that is, theand both the quencher and pyrene diffuse through the entire
fluorescence decay due to a single quencher is described verywolume of the sample. Thus, the only remaining parameter in

well by an exponential decay, expkqt), thus defining a first-
order quenching rate constaritg.!%'> Assuming that the
quenching rate constant dueri@uenchers in a micelle isk,

eq 2 is the probability of quenchinB, In a micelle, the situation
is far more interesting. First, the quencher concentraii@y,
depends on the volume through which the quencher diffuses

and that the quenchers are distributed randomly among thewhich is very likely different from the micelle volume. Second,

micelles (Poisson distribution) leads to the Infefeachiya
equation for the time-dependent fluorescence degéy.1-15

the viscosity is very unlikely to be uniform throughout the
micelle. Third, the volume through which the quencher and

Under the conditions that probes and quenchers do not migratepyrene diffuse could be different. This last possibility would

between micelles during of the lifetime of the excited prébe,
the Infelta-Tachiya equation becomes

F(t) = F(0) exdl —kgt + I, Texpkd) — 1} (3)

The quantityF(0) denotes the initial fluorescence intensity,

is the decay rate constant of excited probe in a micelle when
no quenchers are present, aiilis the average number of
qguenchers per micelle given by

[Q]

IN,L= IM]

(4)

where [Q] is the total molar quencher concentration in solution
and [M] is the micelle molar concentration. Equation 4 tacitly

decrease the deduced valuePfn eq 2 because quenching
can occur only within the overlap of the two volumes. Similar
ideas were discussed by Dederen éfalnd Van der Auweraer
et al?!

A zero -order model of the application of eq 2 to micelles
assumes the following:

1. A simple approximately spherical cefshell model
describes the SDS micelle. This model, advanced by H&ty,
has stood the test of countless experiments; in fact, the claim
was already made 20 years &Ydhat “the overwhelming
majority of experimental and theoretical studies have confirmed
the classical picture”, thus we consider the basic model to be
sound. In addition to a wealth of other supptrthe agreement
between theoretical and experimental results on the hydration
of micelle surfaces supports the model?”

assumes that a negligible concentration of quenchers partition 2. Pyrene and all quenchers diffuse throughout the volume
into the aqueous phase. A fit of eq 3 to the fluorescence decayof the polar shell and nowhere else. Almgren e¥ahowed

data yieldsky and NgL
The Smoluchowski Equation.If quenching occurs only upon

that aromatic probes and aromatic or ionic quenchers reside
preferentially in the polar shell. This assumption is a reasonable

a collision encounter (contact) between the probe and quencherzero-order approximation for the quenchers considered here and

then the Smoluchowski or absorption boundary condition
prevails’®~18 |n the Smoluchowski derivation, a particle is

is supported by the results themselves. Since one of the
guenchers is itself a spin probe used to measure the micro-

assumed fixed in space at the center of a sphere of influenceviscosity, assumption 2 leads immediately to assumption 3.
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3. The spin probe diffuses throughout the volume of the polar TABLE 1: Lifetimes of Pyrene Fluorescence in Methanol

shell and nowhere else and thus reports a viscosity which is temp, K 1ko, NS 1k, NS
the average of the zone through which pyrene and the quenchers 288 393
diffuse. 293 385
In the zero-order model the volume in which the reactants 298 3724+ 107 387+ 170
diffuse is 303 349
4 5 5 aBubbling argon gas’ Freeze-pump-thaw.
Vehel = §ﬂ{ Rn — R} 8

by deconvolution with the instrument scattering profile obtained
with a scattering solution. Decay curves in methanol were
measured at a few selected temperatures between 10 &@l 40
and for various quencher concentrations at each temperature.
Experiments in SDS solutions were conducted at@5The
sample temperature was maintained with circulating water. In
3 (113) the case of methanol, dry argon gas was bubbled through a fixed
RCZ{ETNVtaiI} 9) volume of sample (2 mL) for 10 min to deoxygenate the
samples. See Table 1 for the lifetimes of pyrene fluorescence
Rnm and R. differ by the thickness of the polar shell, which in methanol in the absence of quencher after this treatment,
includes headgroups, counterions, and hydration water. We taketogether with the lifetime after a rigorous treatment of repeated
Rn — R. = 5 A as determined by high-resolution small-angle freeze-pump—thaw cycles. Table 1 shows that bubbling with
neutron scattering® Recalling thatk, is the quenching rate  argon gas is effective in deoxygenating methanol. The quencher
constant due to a single quencher, the quencher concentrationgoncentrations were determined by monitoring the absorption

for a micelle of radiusky, and a core radiuR.. The hydrocarbon
core volume of a micelle of aggregation nummbéis NVii,
where Vi, is the volume of the alkyl chain embedded in the
core, so that Ris

