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Location of Spectroscopic Probes in Self-Aggregating Assemblies. Il. The Location of
Pyrene and Other Probes in Sodium Dodecyl Sulfate Micelles
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The location of pyrene in sodium dodecyl sulfate (SDS) micelles is determined as a function of the aggregation
number,N, by exploiting the fact that spin probes 5- and 16-doxyl stearic acid methyl esters (5DSE and
16DSE, respectively) are effective quenchers of pyrene fluorescence. The locations of the two spin probes
are known from Part 1 of this serie$. Phys. Chem. BR006 110 9791) and the distance between the probes

and pyrene is determined by using a hydrodynamic theory to predict the quenching rate constant. The
hydrodynamic theory requires the microviscosity of the regions through which the probe and pyrene diffuse.
The same spin probe that serves as quencher provides a measure of the microviscosity; thus, all the information
needed to locate pyrene is available from each spin probe. Employing 5DSEs &3, pyrene is found to

diffuse through a zone 67% of which lies within the Stern layer and 33% in the core. As the micelle grows,
due to increasing either the surfactant or added-salt concentration, this diffusion zone moves outward such
that, atN = 130, near the sphere-rod transition, it lies approximately 75% within the Stern layer and 25% in
the core. Employing 16DSE, the location of pyrene is within 0.4 A of that found from 5DSE at low values

of N and within 0.8 A at high values. Full information required to locate pyrene by using the currently de-
veloped method is not yet available for other spin probes and other commonly employed quenchers; never-
theless, using a variety of strategies and reasonable assumptions leads to the same location of pyrene within
the uncertainties of the method. All of the spectroscopic probes employed in this study are largely located
within the polar shell of the micelles, the largest departure being about 4% of the diameter of the micelle.

Introduction

This is the second in a series of papers dedicated to locating
spectroscopic probes in self-assembled aggregates.'Resg¢d
a strategy that relied on the interaction of nitroxide spin probes
with micelles of known structure. That was an example of an
approach that we call the “probe-aggregate interaction” strategy
(PAI) that is illustrated in Figure 1. The oval represents the
known structure of the assembly at some moment and the circlesfigure 1. Schematic location of probes within an aggregate (oval) of

: e _known structure. Circles represent probes located by their interaction
and rectangles represent the pertinent moieties of probe mol with the aggregate, employing the PAI. The rectangles are found by

ecules. Portions of the probe molecules may be silent Spectro-yi relative positions with respect foor B, employing the PPI. The
scopically; the locations of these are not available and are notselid and dashed rectangles are possible positioi@when only its
shown. Suppose that the circldsand B may be located by interaction withA, for example, is employed. The ambiguity is lifted
comparing the local structure of the assembly with that sensedwhen the interaction o€ with B is also exploited.

by the probe, i.e., the PAI is applicable. For the PAI to be . ) .

effective, the probes must be sufficiently sensitive to the local '€Présents one of two possible locations of moi€tyvhen
structure and the local structure must change significantly over de_zfu_]ed by its interaction with on!)}\ or B. Th_|s amt_)lguny IS
distances comparable to the aggregate size. A second approac I|m|na_ted when the_ rectangles_ interaction with both is
that we develop in this paper we call the “pretobe etermined. IfA andB interact sufficiently with one another,

interaction” strategy (PPI). The PPl uses propeobe interac- then.both the PAl and the PP! are appllcablg, prqwdlng a
tions to define relative positions of two probes. The rectangle consistency check on th_e|r_ Ioc_atl_on_. The precision W.'th W.h'Ch
C represents a probe with insufficient sensitivity to the structure we may locate probe moieties Is I|m|t_ed by their (_affectlve SIzes,
of the assembly to determine its location by the PAI; however, represented schematically by the size of the ciréleand B.

its interactions with other probes whose locations are known -r:ierJ]Se’rp?(tei?sfilg!yt’h;hnet#:t:zgflgn Liir?OLthde l;’ild;;%rmg(la:c;\tlilghn

could allow its location to be found. The dashed rectangle gherp . y 9 = .
of C may be determined with more precision through its

interaction withB than withA. Nevertheless, its own effective
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Webpage: http:// ‘csun.edwicphy00s/BBVita html. size limits our knowledge of the location @ Assemblies of
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Theory

Figure 2 shows a schematic of the ceshell model that we
assume describes SDS micelles for all valueddfelow the
sphere-rod transition neaN = 130. By setting the volume of
the core equal to the total volume Nfhydrocarbon chains we
may compute the core radiuR;, as follows:

4t 3
NViai = 3 R 1)
Figure 2. Schematic representation of the ceshell model of a In eq 1, Vi is the volume (&) of one chain that may be
spherical micelle showing the micelle radili,, the core radiusk., computed from the Tanford formflas follows:
the head groups, hg, and the counterions, ci. The volume fraction of
the shell occupied by wateHsne, is found by subtracting the volumes Vi = 27.4+ 26.9(N, — N,o) (2)

occupied by ci, hg, and any portion of the alkyl chains that resides
within the shell from the volume of the shell and dividing by the volume

of the shell whereN; = 12 is the number of carbons in the alkyl chain and

Nwet IS the number of methylene groups residing in the polar
shell. For a given value of the shell thicknegs,the micelle
radius,Rn = R + t5, is defined permitting the computation of
the volumes of the shell and micelle as follows:

Part I detailed the motivation for studies to pinpoint the
location of spectroscopic probes and showed how the PAI may
be employed to establish a ‘benchmark” prédbEhe reader
is referred to Part 1 for detailspriefly, the location of the 4m, 3 3
nitroxide moiety (NG) of 5-doxyl stearic acid methyl ester Venet = 3 (Rn” — R) )
(5DSE) was shown to be consistent with the zero-order model
of probe location (ZOM) using the PAI in micelles formed gnd
from the sodium alkyl sulfates with chain lengths B, and
ammonium dodecyl sulfate.5DSE was also shown to v _4r 3 4
follow the ZOM in dodecyl trimethylammonium bromide micelle 3Rm 4)
(DTAB) micelles? The ZOM holds if NG resides exclusively
within the polar shell of an approximately spherical micelle ~ The aggregation number of SDS micelles is givef by
while various experimental parameters are varied. Nitroxides

may be located within a micelle by comparing the experi- N= NO(CaJcmq))y (5)
mental value of the volume fraction occupied by waké&rwith

theory. The strategy is successful because not only idoesy whereN° = 49.5 is the aggregation number at the cmc in the
rapidly as a function of the radial position of NOchanging absence of added salt, cgngg = 0.25 is a constant, anGyq

from zero to unity over a few angstroms, but aldanay be is the concentration of counterions in the aqueous phase given

measured to high precision by electron paramagnetic resonancéy

(EPR). Part 1 also showkthat 16-doxyl stearic acid methyl

ester (16DSE) did not conform to the ZOM in any of the Coq=[aC + (1 = a)Cpee + C,J/(1 — VC) (6)

micelles, showing a shifting of position inward as the micelles

grew as a result of increasing the surfactant concentration orC andCiee are the concentrations of total SDS and of SDS in

adding salt. In the scheme of Figure 1, the circles would the form of monomer, respectively, a@dqis the concentration

represent the location of 5DSE and 16DSE as determined by©of added NaCl. All concentrations in this paper are in moles

EPR measurements bt Obviously, when we find the location ~ Per liter. V is the molar volume of the anhydrous surfactant

of NOe we remain ignorant of the location of the rest of the anda = 0.27%¢ is the degree of micelle ionizatiorCree is

spin probe molecule. computed from eq 5 of ref 4. The reader is referred to recent
One of the main objectives of this paper is to find the location P&Pers where we have thoroughly discussed the computation

of pyrene (represented by the rectangle in Figure 1) in SDS of Caqand the variation oN.6_‘10 The ability to systematically
micelles. In addition, we illustrate the use of EPR and time- vary N is an invaluable tool in these studies. Moreover, being

resolved fluorescence quenching (TRFQ) to locate other probes@P!€ 1o produce micelles of the same size in samples containing
in SDS micelles using various combinations of the PAI and different micelle concentrations (by maintaini@g, constant,
the PPI. eq 6) provides a method to investigate the influence of

interactions between micelles. In general, observables from

The scheme of Figure 1 would apply, in principle, to . L
. : . . spectroscopic probes are not heavily influenced by such
many probes with various spectroscopic techniques. Here we;

employ EPR of nitroxide probes to effect the PAI because of Interactions; however, n Figure 4 below, we show that
o - . sometimes they may be discerned.

the excellent precision obtainable, the relatively well- it is cl hat all ical inf L
defined location of the N©moiety, and the added benefit From €as 1_6’.“ Is clear that a geometnca Information is

. . L 2 . uniquely determined by the concentrations of SDS and added
that the microviscosity is obtainable from the same experi- NaCl
ment. TRFQ is used to implement the PPI because the rate | . .
constant of fluorescence quenching may be measured to volume Eractlon of the Shell Occqpled by Waj[er.The
high precision. Pyrene was chosen for the fluorophore be- volume fraction of the polar shell occupied by water is computed
cause it has .come to dominate studies of self-assembled(':igure 2) by using a simple continuum model as follows:
aggregates. The specification of the location of a given probe V. —V
will be considered definitive only if it is consistent with all H,, = el ‘dy
techniques.

