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Location of Spectroscopic Probes in Self-Aggregating Assemblies. I. The Case for
5-Doxylstearic Acid Methyl Ester Serving as a Benchmark Spectroscopic Probe to Study

Micelles

Introduction

One of the chief uses, by nature and man, of self-assemble
aggregates such as micelles is to transport molecules that ar
sparingly water-soluble into the aqueous phase. A deep under-
standing of the behavior of these hydrophobic molecules in
chemistry and biology requires detailed knowledge of at least
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A strategy to locate spectroscopic probes in micelles is presented which involves establishing a “benchmark”
probe, i.e., one whose position is well-known and against which other probe positions may be established.
Theoretically calculated values of the fraction of the micelle polar shell occupied by Watgrare compared

with experimental values measured with the spin probe 5-doxylstearic acid methyl ester (5DSE) for a series
of sodiumn-alkyl sulfate micelles as functions of both the aggregation numbers and the alkyl chain length.
The theoretical values involve one adjustable parameter that may be taken to be the volume in the polar shell
inaccessible to watekg,. Under the hypothesis that the thickness of the polar shell (5 A) remains constant
as either the aggregation number or the chain length is varied, we find excellent agreement between the
theoretical predictions and the experimental results, using the same valyg fof chain lengths 812 and

for aggregation numbers varying from approximately 38 to 130. We argue that these are compelling reasons
that 5DSE follows the zero-order model (ZOM) of probe location. The ZOM applies to any probe that rapidly
diffuses within the confines of the micelle polar shell and nowhere else. Thus, 5DSE can serve as a benchmark
in the sodium alkyl sulfate micelles. As a further check, results are also presented for ammonium dodecyl
sulfate micelles, where 5DSE is also found to follow the ZOM, i.e, no further adjustable parameters are
needed to pass from the sodium alkyl sulfate micelles to ammonium dodecyl sulfate micelles. In contrast,
results are also presented for a similar spin probe 16-doxylstearic acid methyl ester (16DSE) thati®found

to adhere to the ZOM in any of the micelles. A simple first-order correction to the ZOM in which 16DSE is
displaced slightly from the polar shell is shown to account for the results well. The necessary displacements,
which range from about 0.7 A outside the polar shell to 1.3 A inside, are not correlated with either chain
lengths or aggregation numbers; however, they correlate rather welHgjith Calibrations of 6-, 7-, 10-,

and 12DSE spin probes are presented in the Appendix, making them available to measure microviscosities
and effective water concentrations.

the micelle surface. One concern with the work was the fact
dthat the micelle solution was frozen, so one had to assume that
éhe structure was maintained. More recently, Szajdzinska-Pietek
and co-workers have continued the quest to locate nitroxide spin
probes in micelles, exploiting their ability to quench pyrene
fluorescence and to scavenge radiolytically produced elecfrons.

the following two items: (1) the structure and the physico-  Micelles are dynamic structures, thus guest molecules cannot

chemical properties of the aggregate and (2) the location of the be located .in the usual sense of defining the position of their
solubilized guest molecule. The case for the need for item (1) @toms relative to a coordinate system in the host; thus, we take
was nicely detailed in Grieser and Drummond’s reviefihe the word “locate” to mean to define tlagerageposition relative
need for item (2) seems self-evident, and a number of workers {0 the structural properties of the aggregate. One uses a wide
have attempted to shed light on the problem by employing Variety of techniques to reach a consistent model of the structure.
spectroscopic probes. For example, already in 1979, Almgren In our opinion, only then do probes become l_JsefuI._Probes may
ionic quenchers reside preferentially in the polar shell. A few variation of the structure can be effected, the location of the
years later, Kevan and co-workéfspplied electron spinecho probe in favorable conditions may be deduced.