Cq, is thus due to one molecule in volunvgne, so that with a Varian Cary 2400 spectrophotometer ati(ir 260 nm
and an extinction coefficieng, in methanol of 4200 M! L
10 cm1 for C1gPC33L (i) A = 270 nm ande of 15262 Mt L
Co= NoVeren (10) cm~1 for DMBP in water32 and (i) A = 424 nm ance of 11
M~ L cm™! for 5DSE in methanol determined through a
whereVehe is in A2 and the factor 18 convertsVepe from A3 methanolic solution of a known amount of 5DSE. The corrected
to liters. To determineCq, it is necessary to measuhe decay curves were fitted to a single-exponential decay in the
case of methanol and to the Infelta model, eq 3, for SDS
Materials and Methods solutions.

Microvisocosity values previously determined by ESR for
DS micelles using 5DSE in water with and without NaCl were
sed? For SDS micelles, the microviscosity depends only on
the values ofN and not on the particular surfactant and salt
concentrations. For those values Mffor which the micro-
viscosity values were not available by measurement, interpolated
values were used.

The quenching rate constants of pyrene fluorescence due tog
the quenchers (see Scheme 1) 3,4-dimethylbenzophenonqJ
(DMBP), cetylpyridinium chloride (gPC), and 5-doxylstearic
acid methyl ester (5DSE) were determined by TRFQ methods.
Pyrene, DMBP, @PC, and 5DSE were obtained from Sigma-
Aldrich. Pyrene was purified by recrystallization from ethanol.
A 25 mM stock solution of the pyrene was prepared and stored
in the freezer. An aliquot of the pyrene solution sufficient to  raguits
provide about 0.01 molecules of pyrene per micelle was added ] )
to a vial and the solvent evaporated by a slow stream of dgry N The decay curves of fluorescence quenching of pyrene in
gas. A 50 or 100 mM solution of SDS was added to the vial Methanol are shown in Figure 1. A single-exponential decay
and gently stirred for 24 h. Methanol (Fluka Chemicals) was fit yields k,. Micellar quenching was observed in SDS micelles
the medium for measurementskgfin bulk. A fourth quencher ~ @nd the decay curves, Figure 2, show that the long-time behavior
16DSE (Sigma-Aldrich), consisting of the nitroxide label at the N the presence of quencher parallels that in the absence of
16th carbon of the alkyl chain, was also employed in the case qguencher. This means that the intermicellar migration rate is
of methanol. Micellark; was determined for SDS micelles in ot significant for the quencher/micelle systems of the present
water. The detergent SDS (purity99%) was from Lancaster ~ studie$® and eq 3 applies. Fits to the Infelta equation (eq 3)
Synthesis, Inc. Nanopure water from Sybron/Barnstead Nano-'eturnk, andN,[J The aggregation numbe¥, is then obtained
pure Il was used as the solvent. The two detergent concentra-from Nq[using eq 4 with the micelle concentration
tions, [SDS]= 50 and 100 mM, in the absence of added sodium
chloride vyield two different aggregation numbers. Further ] = [SDS] — [SDSd
micelle size variation was obtained by adding sodium chloride N
(analytical reagent grade from Fisher) to the SDS solution. All
materials other than pyrene were used as received. The quencheralculated from the known total detergent concentration [SDS]
concentration was varied in the range of-©130 molecules per  and the computed values of the aqueous monomer concentra-
micelle. tions [SDSed.333* The volume of the hydrocarbon portion of