()
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where CHART 1: Structures of Nitroxide Spin Probes and
Other Quenchers

Vdry = N[th + (1 - a)vci + NwetVCHZ] (8)

HC
whereVhg, Vei, and Ve, are the volumes of a headgroup, one HeC Z > E@

counterion, and one methylene group, respectively. Equations DMEBP
7 and 8 apply to anionic, cationic, and nonionic (without ci) CH,
micelles. In principlep andNyet could vary withN; however, ,1‘
in SDS, SDS mixed with a sugar-based nonionic surfactant, > " "N
ammonium dodecyl sulfate, normal sodium alkyl sulfates with CATI2 CHe
chain lengths 811, 13, and 14, lithium dodecyl sulfate, DTAB,
and dodecyl trimethylammonium chloride, both have been found +</ \>
to be constant! For small inorganic counterions such as sodium _
and lithium, Vq; is neglected. Recall that; is the volume of Cy6PC
the bare ion; the waters of hydration are added tdrémwaters CHj,
in computing the theoretical value bfs.e), detailed below?
For a detailed discussion of this point, see ref 13.
Spin-Probe Sensed Values off. Chart 1 shows some of
the nitroxide spin probes employed in this work as well as other o
qguenchers. From the EPR spectra of spin probes, the hyperfine <
spacing between the low- and center-field resonareganay 5DSE \ : - OCHg

N—O" r

Cr

CATI16 CH,

be measured with excellent precisiohheoretically A+ is well

understood; see, for example, refs—122. Mukerjee et al® O _N—0'
O

introduced a nonempirical polarity scald, defined to be the \/\/\/\/\/\/\/\/\(
ratio of molar concentration of OH dipoles in a solvent or 16DSE

: ; . S OCH
solvent mixture to that in water. For micelles containing no ¢
hydrogen-bonding moieties other than watéris equal to the

volume fraction occupied by water. Thus, in the shell, itis equal > 0
to eq 7. The spin-probe technique to measdrewhich we 0" 'N—O 17DSA o

denote byHyo. is based on the fact that, varies linearly with
Hno. as follows:

o oA, by 1.403; thusA8/l.403= 14.40 G andA /0H/1.403= 1.53
A=A+ OH Hyo. 9) G, comparable to the other spin probes.
Departures of Hyo. from Hghe Figure 3 shows a schematic
with constantdA./aH. Equation 9 has been calibrated for one-quarter cross section of an SDS micelle as it grows flom

5DSEZ22 16DSE2* and other xDSE probes, whexe= 6, 7,10, = 54 to 104 maintaining a constant shell thickness. Three zones
and 12 is the attachment point of the doxyl grbupsolvents are depicted through which pyrene and N& 16DSE, SDSE
and mixtures in the literature. Values of the constaitsand ~ diffuse, respectively. Each zone extends symmetrically about

9A./3H for these spin probes are given in Table 2 of Patt 1. the center of the micelle; only portions are shown for clarity.
The same table gives values of the hydrodynamic radii of these The broken lines represent schematic diffusive paths. There are
probes. Some preliminary experiments are reported here bymany other possibilities for the diffusion zones, having different
using spin probes CAT12 and CAT16. Calibration of these thicknessest;, but we assume; = ts to avoid introducing

probes following the procedure detailed previotidlyielded adjustable parameters. Schematically, in Figure 3, the 5DSE

the following: AS = 15.288+ 0.008 G andhA./oH = 1.437 zone remains within the shell as the micelle grows, while the

+ 0.010 G for both spin probes. pyrene zone remains displaced toward the inside. In Figure 3a,
A few experiments were performed (EPR only) wiiN- the 16DSE zone is displaced outward by a distadicand in

substituted perdeuterated 17-doxyl stearic aéd {7DSA) that ~ Figure 3b, inward by). We use the convention that an outward
was a kind gift from Dr. William Plachy. These data are displacement is positive and anllnward, negative. To simplify
presented because of the insight gained from the variation ofEhe Iangga}’ge, we speak of a spin probe being “farther out” or
pH in samples containing this acid; all other spin probes are ‘farther in” than the polar shell to meah > 0 or 6 < 0,
either charged or not. A very limited amount of material was respectively. We haye anticipated the results in preparing Flgure
available so only a few experiments in SDS were possible. 3 t0 scale. The locations of 5SDSE and 16DSE were determined
Likewise, only two samples were used to calibrate eq 9 yielding N Part £ and the location of pyrene is determined here. To
Ag = 20.21 G anddA/dH = 2.15 G which are subject to distinguish the various values @f, we adopt the following
larger, and at this point unknown, uncertainties than for the other COnvention: a subscript identifies the moiety; edgeosemeans
spin probes. With this in mind, the absolute value Hfis the displacement of 16DSE from the ZOM. A location defined

determined with less precision than normal; it is the differences Py the PPI carries 'nsgsdEd't'O” a superscript identifying the
in the results with and without added KOH that are interesting. intéraction probe, e.gd,, ~~means the position of pyrene with
Note thatsN spin probes yield only two hyperfine lines, so  use of the known position of 5DSE as the interacting probe in
Ao, the difference in their resonance fields, is measured insteadthe PPl andygj;s» means the position of DMBP with pyrene
of A;. The larger hyperfine values for this spin probe are due as the interacting probe.

to the larger nuclear magnetic dipole moment 8. To To calculateHno., we assume thatghe is uniform within

compare the obtained values withN spin probes, we divide the shell,H = 0 within the core, andd = 1 outside the shell.
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Furthermore, the diffusion motion of NGamples all portions

of the zone with equal probability. See Figure 3 of ref 1. These
assumptions could be relaxed at a cost of complexity that is
not yet justified. For outward displacements of its zone, the
average value oH sensed by N@is easily shown to be the
following:

ptheo — [Re’ = (R + 0)Hgher + (R + 0)° — Rm3_
e Ry +0)° — (R, + 0)° ’

0= =t,(10)

where the shell thicknesg = Ry, — R.. Equation 10 was
reproduced incorrectly in Part4however, the calculations and
conclusions were based on the correct equation. For inward
displacements,

Htheo — [(Ry + 6)3 B Rcs] Hshell_
R - R A

For the ZOM,d = 0 and both eqgs 10 and 11 reduceHghe
Outside of the limits ond in egs 10 and 11HY = 1 or 0,
respectively.

Hydrodynamic Description of Molecular Collisions in
Micelles. A hydrodynamic theory of the quenching rate constant
between molecules in micelles was recently introdétedd
expanded® Combining the Smoluchowski and the Stokes
Einstein equations yields the quenching rate constant

0= 0= —t, (11)

— Qe _ SES
k= Pchm = PP (12)
whereR = 8.31 x 10’ erg/K is the gas constarik,the absolute
temperatureCq the concentration of the quencher, apdhe
viscosity (Poise).Pq is the probability of quenching upon
collision of pyrene and a quencher aRd is the probability

that they occupy the same volume and thus may collide. Studies

in bulk liquids show thatPy is of order unity for 5DSE and
16DSE; thus, we assume th¢= 1 for nitroxides in micelles.
In this paper, we refer to eq 12 as the StokEmstein—
Smoluchowski (SES) equation; the second equality in eq 12
defines the SES rate constakj: >

In a micelle, the concentratio@q is computed over the
volume through which the quencher diffuses. Sikgas the

guenching rate constant due to one quencher, then, assuming

for simplicity that this concentration is constant throughout the
diffusion zone of the quencher and zero elsewh&gjs the
molar concentration of one molecule in the volume of the zone,
Vg, thus

107

=NV, (13)

Co

whereNp is Avogadro’s number aniq is in A3, The factor
1077 results from the conversion from34o liters. Vq is given
by the first term in the denominator of eq 15, below, which
reduces toVshel, €q 3, if the quencher follows the ZOM. For
values of 04 found in this study, it is often not a good
approximation to se¥y = Vspen €ven thought, = ts, because
they differ by 5-15% whendqy is 13-37% of the shell
thickness.