modulation (ESEM) to nitroxide spin probes in micelles. Those  In recent papers, *° we advanced a tentative proposal that
workers concluded that some of these probes were located neathe nitroxide moiety (NQ of 5-doxylstearic acid methyl ester
(5DSE) diffuses exclusively throughout the Stern layer of
* Corresponding author. E-mail: barney.bales@csun.edu. Webpage: sodium dodecyl sulfate micelles. We call this location of a

http://www.csun.edufvcphy00s/BBVita.html. ; .
T Department of Physics and Astronomy and the Center for Supramo- spectroscopic probe the zero qrder model (ZOM)' That proposal
lecular Studies, California State University at Northridge. was based upon the comparison of a theoretically predicted
* International Tomography Center, SB RAS. volume fraction of water in the Stern layéfgnhe, With that
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TABLE 1: Parameters for n-Alkyl Sulfate and Ammonium Dodecyl Sulfate Micelles

t, cmao, Vhg, A3 (1 — o)V, Nuet

°C mM NO y a (Nwet=0) A3 (Vng = 66.4 A3)
S8S 25 13 388 0.258 0.428 126 0 1.70
S9S 25 645 358 0.258 0.47:8 129 0 1.83
S10S 25 3% 458 0.20:# 0.358 130 0 1.86
S11S 25 142 5218 0.1g# 0.30# 130 0 1.91
S12S 25 8.9 500 0.252 0.277 129 0 1.91
Am12S 16 7.8 6113 0.223 0.223 127 15 1.88
Am12S 25 7.8 7083 0.223 0.233 128 15 1.91
Am12S 35 7.8 773 0.223 0.253 129 15 2.20

measured by the spin probe as a function of the aggregationTheory
numberN. One parameter is adjustable in the theory, so theory

and experiment can always be made to coincide for any given ability to vary N systematically. It is fortunate indeed that one

. i ,11-13 . Y . . . .
va!ue of N; nevertheless, in all work .to daté; ) thgt one may varyN in ionic micelles systematically by varying either
adjusted parameter was reasonable, in conformity with expecta-the surfactant or the added-salt concentratidA&There are at

tions and other experimental methddd>Moreover, the varia-  |east two reasons for this. First, one may check for intermicellar
tion of Hshen With N is not adjustable, so the ZOM drew its  jnteractions by comparing micelles with the same valudlof
greatest strength from the fact that this variation was the samept different micelle concentrations. Second, measurements at
experimentally and theoretically? In earlier work, we sug-  the cmc, for example, from light scatteri®}2°may be placed
gested that varying the chain length of the normal sodium on the same footirid as those well above the cmc. For many
n-alkysulfate surfactants (S8, whereN. is number of carbons  micelles, including all of those investigated in this paper,

in the alkyl chain) would be a further severe test of the ZOM. varies as follows:

The reason is that, in addition to varyihg one may vary the

relative size of the surfactant to the probe from 44 to 77% in N = NO(Ca Jcmq))” (1)
terms of number of carbons. The ZOM should predict, a priori,

reasonable hypOthESiS that the Stern Iayer of the micelles is theof added sa]t, cmgy isa constant, anﬁaq is the concentration
same thickness. No further adjustable parameters are admittedef counterions in the aqueous phase given by

Even if there are uncertainties in the values of some of the

parameters in the theory, the relative values as function¢ of Coq=[aC + (1 — )Cyee + C,d/(1 — VO 2

and N ought to be reliable. The purpose of this paper is to

show that 5DSE is described by the ZOM for SN, = 8—12 C and Cyee are the concentrations of total surfactant and of

as well as for ammonium dodecyl sulfate (Am12S) micelles. monomer surfactant, respectively, a@g is the concentration

The short companion papgéimmediately following this paper  of added common counterion in the form of salt. All concentra-

shows that 5DSE is also described by the ZOM in cationic tions are in mol/L.V is the molar volume of the anhydrous

dodecyl trimethylammonium bromide (DTAB) micelles. surfactant, andx is the degree of micelle ionizatioi€Cyee is
Therefore, 5DSE is an excellent candidate to provide a computed from eq 5 of ref 22. The reader is referred to recent

gateway into the location of other spectroscopic probes. We Papers where we have thoroughly discussed the computation

borrow the term “benchmark” from the field of surveying to Of Cagand the variation oN.1":2:23°25 Parameters in egs 1 and

denote a molecule whose location is known and may thus serve? &€ given in Table 1.

as a basis to locate others through its interactions with them. A Model of Micelle Hydration. We employ the same model

benchmark need not follow the ZOM as long as we know where used in recent papérg:’.1221 *hased upon a classical picture
it resides in a given micelle as experimental parameters areOf a nearly spherical micelle having a hydrocarbon core with

varied. A nitroxide spin probe is particularly suited to be a very little water penetration, surrounded by a polar shell. Figure

benchmark because the location of \@ffectively confined 1 shows a schematic of the model and defines the core and

. ) . R . micelle radii, R and Ry, respectively. For a beautiful 3D
to the dimensions of the gnpalred spiorbital, is well defined, schematic of an S12S micelle generated from molecular
unlike other spectroscopic probes, e.g., pyrene.

i _ ) dynamics calculations by A. D. MacKerell, 3f.see ref 27.