TRFQ experiments were carried out with a nanosecond the SDS molecule is close to 3503435 The value 0fVij
flashlamp pumped FL900 lifetime spectrometer (Edinburgh forming the core depends on the percentage of the hydrocarbon
Analytical Instruments). Pyrene was excited a 334 nm and units of the alkyl chain that is embedded within the core. The
the fluorescence decay was monitorediat 390 nm with a literature often reports that about two methylene groups are fully
photomultiplier tube by the time-correlated single photon exposed to watéf37leading to a value of 0.8% 350 A3 for
counting technique at 1-ns time resolution for a total decay time V. With this value forVi,;, and theN derived from TRFQ,
of 1 us. The decay curves were corrected for instrument responseVspe is calculated according to egs 8 and 9. Table 2 gives the

(11)
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: Quenching Rate Constants k), Microviscosities
t TABLE 2: Q hing Rate Constants kg), Mi i iti
(,7), Core Radii (R;), and Shell Volumes %/She") for SDS
4 ;
10 IIII‘IIHI\I[\I[W\I\I: Mlce”es
ET = [SDS], [Nacl], Ka, 7.2 Re  Vehen”
- ] quencher molL™? molLt 10°s?! cP A 100A3
) CiPC 0.05 0 4.18 72 167 233
]03 R CiPC 0.05 0.029 3.57 81 175 252
CiPC 0.05 0.093 3.13 9.3 185 279
r CisPC 0.05 0.2 2.78 103 194 3.02
CisPC | 0.05 0.4 2.25 116 212 351
DMBP 0.10 0.025 3.94 8.0 173 249
102 DMBP 0.10 0.05 3.56 8.7 181 267
E DMBP 0.10 0.10 3.30 9.3 185 278
m DMBP 0.10 0.15 3.02 100 191 294
SN DMBP 0.10 0.21 2.77 105 196  3.07
RN DMBP 0.10 0.25 2.63 11.0 200 3.20
1o bl v bbb i ROV I e I Ty e
50100 150 200 250 300 DMBP 010 0025 223 115 210 347
Time/ns 5DSE 0.05 0.1 3.01 95 186 282
. . . 5DSE 0.05 0.2 2.44 106 19.7 311
Figure 1. Fluorescence decay of pyrene in methanol for various 5DSE 0.05 0.4 217 115 210 3.49
concentrations of the quencher hexadecylpyridinium chloridé?C, ' ' ' ’ ’ )
A ) 5DSE 0.10 0.063 3.01 9.3 185 277
at 15°C. The values of the gPC concentrations are (1) 0, (2) 0.59, 5DSE 0.10 0.125 274 102 193 299
(3_) 1.17,' and (4) 2.19 mmoH_l. The; four curves are the data together  gpgg 0.10 0.25 255 111 203 3.27
with their least-squares fits to a single-exponential decay.
aFrom previously determined values of microviscosity of the polar
F(t) shell of SDS micelles as a function of the aggregation nurhber.
T AT b Calculated according to egs 8 and 9 and using a shell thickRess
B \ \ | | | N R.=5A.
B ] 7 -1
3 k /10" s
107 q
- 8 ERRRNRARN AR RARRNRARN ARRRN RRARNARRE
- 7 A
10% |- 6 = =
= 5 = =
R 4 £ £
01 ol b b b b 33— —f
0 100 200 300 400 500 600 ) = =
Time/ns = =
Figure 2. Fluorescence decay of pyrene in SDS micelles, [SBS] 1 = —
50 mmol L%, in the absence (1) and in the presence of the quenchers . ‘ | ‘ | ‘ | ‘ -
(2) 5DSE, (3) DMBP, and (4) GPC at 25°C. Curve 1 shows the data O
and the fit to a single-exponential decay. The three quenched decay 1 2 3 4_1 5.6 71 %
data (dots) together with their least-squares fits (solid lines) to the 8RT[Q](3000 n) /molLK.L".P

Infelta—Tachiya model (eq 3) are purposely chosen to be at different
guencher concentrations, 0.37, 0.50, and 0.7 mM, respectively, to
separate the curves for clarity.