We simplify the model by assuming that the quencher and
pyrene may be found with equal probability at any point within
its respective zone of volumé, or Vpy and is not found outside

Lebedeva et al.

pyrene

b 16DSE

NO

SDSE <0

pyrene

Figure 3. Schematic of the zones through which 5DSE, 16DSE, and
pyrene diffuse. The thickness of the zones is equal to that of the shell,
4 A. The zones extend concentrically around the micelle; only a portion
is drawn for clarity. As the micelle grows fromto b by increasing

the concentration of either the surfactant or added salt, 16DSE moves
inward from residing outside the shell ldy> 0 to inside by < 0,
while 5DSE maintains its position relative to the shell, following the
ZOM. Pyrene is displaced inward from the polar shell, moving slightly
as the micelle grows. The schematics are drawn to scale with shell
thickness with (aN = 60 and (b)N = 120. The displacements of the
pyrene zone is that deduced from the PPI.

those zones. Thus the probability that both molecules will be
found in the region of overlap of voluméyeriap is

2

Voverlap
P.=—— (14)
¢ Vquy

Equation 14 can be quite complex if the quenchers and pyrene
diffuse through different zone thicknesses. For the simplified
model in which allt, = t;, eq 14 becomes
P =

c

[(Ry+ 0)° = (R, + )
[(Ry+09° = R+ 0))°(R, + 8,)° — (R.+6,,)7]

Equation 15 is valid for Rn + dpy) — (Rc + d¢)] > 0 and|dq
— Opyl < ts, which turns out to be the case in this study. R{(
+ 0g) — (Re + dpy)] > 0O, then eq 15 holds witldg and dpy
interchanged. 1foq — dpyl = ts, thenP; = 0 (no overlap).
Microviscosity from EPR Measurements of the Rotational
Correlation Time. The SES requires the viscosity of the
medium through which the molecules diffuse. Fortunately, the
same spin probes that serve as quenchers are ideal to measure
the microviscosity. The rotational and translational motion of a
moiety is conveniently modeled in terms of the Stokes
Einstein-Debye relatiod’

(15)

kT
Dtrans: 6JT—Rh77 (16)
kT
rot = 3 (17)
8RR
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whereD; andDyansare the rotational and translational diffusion f(t) = f(0) exd —At + Ajlexp(—A) — 1]}  (21)
constants of a spherical particle of radResandy is the shear

viscosity. Equations 16 and 17 apply to large spherical particles where

diffusing in homogeneous, continuous fluids; nevertheless, they

are often used to describe molecular motion in solvénts. A= kq +k

Equations 16 and 17 are only approximate, even in a bulk

liquid;28 nevertheless, they are useful because of the fact that . qu—[NqD
the ratioDyo/Dyransis constant for both bulk liquids and complex A=kt A,
fluids and independent of temperatdfeThis means that

departures from the simple hydrodynamic theory affect rotation qu[l}\l 0
and translation equally. Therefore, althougtetermined from 3 = 2q

eq 17 can be quantitatively different than the true shear viscosity, A,

it is a convenient parameter allowing us to predict translational

motion provided that we measure rotational motion. For flexible wherek, is the decay rate constant for pyrene in the absence of
molecules such as 5DSE and 16DSE, the effective hydrody- quencherk, the rate constant of quenching by a single quencher,
namic radii of the diffusing N® moieties are different from k- the exit rate constant of a quencher from the micelle, and
the radii of the entire molecules and are different from each Ny(ithe average number of quenchers per micelle. A number
other! In a complex, inhomogeneous fluid such as a micelle, of excellent reviews, e.g., refs 34 and 35, may be consulted for
the viscosity is replaced by the microviscosityicro. Outside the assumptions involved in the derivation of eq 21 and its least-
the micelle 7micro would have a value near the viscosity of water squares fit to experimental decay curves. For all quenchers
and, inside, would likely vary with position. We adopt the except for Co(ll) and Cu(l)k- is negligible compared witkg
simplest approach and assume thyader, is the value that  simplifying eq 21 considerably.

emerges from the rotational correlation time of each spin probe. TRFQ has been an important method to estimate values of
Values of the rotational correlation times for N@oieties are N from values of INyOJand known surfactant and quencher
deduced from the relative line heights of the three hyperfine concentrations, particularly useful at concentrations well above
lines, corrected for unresolved hyperfine structure as detailed the cmc. The uncertainty in the valuehéin any one experiment

previously!? can easily reach-10% due to uncertainties in the concentrations
including [SDS}ee as well as fitting uncertainties. Here, we are
4700 s interested irkg, which is rather insensitive tiNyL]
L e (18) EPR spectra were obtained on an X-band Bruker 300ESP

spectrometer equipped with a nitrogen gas-flow temperature
Hydrodynamic radii are available in Table 2 of ref 1 for a controller. The temperature, measured with a thermocouple
number of flexible spin probes. The subscript rel refers to placed just above the active portion of the cavity, was stable
reorientation of the nitroxide group relative to a liquid at rest. within £0.1 °C. Computer fits of the spectra yielded the line
To estimate the microviscosity from rotational correlation times shapes, positions, and heights to high preci8ighe collection

measured in the laboratory frame of referengg, the overall and _an_alysis Qf the EPR spectra have been de_s_cribed in great
motion of the NG group is modeled as a reorientation relative detail in previous publicatiodd®> and the precision of the
to the micelle as a unit with rotational correlation timg and method has been discussed.

an isotropic reorientation of the micelle as a whole with a ~ Samples prepared for TRFQ employing spin probes as
characteristic timemicele. These reorientations are assumed to quenchers may be studied by EPR; nevertheless, care is needed

be independent, so because they contain higher concentrations of spin probe than
N,= 0.3, the limit at which accurate values of EPR parameters
11, 1 (19) may be obtained by spectral fitting. See Appendix C of ref 29.

Tiab  Trel  Tmicelle Above this concentration, the superposition of spectra due to

_ _ _ _ more than one spin probe per micelle becomes too large to be
Tmicelle IS COMputed from the DebyeStokes-Einstein equation  properly interpreted by using presently available fitting software.

written as follows: The spectra may be doubly integrated to yield a quantity
proportional to the spin probe concentration and compared with

T =\ Toulk (20) spectra obtained from a sample of known concentration.

micelle — “micelle | T However, if the solvent is not water, another complication arises

because th®-factor of the cavity changes upon substitution of
other solvents for water even if capillaries are used to house
the samples. This means that a correction must be applied when
comparing the intensities of a sample and a standard. In our
experience, errors up to 30% can be incurred comparing samples
in water and ethanol. In principle, the TRFQ samples could be
TRFQ measurements of pyrene quenched by 5DSE anddiluted before measuring the EPR; however, they would need
16DSE were performed with an Edinburgh Analytical Instru- to be diluted with the same surfactant and salt concentrations
ments FLI0O lifetime measurement spectrometer as describedo maintain the same value df.
in detail previousl\?® For quenchers Co(ll), CAT16, CAT12, In addition to the materials used in the laser experiments
3,4-dimethylbenzophenone (DMBP), and 5DSE a laser setup previously described the following were purchased and used
that has been described in dethivas used. We refer to the  as received: CoS£7H,O (Merck, pro analysis; concentration
results obtained by these two methods as flash-lamp or laserdetermined by atomic absorption); DMBP (Aldrich 99%); and
data, respectively. The fluorescence decay curves were fittedCAT12 and CAT16 (Molecular Probes). The materials used in
to the following32-33 the flash-lamp work have been descridéd.

where npuk is the viscosity of the bath in which the micelle
rotates. Further details on applying eqs—-E® may be found
in ref 29.

Materials and Methods
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A 40 60 80 100 120 140
N
6 L L L 1 1 Figure 5. Microviscosity of SDS micelles as determined by CAT12,
40 60 80 100 120 140 160 0O; CAT16,0; and 16DSEA (zero-salt) andk (add-salt). The straight

N line is the fit toyspse from Figure 4.