A second purpose of the work is to provide a negation of the  “he polar shell containdN headgroups (hg)N(1 — o)
hypothESIS that 5DSE follows the ZOM. This is aCCOmp“Shed counterions (Ci), an average number of methylene groups per
by employing 16-doxylstearic acid methyl ester (16DSE) in all  syrfactant moleculey,e, and water. At a given temperature,
of the micelles consider here and in DTAB in the companion the thickness of the polar shell is taken to be constant as
paper. We show that it is very easy to detect variations from functions of eitheN or N.. A simple continuum model is used
the ZOM; departures of NCirom the polar shell as small as  in which the volumes occupied by the headgrougs, the
0.2 A may be measured. counterionsy, and the methylene groupge, is inaccessible

A program establishing the location of a wide variety of to water (dry), and the rest of the polar shell is filled with water.
spectroscopic probes is tedious. In the beginning, the detailedThe volume fraction of the polar shell occupied by watéghel,
location of the benchmark is subject to uncertainties. As more i therefore given by
probes are studied, the constraint imposed by their mutual
interactions will serve to refine earlier assignments, reducing H
the uncertainties. Early in the process, location assignments must
be tentative and will most likely need to be refined as more
probes are employed. where

Variation of N. A critical tool in our investigation is the

- Vshell — Vdry

shel Vshell

®3)



Spectroscopic Probes in Self-Aggregating Assemblies

Vehel = 4%I(Rm3 - Rca) (4)
and
Vary = N[Vig + (1 — a)Vg; + NyeVep, ] (5)
The core radius is found from
NVt = %Rcs (6)

where Vi, is the volume of the hydrocarbon chain embedded
in the core, computed according to Tanférds follows:

Vit = 27.4+ 26.9(N, — N, @)

Equations 3-7 yield the value oHghe for any micelle, anionic,
cationic, or nonionic (leaving out ci) that can reasonably be
modeled as Figure 1.

At a given value ofN, the value oHsein €q 3 depends on
the shell thickness, the values of the molar volumes of the
constituents, anblyet. In principle, all of these parameters could

J. Phys. Chem. B, Vol. 110, No. 20, 2008793

TABLE 2: Parameters of Eq 8 and Hydrodynamic Radii of
xDSE, 25°C

A+(0),G dAIOH, G Rn, A
5DSE 14.30H 0.010° 1.380+ 0.016% 4.7+0.1 A2
6 DSE  14.312+0.013 1.3870.023 4.7+ 0.1A
7DSE  14.30H 0.012 1.4270.021  4.8+0.1A
10 DSE  14.304t 0.007 1.446+ 0.012 5.1+ 0.1 A
12DSE  14.313: 0.007 14410011  46+£01A
16 DSE  14.309 0.009' 1.418+0.013  3.75+ 0.08 A2

excellent linear correlation with values 8§

ase

A=A+ o

(8)

NO-

with constant §A./oH). Equation 8 has been calibrated for
5DSE?and 16DSE! in solvents and mixtures in the literature.
In this work, we have measured oth&SE probes, where =

6, 7, 10, and 12 is the attachment point of the doxyl group.
Values of the constants,? and pA./0H) are found as detailed

in the Appendix and are given in Table 2.

Provided that the solvent mixture of interest is water and
molecules possess no OH bonds or other hydrogen-bonding
moleculesHyo is the volume fraction occupied by water.