Figure 3. Fluorescence quenching rate constagtpf pyrene due to
(+) C16PC, ®) DMBP, (®) 5DSE, and ) 16DSE in methanol at
various temperatures (3@0 °C) versus &T[Q](3000;) L. Linear least-
values ofVgney for the various samples studied in this work. ggltjg:]eesdﬂ;?ftme g%rgf’érr‘]’fdtlegfn%é g;ﬁ?; 5toDStEé ag? eg;?;ﬂgata
Th_e respective values O.f the mlchVISCOSIty obtalne(_j fro”.‘ ESR Smoluchowski equation (eq 2) to a straight line yields a slope of 0.9.
using SDSE are also given. Published values of viscosity are the gashed line is obtained wher= 1.
available for methand® The SES prediction fok, is tested
for bulk liquid in Figure 3 and for micelles in Figure 4. The for the four different quenchers. The fact that the quenching
abscissas are given aREQ]/3000 for bulk and 8RTG/3000; probability is near unity shows that effective quenching occurs
for micelles. Thus the slope yields the quenching probability on each bimolecular encounter and that higher order corrections
P. The solid lines in Figures 3 and 4 are fits to the data yielding for nonspherical molecules, flexible molecules with the reaction
P = 0.9 in methanol an® = 0.7 in SDS micelles. Two main center localized within the molecule, and even charged mol-
remarkable points about the observed behaviokyddre that ecules are minor and can be neglected at the present level of
the data points for the different quenchers fall on the same line precision? Quenching of pyrene by GPC in water at 25C
and that the slope is of the order of unity as expected of the was investigated by Almgren and co-workétespite com-
SES equation (eq 2) for diffusion-controlled reactions. plications thought to be due to association of the fluorophore
and quencher below the cmc off2C, a second-order quench-
ing rate constant of 6.% 10° L/mol s was deduced from the
The linearity of the curve in Figure 3 shows that the SES variation of the decay constants with quencher concentrétion.
describes the quenching rate constant rather well in bulk liquid Using = 0.0089 P for water at 25C.%8 a quenching

Discussion
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three molecules quench pyrene at nearly the same rate. If there
were to be some stearic hindrance to the quenching or
orientational effects, we would expect the differences in the three
guenchers to emerge in the micelles.

The value ofP = 0.7 results from using the microviscosity
derived for the rotational motion of 5DSE to the translational
motion of pyrene and the quenchers. Using 5DSE as one of the
quenchers has the obvious advantage of eliminating the uncer-
tainty whether the microvisosity of the quencher and the spin
probe are different. The fact that the microviscosity derived from
rotational motion may be applied to translational motion was
well established, even for complex fluids, by Buchachenko and
co-workers*? Thus, a nonunity slope in Figure 4 is not likely
to be due to the use of incorrect values of the microviscosity.
The importance of including the microviscosity in the SES was
firmly established in studies of mixed micelles of SDS and a
sugar-based nonionic surfactaitood agreement was achieved
by including the microviscosity and very poor agreement without
it.

First-Order Correction to the Zero-Order Model. In what
follows we show that the observed small departur® dfom
unity can be rationalized by requiring just small departures from
the zero-order model that are encompassed within the quantity
Co. At least two types of refinements are obvious. The first
involves leaving intact the assumption that the quencher and
pyrene diffuse through the same volume, but this volume is

k /107 s
q
5

\H‘HH‘ \H‘HH‘HH/HH‘H
,

-+

W
|HI\‘IHI|\IH|HH‘

’

[T

/
\H‘HH‘ \H‘HH‘HH HH‘\H

1 2 3 4 5 6
8RTCQ(3000n)'1/m01.K.L'1.P'1

=R

0

Figure 4. Fluorescence quenching rate constakysof pyrene due to

(+) C16PC, (©) DMBP, and @) 5DSE in SDS micelles at 28 versus
8RTG(30007) 7% Linear least-squares fits of the combinegs®L,
DMBP, and 5-DSE data to the StokeSinstein-Smoluchowski
equation (eq 2) yield straight line of slope 0.74. The dashed line is the
theoretical line for a quenching probability of unity.

robability of P = 0.85 may be computed fromegs 1 and 7, in > '
good agr(}-:‘/ement with the);esults ionigure 3 q different fromVshen In order forP to increase from 0.7 to 1.0,