Figure ‘L‘ MinOViSCOSi% ]f’f SDS mice"eshas det‘?ri‘:i”ed by 5DSfE' from recent literatur&36 The open symbols were obtained from
Diamonds are computed from eqs-180 with use of the viscosity o ; : 3 )
SDS solutions (Table 1) foy,uk. Filled and open diamonds correspond f(iur S_l_el’i)ar?te %Xg,e“megts with nt()%t\/Viy %rept?]rled salt freet S‘?m
to add-salt and zero-salt samples. The data corresponding to fourP!€S. 1he Closed diamonds were obtained with Iow concentration
samples neal = 103, 110, and 129 were also computed with use of SDS samples with added NaCl. The standard deviations from
the viscosity of pure water fofeui; these are indicated by triangles.  five or more spectra taken one after another on the same sample
An arrow guides the eye showing the correction due to using the proper are about the size of the symbols or smaller in most cases.
value ofypuk. The isolated error bar indicates the chang@i:, due Different data points at the same value Nfcorrespond to

to a+1 °C change in temperature. The line is a linear least-squares fit different runs with newly prepared samples. The dominant

ieldin = 6.40+ 0.0600N — N9) in cP. . . L
4 g 7sose u ) uncertainty from run to run is the temperature. This is illustrated

TABLE 1: Shear Viscosity of Aqueous SDS Solutions at by the isolated error bar that shows the uncertainty due to an
25°C uncertainty of4+1 °C in the temperature. Most of the data
[SDS], M ouk N0 NaCl, cP 7buk add NaCP cP in Figure 4, denoted by diamonds, were computed from eqs

0.025 0.915 (0.136 M) 18—20, using theIV|'scosny of the SDS solution (Table 1) fqr
0.050 1.00 npuk IN €q 20. This is a slight change from our procedure in
0.100 1.1% 1.03 (0.114 My recent papers wheftwe tookpuik to be that of pure water.
0.200 1.40 1.17 (0.0856 My This correction is negligible for [SDS§ 50 mM but becomes
0.300 1.78 1.42 (0.0572 M) more important at higher concentrations. To illustrate the
0.400 2.28 1.86 (0.0285 M) difference, four of the data points nedr= 103, 110, and 129
0.500 2.65 ’ - . . ’ ’ .
0.600 359 were computed in the previous approximate manner (triangles)
0.965 7.98 while the diamonds directly below those points were computed

. . from the same spectra with usemgf. The solid line is a linear
2 Concentration of added NacCl in parenthegeSontraves LS 30 ) .
low-shear rheometer calibrated with MilliQ water. The viscosity was least-squares fit to all of the data (diamonds only)Mor 130

independent of shear rate over the rangelQO rad/s. Error less than  Yi€lding #micro = 6.40 + 0.0600{ — N(_)) in cP. _ _
1%. ¢ CANNON PolyVisc Automatic Viscometer. The proper treatment of the rotation of the micelle gives

corrections that are insignificant in terms of obtaining the
The shear viscosities of SDS solutions up to 500 mM were absolute value ofjmicro and its use in the SES; however, it is
measured with a Contraves LS 30 low-shear rheometer cali- Significant in demonstrating that the rotational motion of NO
brated with MilliQ water with an estimated error of less than iS dependent only oN; i.e., it is independent of the concentra-
1%. The Viscosity was independent of shear rate over the rangetion of micelles which means that the rotational motion ofeNO
1—-100 rad/s. Higher SDS concentrations were measured withis not affected by the interactions between micelles. Figure 4

a Cannon PolyVisc Automatic Viscometer. shows thabymicro conforms to a common curve to quite high
surfactant concentrations provided that the micelle rotation is
Results correctly modeled. Common curves of various experimental

parameters derived from samples with and without added salt
Bulk Viscosity. Table 1 gives values of the bulk viscosity have been used to measure the degree of counterion dissociation,
of aqueous solutions of SDS in the presence and absence of, in recent papers.911.23.3739
salt. These data are in good agreement with literature vatues. Figure 5 displays values @f,icro derived from measurements
Microviscosity. Figure 4 shows the microviscositymicro, of 16DSE as a function dfl in 25 mM SDS with added NaCl
of SDS micelles as measured by 5DSE as a functioN.dh (filled triangles). Measurements 9f,icro from spectra of 16DSE
this paperN is computed from eq 5. Most of the data are taken collected for a previous studyno added salt) are shown by
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Figure 6. (a) Displacement of diffusion zones of doxylstearic acids
and methyl esters 6DSEDJ, 7DSE (1), 10DSE @), 12DSE ¢),
17DSA @), and 17DSA (O). (b) Microviscosity of SDS micelles as
determined by doxylstearic acid methyl esters.
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need to be adjusted inward or outward by that amount. It is
clear from eq 7 that the value of the adjustable paraméfer
depends on the value assumed for the thickness of the ghell,
In past papers, due to our ignorance of the precise valug of
we have useds = 5 A suggested from small-angle neutron
scattering'® noting, however, that there is considerable uncer-
tainty in this value. The present results shed further light on
the question. If we persist in usirig= 5 A, we find values of

kg > k3> for 16DSE; i.e.,Pq > 1, an unphysical result.
Therefore we have adoptegd= 4 A in this work. We emphasize
that this does not settle the issue; further results may necessitate
further refinements.

The position of 16DSE was then determined by setkif{§°
= Higpse and solving eq 10 or 11 fa¥igpsg point by point, in
a spread sheet as described in PdrAlplot of the results (not
shown) is almost identical to those in Figure 4a of Pdrbhly
a small adjustment is needed because 4 A rather than 5 A
and because the results extend to higher valués dalues of
d16pseagain turn out to vary linearly withl as follows: d16pse
= 0.59— 0.253(N — N9), in angstroms, wherdl® = 49.5,

Figure 6a shows the position of N@s a function oN for
6-, 7-, 10-, and 12DSE as well as 17DSA. The ionized probe,
17DSA-, formed by adding 25 mM KOH is also represented
in Figure 6a. Results for CAT12 and CAT16 appear below in
Figure 8. As might be expected, 6DSE very nearly conforms
to the ZOM while others show significant departures. The
position of the diffusion zone of N&Cfor 12DSE is particularly
sensitive, lying about 30% in the aqueous region and 70% in
the polar shell aN = 57, while atN = 122 it lies about 50%
in the polar shell and 50% in the core. As a practical matter,
12DSE would be more suitable as a probe to determine
accurately if two values dfl are the same in two samples, the
cornerstone of measurementscofvith EPR® All of the NOe
moieties ofXDSE probes move inward as the micelle grows
except for 5- and 6DSE. The squares are derived from limited
data on 17DSA (filled) and 17DSA (open). To plot the

open triangles. The straight line is the fit to 5SDSE data in Figure 17DSA” data, we have assumed that the abscissa is given by
4. The open squares and open circles are derived fromeq 5 with Coq = [Na'] + [K*]. This is an approximation;

measurements of CAT1R{ = 4.7 A) and CAT16 R, = 4.7
A), respectively. Figure 6b displays valuesgfc derived from
other spin probes.

Location of Spin Probes in SDS MicellesFor nitroxide spin

nevertheless, despite some uncertainty in the valus, af is

clear that extracting the proton causes«dN® move outward.

This is, perhaps, an unexpected result because the charged end
of the molecule is well removed from NOhowever, this same

probes, the PAI consists of comparing the theoretical value of effect has been observédor 16DSA, where N®@was shown

Hhog? with the experimental value ¢ino.. This was the subject
of Part 1 that described the procedure in détélere, we shall
briefly summarize, highlighting the small changes in the

to experience higher polarity in SDS micelles upon addition of
NaOH. The same authBrreported no change in the hyperfine
coupling constant of 5DSA, the acid form of 5DSE, upon

treatment of 5DSE and 16DSE dictated by now having more addition of NaOH; however, the results were of lower precision

information. For given values df,, 9, andts, values ofHye
are uniquely determined by fixindyy, eq 7. Therefore, for any

than the present results. We avoid the acids when studying
aggregates because the results are not as reproducible as those

sample, theory and experiment may be brought into agreementT0m the esters; nevertheless, it might be of interest to learn

by adjusting the value df4ry. The fact that assuming the ZOM
yielded HI'® = Hyo. for SDSE for all values oN in SDS as
well as other sodium alkyl sulfate micelles with chain lengths
8,9, 10, 11, 13, and 14 without any further adjustmen¥§
supported the model. See Pattfbr a critical discussion of
this point. Further evidence that 5DSE followed the ZOM came
from studies of ammonium dodecy! sulf&tavhere the same
value ofVgyry, Wwhen adjusted to account for the hydrogen bonding
ammonium ion, correctly predicted the valuesHj.. Finally,

the same value o4y, adjusted to include the volume of Br

in eq 8, predicted the correct valueshfio. in DTAB,? again
assuming the ZOM. Therefore, we assume Hhas. for 5DSE,
denoted byHspsg is equal toHspe If it turns out thatdspse is

how to manipulate the position of Ny varying pH.

Figure 6b displays values @fnicro derived from the 6-, 7-,
10-, and 12DSE employing the valuesR{in Table 2 of Part
1.1 The straight line is the fit to the 5DSE data given in Figure
4. The microviscosities reported by 5DSE, 7DSE, and 12DSE
are identical and that reported by CAT12 is very nearly equal
to these (Figure 5). Values 0Ofmicro reported by 6DSE and
CAT16 (Figure 5) are somewhat larger, by 10DSE significantly
larger, and by 16DSE, somewhat smaller than that reported by
5DSE. The averages of valuesimficro are given in Figure 10,
below.