In this paper, we use the phrase “locaBSE” to mean that
we define the average location of its nitroxide moiety, N&y

be determined by independent experiments; however, in practice;means of interactions with the micelle. With this meaning, we
al[ have uncertainties. In our past work, we have fixed the shell shall show that 5SDSE and 16DSE are similarly located; however,
thickness to be the diameter of the larger of the headgroup orthe positions of the other portions of the two molecules could

the counterion and adjusted one parameter. FQESRl — Re

= 5 A. A natural fitting parameter i¥qy in eq 3, fixing the
parameters that definénei Various combinations o¥,g and
Nwet give the same value dfqyy. Of these, we present two in
Table 1 by giving values dfle fixing? Vg = 66.4 A3 or values

of Vi fixing Nwet = 0. The number of water molecules per
surfactant molecule or the effective water concentration may
easily be computed from the value .’

Spin-Probe Sensed Values of. From the EPR of these

be very different.

For the ZOM,Hnor = Hghel, Which is given by eq 3, except
for Am12S. For Am12S, a small terd(1 — o) Vwate/Vshen Where
the volume of one water molecWéaer= 30 A3 must be added
to eq 3 to account for the hydrogen bonding of the ammonium
counteriont3

Departures from the ZOM. Figure 2 shows two schematic
one-quarter cross sections of spherical micelles, drawn to scale
with shell thicknesfRy, — R: = 5 A in both cases. In Figure

spin probes, the hyperfine spacing between the low- and center2a,R. = 16 A, growing toR. = 20 A in Figure 2b. This increase

field resonancesA+, may be measured with excellent preci-
sion!” Theoretically,A+ is well understood; see, for example,
refs 30-38. Mukerjee et at! introduced a nonempirical polarity
scale,H, defined to be the ratio of molar concentration of OH
dipoles in a solvent or solvent mixture to that in water that shows

@)
hg
@
@
©) &
RC
hg

Figure 1. Schematic representation of the ceshell model of a
spherical micelle showing the micelle radil&,, the core radius,

the headgroups, hg, and the counterions, ci. The volume fraction of
the shell occupied by wateHshe, is found by subtracting the volumes
occupied by ci, hg, and any portion of the alkyl chains that reside within
the shell from the volume of the shell and dividing by the volume of
the shell.

in R; corresponds to approximately a doubling of the value of
N for N; = 12. Three zones are depicted through whichr HD
probe types ZOM, I, and Il diffuse, respectively. Each zone
extends symmetrically about the center of the micelle; only
portions are shown for clarity. The broken lines represent
schematic diffusive paths. Zones | and Il represent the simplest
departures from the ZOM, maintaining the thickness of the polar
shell, but displaced inward or outward. In Figure 2a, the inner
surface of the NOzone for probe | is displaced outward by a
distanced from the inner surface of the shell, and in Figure 2b,
inward byd. We use the convention that an outward displace-
ment is positive, and an inward, negative. To simplify the
language, we speak of a spin probe being “farther out” or
“farther in” than the polar shell to meaf > 0 or 6 < 0O,
respectively. In this illustrative example, the zone for probe I
maintains the same value 6fas the micelle grows.

Obviously, there are many possible departures from the ZOM,
involving zones of greater or lesser thickness than the shell. In
this paper, we restrict our attention to departures of the type
shown in Figure 2 for simplicity because the additional
parameters involved in more complicated zones are not yet
justified by the information available.

We simplify the model by assuming thBishe is uniform
within the shell,H = 0 within the core, andi = 1 outside the
shell Furthermore, the diffusion motion of NGamples all
portions of the zone with equal probability, as illustrated in
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_ Ry = (Re+ 0)Hgpen + 07
(Rn+0)° = (R.+9)°

where the shell thicknests = Ry — R.. The termé? in the
numerator results from inserting the valuetbf= 1 for water.
For inward displacements,

_ IRy +0)° — RHgpa
R+ 0)° = (R + 0)*

For the ZOM,0 = 0 and both eq 9 and 10 reduce kRpel
Outside of the limits ond in eqs 9 and 10HNo = 1 or O,
respectively.

In the example of Figure 2, the average valueHpj> of
b I probe | would decrease more rapidly thidg,e as the micelle
grows, while that of probe Il would decrease at nearly the same
NO* rate aHsper The probability of collision of N®in zone | with
a spectroscopic probe in zone Il would decrease as the micelle
grows because the overlap region of their respective zones
decreases. The spectroscopic probe in zone Il could be another
NO* or, perhaps, pyrene (or some other fluorophore). We
mention this because the rate of collision between a benchmark
probe and another is an additional way to fix their relative

R positions in the micelle. Similarly, the probability of collision

NO- of NO* in zone | with a ZOM probe would first increase and
then decrease during the progression from Figure 2a to b.