The data in Figure 4 show that indeed that the quenching the diffusion volume would have to be 30% larger than that of

rate constant of pyrene is almost independent of the nature of Yshel i;;jdies of the hydration of the polar shell of SDS
the quencher for the three quenchers studied in this work. This Micelles®and SDS micelles mixed with a nonionic sugar-based

supports purpose 1 of the work, encouraging further work in

surfactant support the zero-order model. The experimentally

which a wider variety of quenchers are chosen to test item 3 of PServed volume percentage occupied by water is in excellent

the zero-order model. The data in Figure 4 are rather linear;
however, for G¢PC, there is a slight curvature concave

agreement with a simple theory based on the zero-order
model>25Only one parameter enters into the theory (either the

downward. Furthermore, the data do not extrapolate to the shell thickness or the volume inaccessible to water due to the

origin, although due to the micelle sizes encountered in this N€adgroup). Leaving this parameter fixed, the variation in
study, the data fall rather far from the origin. Fitting the three Micelle hydration is in excellent agreement with theory as the
sets of data to a straight line without constraining the fit to pass Micelles grow under the influence of added salt or surfactant.
through the origin yields slopes of 0.6, 0.5, and 0.5 fesRT, Furthermore, upon insertion of a bu_lky sugar headgroup, the
5DSE, and DMBP, respectively. A straight line from the origin expected amount of expelled water is very nearly equal to the
tangent to the lower data points ford2C has a slope of 0.8. volume of _the he_adgroup cc_>r_nputed from_ molecular models. A
Therefore, despite the fact that the data do not seem not to tendfl€tailed discussion and critical evaluation of the agreement
exactly to the origin, as the SES requires (in Figure 4, the fit is P&tween theory and experiment may be found in the published
constrained to pass through the origin), shows that, even in Work of Bales et ak3260ne criticism was that small excursions
micelles, the SES describes the quenching rate constant rathePY SDSE from the polar shell into the core and out into the
well. A nonzero intercept has long been a problem in describing Water, were they to be of similar probability, would be difficult
rotational motion of molecules even in bulk liquid as is discussed 0 detect since averaging 0% water in the core and 100% water
by Dote et al. and references theréinGiven the limited outside the shell would result in about 50% water. Weighting
systematic data that are presently available in micelles, it is the result® with 50% water would change them very little.
premature to try to address whether a nonzero intercept can el hus, to maintain agreement bet_Ween prerlmenFaI and theoreti-
understood by modest departures from the zero-order model.?al values of the micelle hydration, this volume increase must
The slopes of the curves in Figure 4, if interpreted entirely as involve excursions of the two molecules more or less equally
a quenching probability, yiel® = 0.7 + 0.2, which already into the core and into the agueous phase. We find that excursions
may be considered a success of the SES description. It isOf approximately 0.8 A into the core and 0.8 A out into the
unlikely that the minor difference betwe®&n= 0.7 andP = 1, aqueous phase are sufficient to increRsieom 0.7 to 1.0.

if it turns out to be significant in future work, may be attributed Alternatively, we could suppose that the volumes through
to a real decrease in the quenching probability upon collision. which pyrene and the quenchers diffuse are slightly different.
This is clear from the fact that the nitroxide group of 5DSE Figure 5 shows a schematic of the coshell model of a micelle
rotates rapidly (rotational correlation timel ns) and almost of radiusRy, having core radiu.. A portion of the region of
isotropically#! so there is no reason to suspect that the pyrene diffusive motion of two molecules is shown as two zones. Each
5DSE colliding pair would behave any differently in the micelle zone extends symmetrically about the center of the micelle
than in a bulk liquid. The pyridinium group of the flexible between a distanc®minj and Rynaxj (i =1,2 identifies the
molecule GePC is also expected to rotate rapidly, while DMBP, molecule) from the center; only a portion of each zone is shown
being a rigid molecule, rotates more slowly. Nevertheless, all for clarity. We simplify the discussion by assuming that each
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Figure 5. Schematic of the coreshell model of a micelle of radius
Rmn having core radiu®., showing the region of diffusive motion of

J. Phys. Chem. B, Vol. 107, No. 37, 200B0317

zone for the spin probes must be consistent with the observed
values of the polarity expressed as a percent of volume occupied
by water!326.27