Loction of Pyrene with Use of 5DSE and 16DSETypical
decay curves of pyrene fluorescence quenched by 5DSE, DMBP,

small but nonzero, all of the locations discussed here would and G¢PC have been publishéfiDecay curves due to 16DSE
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Figure 7. Quenching rate constant of pyrene by 5DSE as a function
of the number of 5DSE molecules per micelle in 100 mM SDS at
25°C.

are very similar and all curves are well described by eq 21.
One experiment was conducted as a function of the concentra-
tion of 5DSE. Figure 7shows the resulting values lgf
demonstrating that it is constant with respect to quencher
concentration. This result is expected if the Poisson distribution
describes the distribution of quenchers among micelles and if
the micelles have a small size disperstéihus, for 5DSEKq

is insensitive to uncertainties in the quencher concentration.
Table 2 details the samples studied with 5DSE and 16DSE asFigure 8. Displacement of diffusion zones. (), with the PPI with

L 5DSE @), 16DSE ), C16PC(a), CAT12 (+), CAT16 (x). dq with

‘D]}‘J‘emnfhfrssa”d tablulates the ?ea?”red r‘]’a'ﬁk@";g'm"’(‘;”'"g the PAI for CAT12 @), CAT16 (), 5DSE (dashed line, Part 1jind
g~ 1. S0ME values are taken rom t e literatti@nd one 16DSE (solid line, Part )4 with the PPI fixing the position of pyrene,

datum is the average of the values in Figure 7. Valuds afe DMBP flash-lamp? (a), Cu(ll) laser (this work) ), and Cu(ll) lasef*

computed from eq 5 ankf=°from eq 12 by using values of (¥). (b) Detail of positions of pyrene with the PPI; solid line is the
= 17micro taken from Figures 4 and 5. We define the experimental least-squares fit o °Fin part a. Note that- andx, values o™
probability as follows: and o, respectively, are set equal 8G°F atN = 53 to find Ry;
other values are from the PPI. Also note that the positions of pyrene
kq determined from the PPI with @PC (a) assume that this quencher
piXPt= (22) follows the ZOM in analogy with CAT16.

P SES
q
tion available on 5DSE and 16DSE; for all of the others we

For each sample, values 6§ (either 16DSE or 5DSE) are must make at least one assumption in addition to those in the
substituted into eq 15. Then, valuesdgf > or 6;°°°Fin eq 15 model. Table 3 summarizes these assumptions that are described
are adjusted by trial and error in a spreadsheet gfftﬂt: Pe. in detail below. These assumptions were chosen to demonstrate
Thus, in terms of the language developed in association with Possible approaches to locate molecules in self-aggregated
Figure 1, we employ the PAI to locate 16DSE and 5DSE (circles Systems.
in Figure 1) and we use the PPI to locate pyrene. If we are  The displacements of the diffusion zones from the polar shell
successful, the location of pyrene will be unique. Figure 8 shows are not dramatic: as SDS micelles grow from their value of
the results, wherein the location of pyrene determined from aboutN = 50 at the cmg to about 130 at the sphere-rod
5DSE (filled circles) corresponds rather well with those transition, SDSE remains inside the shell, and 16DSE moves
determined from 16DSE (open circles) at low valuesNoft inward from lying about 10% in the aqueous phase and 90% in
high values, they diverge somewhat but both still report the the polar shell to lying 60% in the shell and 40% in the core.
position of pyrene to be displaced somewhat toward the inside When located by 5DSE or CAT16 pyrene moves outward from
of the micelle. The solid line is the value dfgpse and the a zone lying about 63% in the polar shell, 37% in the core to
dashed line is the value dkpse assumed to be zero because it one lying approximately 80% in the shell. DMBP and CAT16
adheres to the ZOM. follow the ZOM within experimental error, and16PC is

Figure 8 also shows the positions of CAT12 and CAT16 assumed to do so. The largest displacement of all the probes is
determined from the PAI and the position of pyrene as —2 A (12DSE, Figure 6), which is 4% of the micelle diameter.
determined by the PPI with use of CAT12, CAT16, angRC Thus, all of the spectroscopic probes in Figure 8 predominantly
as described below. The locations of DMBP from flash-lamp occupy the polar shell. It is useful, when contemplating Figure
resultd?2 and Cu(ll) from laser results are also included. New 8, to refer to Figure 3 to avoid the impression that pyrene, for
laser data on DMBP are not plotted in Figure 8 for clarity; they example, lies within the core.
fall almost exactly on top of the Cu(ll) data. Of all of the Preliminary Results with Use of Other Spin Probes.The
qguenchers considered in this paper, we only have full informa- locations of CAT12 and CAT16, shown in Figure 8, were
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TABLE 2: Quenching Rate Constants of Pyrene by 5DSE and 16DSE in SDS Micelles at 2&

spin probe [SDS], mM [NaCl], mM N2 kg 107572 Nmicro,® CP SEH,c107st pexetd Opyt A
5DSE 25.0 0 53.8 4.10 6.66 10.0 0.410 —1.44
5DSE 25.0 10.0 61.7 3.83 7.14 8.60 0.446 —1.33
5DSE 100 0 68.4 3.48 7.53 7.67 0.454 —1.30
5DSE 25.0 25.0 70.5 3.48 7.66 7.40 0.470 —1.26
5DSE 25.0 49.3 80.5 3.82 8.26 6.35 0.523 —-1.11
5DSE 25.0 82.0 89.9 3.09 8.83 5.55 0.556 —-1.01
5DSE 100 63.0 90.7 3.01 8.88 5.49 0.548 —1.04
5DSE 50.0 100 95.7 3.01 9.17 5.15 0.585 —0.94
5DSE 25.0 126 99.3 3.00 9.39 4.92 0.610 —0.87
5DSE 100 125 103 2.74 9.63 4.69 0.585 —0.94
5DSE 25.0 191 110 2.79 10.0 4.35 0.642 —0.80
5DSE 50.0 200 112 2.44 10.1 4.23 0.576 —0.96
5DSE 25.0 271 119 2.66 10.6 3.91 0.680 —0.70
5DSE 100 250 120 2.55 10.6 3.88 0.657 —0.76
5DSE 25.0 355 127 2.46 111 3.59 0.685 —0.687
5DSE 50.0 400 132 217 11.4 3.42 0.634 —0.81
16DSE 25.0 0 53.8 4.61 5.22 12.8 0.361 —1.10
16DSE 25.0 0 53.8 4.26 5.22 12.8 0.326 —-1.21
16DSE 25.0 10.0 61.7 4.23 5.78 10.6 0.398 —1.20
16DSE 25.0 10.0 61.7 3.97 5.78 10.6 0.371 —-1.27
16DSE 25.0 25.0 70.5 4.00 6.54 8.68 0.461 —-1.25
16DSE 25.0 25.0 70.5 3.9 6.54 8.68 0.434 —-1.31
16DSE 25.0 34.0 74.6 3.93 7.00 0.475 —-1.31
16DSE 25.0 49.3 80.5 3.81 7.59 6.91 0.552 —-1.22
16DSE 25.0 82.0 89.9 3.61 8.71 5.64 0.640 —1.20
16DSE 25.0 82.0 89.9 3.864 8.71 5.64 0.652 —-1.19
16DSE 25.0 126 99.3 3.58 9.71 4.76 0.752 —1.18
16DSE 25.0 126 99.3 3.86 9.71 4.76 0.810 —1.05
16DSE 25.0 191 110 3.69 10.2 4.26 0.866 —1.20
16DSE 25.0 191 110 3.7 10.2 4.26 0.885 —1.16
16DSE 25.0 271 119 3.60 10.5 3.93 0.916 —1.35
16DSE 25.0 271 119 3.6 10.5 3.93 0.956 —-1.27
16DSE 25.0 355 127 3.44 10.7 3.67 0.938 —1.60
16DSE 25.0 355 127 3.47 10.7 3.67 0.944 —1.58

a Equation 5.° Equation 18¢ Equation 129 Equation 22 ¢ Equation 15 This work, flash-lamp.¢ This work, flash-lamp, second ruri.Average
value from Figure 7, laset Reference 26.