NO- 0<d <t (9)

Z0M, 0<0

17

Materials and Methods

. e L _ This work is a continuation of a recently published paper
Figure 2. Diffusion zones of NOfor three types of nitroxide spin in which most of the materials, their treatment, sample prepara-
probes, I, Il, and the zero-order model (ZOM). The thickness of the tion. EPR experiments. and ,data analvsis V\’/ere detailed. Al
zones are equal to that of the shell. The zones extend concentrically ! p ’ Yy .
around the micelle; only a portion is drawn for clarity. As the micelle = measurements were at 2G except for a few measurements of

grows fromato b by increasing the concentration of either the surfactant 16DSE in Am12S at 16 and 3&. Briefly, approximately 500

or added salt, | moves inward from residing outside the sheb by mM micelle solutions without added NaCl were prepared with
0 to inside byé < 0, while Il maintains its position relative to the g spin probe/surfactant molar ratio of 1:500. These mother
shell. The schematics are drawn to scale with shell thicksed for — so|ytions were diluted with distilled water with or without added

S12S with (@)N = 60 and (b)N = 120. The ZOM is the same as Il

With & = 0 NaCl to produce zero-salt or add-salt samples while maintaining

the same spin probe/surfactant molar ratio. Approximately
Probability conjugate pairs of add-salt and zero-salt samples were prepared,
/\ i.e., pairs of samples with approximately the same value. 5f
A brief experiment using hexadecyltrimethylammonium chloride
was conducted as described below.

Results

Figure 4a, prepared mostly from data in the literature, shows
values ofHneo as functions ofN for 5DSE (circles)” and 16DSE
(diamonds}? respectively, in S12S micelles. In Figures-@
and 8, closed or open symbols represent data from add-salt or
zero-salt samples, respectively. To obtain another zero-salt point
nearN = 130, which is near the sphereod transition; a 1.01
M S12S sample was measured with 5DSE. The line through
> the 5DSE data is derived from the ZOM, i.¢lyo = Hshell
R +0 R +0 R derived from eqs 37 by using one adjustable parameter,
Figure 3. Schematic of the probability of finding N@t a distanc®® y'?'d'”g values ofVhg and Nwet given in T"?‘b'e L. Figure 4a
from the center of the micelle, bell-shaped curve, and the constant- "€lterates the fact that 5D$E is in accord with the ZOM in SlZS;
probability approximation, rectangle. Fér = 0, the limits of the however, clearly, 16DSE is not. At low values ¥f 16DSE is
rectangle correspond to the polar shell; fox 0 or 6 > 0, the limits farther out than 5DSE and at larger valued\pffarther in. As
are inside or outside the polar shell, respectively. a reminder that one cannot be too cautious, we note that, near
N = 68, the two probes report the same valueHpf, i.e.,
Figure 3. These assumptions could be relaxed at a cost ofthey occupy the same position in the micelle. Often, 0.1 M
complexity that is not yet justified. For outward displacements surfactant has been employed in many micelle investigations,
of its zone, the average value bff sensed by NOis easily including those of Kevan and co-workeér$where, for S12S,
shown to be the following: coincidentally, N = 68. Thus, conclusions drawn at one
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Figure 4. (a) Volume fraction of water in the zones occupied by 5SDSE
(O, @) and 16DSE ¢, #) vs the aggregation number of S12S,°25 0.50 - 3
data from the literature 5DSEand 16DSES except for the one point 2 50 0 70 %0
nearN = 130 measured with 5DSE in [S128§]1.01 M without added N

salt. Filled and open symbols correspond to add-salt and zero-salt
samples, respectively. Clusters of points niar 100 for both spin
probes are from approximately constadi, series. The solid line _ SO
through the 5DSE data is the ZOM, eqs B with vertical position and S11S<¢, #) micelles, 25°C. The solid lines are computed from
fixed by one parameter, eithdke Or Vi, listed in Table 1; the slope ~ the ZOM, egs 37, with vertical positions fixed by one parameter,

is not adjustable. The line through the 16DSE data is eq 9 or 10 using &itherNuer Or Vi listed in Table 1; the slopes are not adjustable. (b)
o given by the solid line in (b). (b) 16DSE diffusion zone displacement Volume fraction of water in the zones occupied by 16DSE; same
(v, w) computed from eq 9 or 10 vs the aggregation number. The solid SYmPols as in (a). The lines through the 16DSE data are to guide the
line is a linear least-squares fit= 0.45+ 0.02— 0.029( — N°) with eye. Filled and open symbols correspond to add-salt and zero-salt
coefficient of correlationr = 0.997. samples, respectively.