The problem of diffusion-controlled reactions in micelles has
been addressed theoretically®4346 and experimentally in
spherical and cylindrical micelléd:*"*8 These studies have
concentrated on the roles of dimensionality and finite restricted
media and the effect of the quenching mechanisms on reaction
rates in model systems. The treatment in these microscopic
models is basically along the lines of the Smoluchowski
approach; that is, they rely on a hydrodynamic description of
the reaction medium and solve the diffusion equation for the

two molecules as two zones. Each zone extends symmetrically aboutpair survival probability for several model situations as fol-

the center of the micelle between a distafs; andRmax (i = 1, 2
identifies the molecule) from the center; only a portion of each zone is
shown for clarity.

molecule,i, may be found with equal probability at any point
within its zone of volumeV,ene; and is not found outside that
zone. Thus the probability that both molecules will be found in
the volume of overlap and thus collide is juStveriaf/
Vzone Mzone2@Nd may be interpreted as the slope of the line in

Figure 4. For the most general case, the probability is a some-

what complicated expression involviifihinj andRmaxj (i = 1,
2). To illustrate, we consider two simple cases.

Suppose in case 1, zone 1 lies entirely within the polar shell
displaced symmetrically from the two surfaces of the polar shell.
Thus,Rmin1 = R: + d andRmax1= Rn — 0. Suppose that zone

lows: (a) probe and quencher restricted to motion on the surface
of a sphere, (b) probe fixed at the center of a sphere while the
guencher moves freely in the volume, and (c) quencher fixed
at the surface of a sphere while the probe moves freely in the
volume. These are idealized conditions, not entirely physical.
For particles diffusing on the surface of a sphere of raéiys
model a, the results of the calculations for the first-order

guenching rate constant in micelles may be summarized
asll,15,18,46

=k (14)

wherey is of the order of unity and depends on the sizes of the

2 extends beyond these two surfaces symmetrically by the samepicelle and the diffusing particle. The functional similarity of

amount; i.e.,Rmin2 = Re — 0 and Ryax2 = Rn + 0. It is
straightforward to show that the probability is given by the
following:

(Ry— 0’ — (R, +0)%)
(Ry+0)° = (R, — 9)?)

For 6 = 0, we have the zero-order approximation and eq 12
properly yields unity. The probability given in eq 12 decreases
with o, reachingP (case 1)= 0.7 atd = 0.44 A. Any core
radius in the rangdR. = 16—22 A, appropriate for an SDS
micelle of aggregation number in the rarlige= 50—120, taken
together with a shell thickness of 5A yields the same result
within 1 part in 700. Thus, the probability computed for case 1
does not change appreciably with

P(case 1=

12

eq 14 to the 3-D expression of eq 2, namely, the direct
proportionality to the diffusion constant and inverse propor-
tionality to the size of the reaction domain, results in numerically
similar values foiky calculated from eqgs 2 and 14. Using typical
values fory between 0.3 and 0'5*%and eq 6 employing probe
and quencher radii of 3 A, one may calculate valuekxthat

are 25-45% of those computed from eq 1. Hence not only the
features of eq 14 but also the numerical values are close to the
predictions of the SES. Therefore from the valuekpélone

we cannot distinguish between the two equations. The main
point here is that the use of the Stokd&instein expression for

D in eq 5 eliminates the dependence on the type of quencher
quite clearly and explains this essential feature of the experi-
mental observations.

Conclusions

For case 2, suppose that both zones have thickness equal to

that of the shell, 5 A, and that one is displaced outward by
and the other displaced inward by the same amount. Ruis:
=R+ 0, Rmax,lz Rm + 0, Rmin,2: R. — 0, andRmax,ZZ Rm

— 0. This yields

P(case 2=
(Rp— 0)° — (R, +9))?
(Rt 0’ = R+ )Ry — 0)° — (R, — 9))

Equation 13 yields a probability of 0.7 whén= 0.40 A.

(13)

The purpose of introducing cases 1 and 2 is to get an idea of

Using fluorescence quenching, a prototype of diffusion-
controlled reactions, in bulk liquid and micelles, we have shown
that the reaction rate constant is independent of the nature of
the colliding pair. The results as displayed by Figures 3 and 4
support a hydrodynamic description of collisions in bulk solvents
as well as within the restricted region of the micelle. Use of
the Stokes Einstein equation for the mutual diffusion coefficient
reveals the role of temperature and microviscosity in reaction
rates in micelles explicitly. The quenching probability is near
unity in bulk liquids and about 70% in SDS micelles.
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