TABLE 3: Summary of Additional Assumptions to Derive Locations of Quenchers and Pyrene

dq Nmicro additional assumption(s)
5DSE Z0OM eq 18 none
16DSE egs 10and 11 eq 18 none
CAT12 eq 10 eq18 find Ry=4.7:£ 0.2 Aop/T% = 65 ° atN = 54
CAT16 egs 10 and 11 eq 18 find Ry= 4.7+ 0.2 A 6,"°= 9 PFatN = 54
CiPC unknown unknown Nmicro = Nspse ZOM by analogy with CAT16
DMBP unknown unknown Hrmicro = Nspse find O gp, USINGOpy = 6§§SE
Cu(ll) unknown unknown Hmicro = Mspse find O, usingdpy = o5 SE
Co(ll) unknown unknown Nmicro = 1sDSE @SSUM cory = Ocuqn find Pcoqn

determined from the PAI. Laser studies of the fluorescence i.e., that the changes in position of pyrene as determined by
guenching of pyrene by these two nitroxides yielded typical the three spin probes are very similar. The open triangles in
curves, well described by eq 21, from which the valuegpf  Figure 8b are discussed in the next section. The single error
given in Table 4 were determined. Values Rf from which bar shows the uncertainty ip)° that would result from an
values ofymico may be computed from the EPR line-height uncertainty inR, of +5%.

ratios are not yet known for these spin probes. We estimate the Preliminary Locations Derived from Other Quenchers.
values ofR,, employing a variation of the PPI &t = 53, by The advantage of having the N@roup to locate a quencher
assuming that the position of pyrene is known and is equal to ysing the PAI is lost when we use “traditional” quenchers such
65y °F = —1.45 A. Employing egs 15 and 12 yields the value as DMBP, G¢PC, Cu(ll), Co(ll), and others. Furthermore, the
of ncar12 and ncaris from which Ry, may be computed. This  microviscosity appropriate to each quencher is not available.
results inR, = 4.7+ 0.2 A for both probes. The microviscosities  Therefore, some assumptions, in addition to those inherent in
are different as may be seen in Figure 5, but the hydrodynamicthe model, are required in order to proceed (Table 3). Of the
radii turn out to be the same. With this valueRyfin hand, we many quenchers available in the literature, we shall consider in
may then apply the PPI to CAT12 and CAT16 at other values detail only DMBP, G¢PC26 and Cu(ll)3! because the data

of Nin the same manner as with 5DSE and 16DSE. The resultsemploying other quenchers were not often collected with the
are given in Table 4 and Figure 8. Figure 8b shows greater systematic variation ol in mind. We proceed by usingmicro
detail. The straight line in Figure 8b is the linear fit to the 5DSE  as determined by 5DSE. In strategy 1 we assume that the
data in Figure 8a. Obviously, the fact thif,™* = o5,""° = location of pyrene is known to be equal to that defined by
opyFatN = 53 is ensured by the procedure. However, it is 7% to find the location of DMBP and Cu(ll). Strategy 2
significant that they remain approximately equal at other values; assumes that gPC follows the ZOM and finds the position of
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TABLE 4: Quenching Rate Constants and Probe Locations
of SDS Micelles at 25°C.

ES

N micros s ) O Opys
quencher N cP 10l§qs‘1 1Ok;s‘1c ,5.? ,E\y Hno
CAT16 53.8 8.06 349 8.42 —0.12 —-153 0.683
CAT16 595 8.38 3.17 759 —0.0F —1.48 0.677
CAT16 68.4 8.84 299 6.54 0.02 —1.30'" 0.668
CAT16 80.8 9.49 2624 5.44 0.14 —1.0# 0.655
CAT12 53.8 6.16 3.32 105 0.28 —1.47 0.724
CAT12 59.5 6.43 3.08 9.45 0.34 —1.40' 0.718
CAT12 68.4 6.8 271 8.18 0.42 —1.28 0.709
CAT12 80.8 7.30 247 6.88 0.5¢ —1.09 0.696
Ci16PC 59.5 7.00 4.18 105 a —1.47
CiPC 755 7.96 3.5® 7.72 a —1.28
Ci16PC 942 9.08 3.13 5.76 a —1.08
CiPC 112 100 278 4.56 a —0.8¢8
CiPC 132 114 223 3.64 a —0.86
DMBP 75.1 7.98 3.94 6.89 —0.19 —-1.17
DMBP 84.8 852 3.56 596 —0.14 -1.05
DMBP 90.9 8.88 3.30 5.49 —0.09 —0.984
DMBP 99.9 948 3.02 488 —0.04 —0.892
DMBP 108 991 277 4.43 0.02 —0.816
DMBP 116 104 2.63 4.05 0.03 —0.748
DMBP 123 10.8 2.43 3.76 0.09 —0.693
DMBP 126 11.6 2.39 3.63 0.08 —0.669
DMBP 133 11.4 2.23 3.40 0.13 —0.6253
DMBP 53.8 6.66 492 10.0 —0.25 —1.48
DMBP 595 7.00 4.49 8.97 —-0.21 -1.38
DMBP 68.4 7.58 4.0p 767 —0.17 —-1.27
DMBP 80.8 8.28 3.59 6.32 —0.14 -1.12
Cu(ll) 538 6.66 349 7.2% —0.21 —1.48
Cu(ll) 595 7.06 3.21° 6.5¢ —-0.19 -—-1.38
cu(lll 684 758 284 55K -0.14 -1.27
Cu(ll) 80.8 8.28 249 44% —-0.10 —1.12
Cu(ll) 684 758 270 55K -0.07 —1.27
Co(ll) 59.5 7.00 0.68 1.3™ —-0.19 —1.38

aEquation 18R, = 4.7 A.? Laser data, this worki Equation 11
with Hyo., in final column.? Equation 15 Equation 10 withHyo.,
in final column.”Computed from straight line, Figure #Flash-
lamp data, ref 267 Assumed to conform to the ZOM in analogy with
CAT16.' Flash-lamp data, ref 36Interpolated from 5DSE results for
Opy, Figure 8. Equation 12 wittP, = 0.72." Reference 44" Equation
12 with P4 = 0.15 determined by settiniroqy = dcuqny. " Settingdcom
= 5Cu(||)-

pyrene. A third strategy applied to Co(ll) is described
below. The rationale for strategy 2 is that CAT16 follows
the ZOM very well and @PC is expected to be located

Lebedeva et al.
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Figure 9. Fluorescence decay of pyrene quenched by Co(ll) and
residuals in 50 mM SDS at Z%&. The four curves in part a correspond
to the number of Co(ll) ions per micelld; = 0, 0.57, 1.15, and 2.3,
respectively.

example, Figures 2 and 3 of ref 31. Table 4 gives data from
refs 44 and 31. In contrast to the quenchers in Chd? tleparts
significantly from unity for Cu(ll). A quenching rate constant
(kg = 5.3 x 10° M~1 s7%) of 1-methylpyrene by Cu(ll) in water
has been reported by De Schryver and co-workesfortu-
nately without reporting the temperature. Those workers mea-
sured quenching rate constants for various metal ions and found
no difference between pyrene and 1-methylpyrene. Grieser and
Tausch-Trenff measured; = (4.8 4+ 0.2) x 10° M1 s for
Cu(ll) quenching of pyrene at room temperature<23 °C).

If we assume that the first group worked at A5, thenPy =

53 x 1® M1 sY74 x 1°® M1 s71 = 0.72, where the
denominator is computed from eq 12. Assuming the median

similarly. Compare the structures of the two probes in Chart temperature of 22C for the second groufRy = 4.8 x 10°
1. We adjust the positions of either the quencher or pyrene M+ /6.8x 10° M~*s71 = 0.71. The similarity of these two
until the experimental probability of quenching matches the esults supports the supposition of 25 for De Schryver'$*

theoretical.
Data for G¢PC taken from the literatut@are given in Table

group.

Following strategy 1, we suppose thig} = 050 °"

and solve

4. Because we have assumed the ZOM for this spin probe, weeq 15 fordcyqiy assuming thaPq = 0.72. These are given in

setdcigrc = 0 and compute values of;°"“given in column

column 6 of Table 4 and plotted in Figure 8, showing that

7 of Table 4 and plotted (open triangles) in Figure 8. The Cu(ll) nearly adheres to the ZOM. In this case, we might have
locations of pyrene determined from 5DSE and CAT16 are anticipated this result because of the electrostatic attraction

remarkably similar, well within the experimental uncertainty
over a wide range oN. A moment’s thought shows that had
we applied strategy 1 to;@PC, taking the position of pyrene

to be given by>F, we would have found that@PC adheres
very nearly to the ZOM.

between the headgroups and Cu(ll).

Figure 9 shows pyrene fluorescence decay curves (laser)
guenched by Co(ll) in 50 mM SDS without added salt, which
may be compared with Figure 3b of ref 43. However, the authors
of the previous repoft did not analyze the data in terms of eq

New data employing DMBP derived from laser measurements 21. The fit and excellent residuals show that these decay curves
are given in Table 4 together with some flash-lamp data gatheredare well fit by eq 21, yieldindg = (0.68 + 0.04) x 107 s™%.

for ref 42 but not previously published. Taking, = o5 >

yields the location of DMBP as given in column 6 of Table 4

De Schryver and co-worketsreportedky = 0.54 x 107 s7*
for 100 mM SDS from which we estimatg = 0.59 x 10" s™*

and plotted in Figure 8. Perhaps unexpectedly, DMBP very for 50 mM SDS, somewhat smaller than our value. Here, we

nearly adheres to the ZOM.

apply a third strategy using the PPI, reasoning that the positions

Quenching of pyrene fluorescence by Cu(ll) has been of Cu(ll) and Co(ll) are probably not much different. By fixing

extensively studied434> For typical decay curves, see, for

the position of Co(ll) at the position of Cu(ll) and the position
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of pyrene to bed,, = 6305 we computeP, = 0.15, about a 1. cP
factor of 4.7 less than that for Cu(ll). 12 :
Discussion 11 + .

The position of the diffusion zone of pyrene, when derived
from 5DSE, resides approximately 60% inside the polar shell 10 - T .
and 40% into the core & = 53 and moves outward to a 80%:
20% ratio as the micelle grows té = 130, near the sphere 9 g
rod transition. Under the plausible assumption thatPC
follows the ZOM because CAT16 does, the positions of pyrene s L _
determined from @PC are very similar to those determined -
from 5DSE. At low values oN, the changes in the position of 7L |
pyrene determined from CAT16 and CAT12 are very similar
to those determined from 5DSE. At low valueshthe values

16DSE ; - - BDSE - 6 ' . :

of 9, are in satisfactory agreement wnﬂjy . Summariz- 40 60 80 100 120 140
ing, the position of pyrene as determined by 4 spin probes other N

than SDSE is the same as that determined from the ber]Chmark’f:igure 10. Average values and standard deviations of the microvis-

5DSE, within+0.4 A. At higher values, 5SDSE andi@C report ¢ ities of SDS micelles determined by all spin probes except for 5SDSE
the same position of pyrene, but that derived from 16DSE (0): straight line, fit of the microviscosity determined from 5DSE. The
diverges by about 0.8 A. In view of the uncertainties discussed horizontal error bars are the standard deviations of the valud$ of
below, the consistency of the location of pyrene is satisfactory. binned together to compute the averages.

It is important to note that the fact that 1L6DSE moves inward .
significantly as the micelle grows allows us to conclude that With different values ofC,qrequired to produce the same value
pyrene is farther into the micelle and not farther out; idgy,< of N, when the small difference ¥ is taken into accourftin
0 and notd, > 0. All of the other quenchers considered here this caseVei is not negligible. When large sugar-based head-
depart very little from the ZOM. From those quenchers alone, 9roups are inserted into SDS, the expelled volume of water is
we would not be able to conclude thig, < 0; they could all near that 01th for the headgrou_p as calculated from molecular
be explained withdp, > 0. This is an ambiguity reminiscent of ~Models* Particularly encouraging is the fact thdihen calcu-
the dashed rectangle of Figure 1. Note that the conclusion that'@ted & priori for DTAB from eqs 6 and 7 with use of values
pyrene is located farther into the micelle than 5DSE could be @PPropriate for SDS with only the value Wf; changed to that
reached simply from the raw 16DSE, data without any  for Br~ are in agreement with experimehin a series of
reference to the SES. The fact that 16DSE moves inwaid as €Xperiments in dodecyl sulfate micelles, progressively larger
increases and the value kf due to 16DSE increases relative tetraall_<y| ammonium counterions were s_ubstituted for the alkali
to that of 5DSE is sufficient to draw this conclusion. Obviously, Metal ions2194647Unfortunately, the spin probe 16DSE was
further confirmation of the location of pyrene is desirable inits USed for that work at a time that we did not realize that it was
own right and to lend further support to the model. Fortunately, N0t well described by the ZOM. Thus, valuestt.en were not
other quenchers that depart significantly from the ZOM are Measured, rather thoseldispss We do not have the necessary
available, for example, 12DSE (Figure 6a). This quencher would ocation information for 16DSE in those micelles, thus a

provide a very severe test of the models in this paper, becausgluantitative affirmation of eqs 7 and 8 is not yet possible.
we may, a priori, predict the values kf because values of the Nevertheless, their basic truth was reaffirmed because the larger

microviscosity and1zpse are available. the counterion, the smaller the value ldfopss® %447
The model rests upon two main assumptions: (a) that the 1Urning to assumption (b), combining eqs 12, 13, and 22
core—-shell model and the simple formulation of the hydration and évaluating the constants give the following for the experi-
of the polar shell, Figure 2 and eq 3, are valid and (b) the SES Mental probability of collision:
is valid. Each of these main assumptions involves a number of
others. expt _ kq
We have critically discussed assumption (a) in recent
papersd8132324and have accumulated enough data to have
confidence in egs 7 and 8. We have already pointed out that!n €q 23,Vq is in A% andmicro in cP. After findingk, from the
values ofHspse are correctly predicted in a wide variety of experiment and fixingPq and T, P¢™ is determined by the
micelles over a wide range of valuesifBriefly summarizing productVgmicro- The relative positions of the two probes follow
other evidence, substituting Nefor Li* in dodecyl sulfate  from PS*®. Therefore, onlyq and#micro €nter into the compu-
micelles gives the same value dfpe at the same value df tation of the relative positions of the two probes origéds
despite the fact that very different values@f, are required to chosen.
produce a given value ®f.12 This supports the assumption that We have argued that it is preferable to use valuesq o
the waters of hydration of these ions do not contribut®4g appropriate to each quencher, when it is available. This is
differently than the “free” waters. Thus, in eq & is that of becauseymicro IS, in effect, a parameter that relates the required
the bare ion for these ions and is negligible. Substituting™NH  translational motion to the measurable rotational motion. An
for Na™ in dodecyl sulfate micelles gives the same value of alternative would be to assume that an SDS micelle is
Hsheil at the same value dff when the nonnegligible value of  characterized by a given value gf,icro at a given value oN
V. for the ammonium ion is taken into account and a small and that this value is independent of the location of the probe.
correction for the fact that Ni forms hydrogen bond&.In In this view, the differences in values 0fmico Would be
dodecyltrimethylammonium micelles, substituting Bor CI~ interpreted as uncertainties. Figure 10 shows the mean values
gives the same value dshe at the same value dfl, again and standard deviations of valuesgficro given in Figures 4,

o anmicro (23)
4(3.68x 10"9T

c
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5, A values ofymicro are model dependent as are the values reported
0.8 | | in this paper; thus, the rather good agreement between two very
different probes with entirely different methods tends to support
0.4 - 7 both methods. Also encouraging is the fact ttrahs-Decalin
oL _ is a rigid molecule while the spin probes are flexible. The
obvious advantage to the NMR approach and our approach is
04 - 7 that estimates Ofjmicro are derived from measurements that
08 ° 5 o o ° ® Al require no assumptions involving eq 12.
1l .0 AJ; L | Values of Vq are dominated by the choice of the zone
) . 2® e+ O 45 4 thickness; indeed, for SDS micelleg, is nearly proportional
16 L + o - to t,. We have restrictet} = ts; however, even a 0.5 A change
+F © in t, yields a 13% change i that enters explicitly into the
2 7 calculation ofP.. Furthermore, changes iplead to changes in
24 L L the values oP that are rather complicated, and enter implicitly
50 60 70 80 90N 100 110 120 130 through the ternvoverlap

Figure 11. The displacement of the diffusion zone of pyrene in SDS In view of these estimates, it is remarkable indeed that the

micelles as determined by the PPI with various quenchers, recalculateddata fit the model as well as they do employing the same value
by using the average values of the microviscosity, Figure 10, rather of the thickness of all diffusion zones, both pyrene and the
than individual microviscosities, at 2Z%. The symbols are the same  quenchers.

as in Figure 8. An obvious criticism of the model is the use of the SES for
5, and 6b. The straight line is the fit to 5DSE data taken from 1€ quenching of pyrene by a quencher. Inherent in the model

Figure 4. We see that the mean values are near those deriveds that a contact collision between the two molecules is required

from SDSE. The standard deviations vary from about 20% at t© Produce quenching. Such a model is easy to visualize for
low values ofN to about 2% at high values. A 19 error in spin exchange interactions between two nitroxide spin probes,
T would introduce anothe£6% error intomicro. Therefore, a where the reaction center of N@s rather localized within the

significant fraction of the uncertainties in Figure 10 are due to °rbital of the unpaired spins, but not so easy with a large
these two factors. To give an idea of how uncertaintiesigro molecule like pyrene. The SES does work well for pyrene

propagate into uncertainties &, we have added an error bar guenched by various quenchers in a bulk ligtfidhe consis-
to Figure 8b showing the uncertainty dg,°®SEdue to at+15% tency achieved in locating pyrene in these experiments supports

error in7micro, Propagated from &5% uncertainty in the value '_[he working hyp_otheS|s that it Wprks well in SII_)S mlt_:e_lles. It
of Ry. To show the overall effect of using mean values@kro is easy to _deS|gn many experiments that will solld!fy our
instead of individual values, we have recalculated the values Understanding by using some of the quenchers considered in
of dpy derived from various quenchers; these are presented inthiS Paper and undoubtedly many others.

Figure 11. Comparing Figure 11 with Figure 8 shows that results ~ Future Possibilities. The reader may have noticed that an
are more consistent with use of individual values; nevertheless,important source of information could be obtained by measuring
either approach gives satisfactory results given the simplicity the spin exchange frequency between nitroxide spin probes. In
of the model. An excellent further test of whether individual the schematic of Figure 1, this would correspond to applying
values ofijmicro are more appropriate would be provided by using the PPI to moietie& andB and could severely test the model.
10DSE to quench pyrene because, as Figure 6b shows, thdf these nixtroxides are identical, th&gis obviously unity and
microviscosities derived from this spin probe are significantly the focus would be on correct valuesmgfico and V. If they

larger than all of the others. were different, we could test the locations of each against the
Values ofymicro in Micelles estimated from various techniques elative locations resulting from application of the PPI. The
vary widely in a literature that is vast and controveréfdfor experiment would have to be carried out by uskiyOe in

a recent discussion of the dependence of the results on the prob@ne probe and>NO. in the other so that the signals could be
employed and relevant references see ref 48. Even the concepseparated. These experiments are easy to perform, and a number
of microviscosity has been criticizé®:5! In particular, micro- ~ Of publications have appear&¥;>® however, there are three
viscosities derived from the probe dipyrenylprop&ne are problems to overcome in their interpretation. First, the separation
considerably larger than those reported by spin probes. Olea®f spectra from singly occupied, doubly occupied, etc. micelles
and Thoma® applied eq 12 to some measurements of the must be done by nonlinear least-squares fitting; i.e., software
quenching of pyrene to deduce values i that were Wil have to be developed. Second, not only spin exchange but
consistent with the larger values. Th&wassumed a region of ~ also dipolar interactions can affect the spectra depending on
diffusion of pyrene and the quencher that is considerably the condition$? Separation of these two interactions is now
different from those found in this study and implicitly assumed Possible, in principlé?-62in bulk solvents, but would require
full overlap to derive their results. In other words, Olea and careful analysis of the separate components of the spectrum. A
Thomag® assumed the information that we are trying to ascertain Problem could arise due to spin statistics in the spin exchange
and then deduced values gfico. Stilbs et afS carried out a process. Finally, the complicated spectra due to a mixture of
careful study of the deuterium NMR spin relaxationtans 14N Oe and*>NOe. spin probes would also require software. There
Decalindyg in a variety of micelles overcoming a number of IS no reason to believe that all three problems cannot be
previously encountered difficulties. They arrived at estimates overcome, permitting this valuable tool to be employed.

of 7micro DY comparing the rotational correlation times with those It would be an important step forward to learn to apply the
in bulk hydrocarbons. They found th@tico = 3.4 cP in DTAB PAI to quenchers other than nitroxides to avoid an additional
and 4.3 cP in SDS at 3%C. Carrying out measurements with assumption as outlined in Table 3. The well-known dependence
16DSE at 35C, we find 4.2 and 4.3 cP for 25 mM DTAB and  of the fluorescence intensities in the first and third bands would
SDS, respectively. Stilbs et &l.emphasized the point that the be such a step if the problems associated with reproducibility
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and lack of a solid theo®§3 could be overcome. If optical 86(%3)0g’yter, R. A.; Ramachandran, C.; Mukerjee] lRhys. Chenl982
SpeCtra o.f QGPC_I_OI’ DMBP CO[.'IId be reproducibly Cc.)rrelated (17) Schwartz, R. N.; Peric, M.; Smith, S. A.; Bales, B. 1.Phys.
with H, this additional |r)format|on Woulq a}llovy us to [ndepen- Chem. B1997 101, 8735.

dently locate pyrene using the PPI. A similar innovation would  (18) Griffith, O. H.; Dehlinger, P. J.; Van, S. B. Membr. Biol.1974
be to learn to locate arenediazonium salts in aggregatesls, 159. _

spectroscopically. This might permit an independent approach  (19) Knauer, B. R.; Napier, J. J. Am. Chem. S0d.976 98, 4395.

. . . . (20) Reddock, A. H.; Konishi, S]. Chem. Phys1979 70, 2121.
to verify the model by using chemical trapping of wéteas a (21) Abe, T.- Tero-Kubota, S.: Ikegami, . Phys. Chemi982 86,

measure oH. 1358
(22) Jackson, S. E.; Smith, E. A.; Symons, M. C.DRscuss. Faraday
Conclusions S0c.1978 64, 173.

) ] ) ) (23) Tcacenco, C. M.; Zana, R.; Bales, B.L.Phys. Chem. R005
The PAI applied to nitroxide spin probes shows that 5DSE, 109 15997.
6DSE, and CAT16 adhere to the zero-order model in SDS; i.e., 5 |(32h4) Béllhes, 89%65'332’?54“"‘ Pitt, A. R.; Roe, J. A,; Griffiths, P. C.
f f . Phys. Chem. , .
the NG T"O'ety o.f .eaCh probe diffuses through the polar shell (25) Bales, B. L.; Ranaganathan, R.; Griffiths, P.JCPhys. Chem. B
as N varies. Positively charged CAT12, neutral 17DSA, and 2001 105, 7465.
7DSE are displaced outward at low values\pfmoving inward (26) Ranganathan, R.; Vautier-Giongo, C.; Bales, BJ.LPhys. Chem.
as N increases. 10DSE begins within the polar shell at low B 2003 107, 10312.
values ofN and moves inward, while 12DSE begins outside Re(szc?n)lgg\éa;Skznz'? L.; Wasserman, A. M.; Buchachenko, AL.Magn.
the shell and moves inward by a significant amount. These = (2g) olea, A. F.; Thomas, J. Ki. Am. Chem. Sod.988 110, 4494.
results will permit the design of future experiments to test the  (29) Bales, B. L.; Stenland, Q. Phys. Chem1993 97, 3418.
PPl model. Employing the PPI, with reasonable assumptions, (30) Ranganathan, R.; Peric, M.; Bales, B.JL.Phys. Chem. B998
shows that Cu(ll) and DMBP adhere approximately to the ZOM. 10%3?)43;5@3 B. L: Almgren, MJ. Phys. Chem1695 99, 15153
Pyrene, located by the PPI, using SDSE anePC, is displaced (32) Infelta, P. P.: Gitael, M.; Thomas, J. KJ. Phys. Chen.974 78,
toward the interior of the micelle by about 35% of the polar 190.
shell thickness at low values df and moves outward to about (33) Tachiya, M.Chem. Phys. Lettl975 33, 289.
a 20% displacement toward the interior near the spheye (34) Grieser, F.; Drummond, C. J. Phys. Cheml98§ 92, 5580.
transition atN = 130. Fixing the location of pyrene &t= 53 (35) Gehlen, M. H.; De Schryver, F. Chem. Re. 1993 93, 199. _
. . - (36) Ranganathan, R.; Peric, M.; Medina, R.; Garcia, U.; Bales, B. L.;

to calibrate the hydrodynamic radii of CAT12 and CAT16.shows Almgren, M. Langmuir2001, 17, 6765.
that the rate of outward movement of pyrene as a functidv of (37) Vautier-Giongo, C.; Bales, B. L. Phys. Chem. B003 107, 5398.
is the same as that derived from 5DSE angRCT. More (38) Bales, B. L.; Zana, R.angmuir2004 20, 1579.
consistent results are obtained for the location of pyrene as §339) Bales, B. L.; Benrraou, M.; Zana, R. Phys. Chem. 2002 106
measured from various qugnchers if the microviscosity is trgated (40) Cabane, B.; Duplessix, R.; Zemb, J.Phys.1985 46, 2161.
as a parameter connecting the rotational and translational (41) yoshioka, HJ. Am. Chem. Sod.979 101 28.

motions of the moieties rather than an intrinsic property of the  (42) Ranganathan, R.; Tran, L.; Bales, B.1.Phys. Chem. 200Q

micelle, although either view gives satisfactory results. 104, 2260. _
(43) Konuk, R.; Cornelisse, J.; McGlynn, S. P.Phys. Chem1989
. . 93, 7405.
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