Figure 5. (a) Volume fraction of water in the zones occupied by 5DSE
vs the aggregation number of S8§, (a), S9S (O, @), S10S (0, W),

. this work, we have measured 16DSE in this surfactant, and a
surfactant concentration cannot safely be extrapolated to other

. . .—_plot of Hyor as a function oN at 25°C (not shown) for Am12S
concentrations or to samples with added salt. We cannot resis g . -
o . . . is very similar to Figure 4a. The lines for 5DSE and 16DSE
admitting that one of us fell exactly into this trap in the early

days of this work, measurings for a series okDSE in 0.1 cross at aboul = 87. We have very limited data at 16 and 35
SDS, finding them to be nearly equal, and being misled for C; however, they are quite interesting, so we decided to include

some time into the working hypothesis that all were in the same them.

. : . Figure 5a shows values éfyo for 5DSE and Figure 5b for
position at other surfactant 90nc_entra’uons or with added salt. 16DSE as functions ok in SNeS micelles N = 8—11. The
For each 16DSE datum in Figure 4a, a valuedofvas

- > 1 1 lines through the 5DSE data are all derived from the ZOM with
determined to satisfy either eq 9 or 10, depending on whether one adjustable parameter given in Table 1. Note that the scale
0 was positive or negative. These calculations were carried out of the ordinate is the same in Figure 5a and b, only the origin
by trial and error in a spreadsheet, adjustingntil the computed i gifferent. Clearly, the ZOM describes the behavior of 5DSE
and measured value éfyor matched. The resulting values of  ejl and not 16DSE, as is evident from the fact the curves for
0 are plotted in Figure 4b, showing that they turn out to vary the two probes are significantly different. Figures 4 and 5 are
linearly with N. The solid line is a linear least-squares fit yielding - representative of data in all $8imicelles, indeed, in all micelles
6= 0.45+0.02-0.029 (N — N°) with coefficient of correlation,  stdied to date in that the valuestiir are similar for the two
r = 0.997.N° appropriate for S12S is given in Table 1. Thus, propes. Nevertheless, there are differences that are easily
employing the model of molecule I of Figure 2, Ni@ 16DSE discernible. Therefore, within the precision afforded by the EPR
moves from being displaced 0.45 A outside the polar shell at spin-probe method, it is clear that 16DSE cannot be described
NO = 50, (at the cmg) to approximately 1.3 A inside. Thus, by the ZOM.
even though the difference in the two spin probes appears to " The 16DSE data in Si$ micelles were interpreted in the
be dramatic in Figure 4a, they both largely occupy the polar same way as in S12S, the results of the departures from the
shell; SDSE entirely and 16DSE with 85% probability averaged zoMm being displayed in Figure 6a. For all Shimicelles except
from N = 60 to 113. The excellent precision attainable in S8S, the zone of diffusion of NOfor 16DSE varies from
measurement oh. permits rather precise values 6fto be extending slightly outside the shell to slightly inside as the
obtained. The precision available from such measurements andnjcelles grow due to increasing either surfactant or salt
precautions required to obtain such precision have beenconcentrations. Unlike S12S and Am12S, whiexaries linearly
discussed’ with N, there appears to be a slight curvature to the lines in
Values ofHno are available in the literatutefor SDSE in Figure 6a, except for S8S. Note that the schematic departure
Am12S, where the ZOM was found to apply. See Table 1. In depicted for | in Figure 2 gives a visual idea of the departures,
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Figure 7. 16DSE zone displacements vs the volume fraction of water
in the polar shell for SR6 micellesN: = 8 (2), 9 (O), 10 O), 11 ),

and 12 ), 25°C; Am12S at 28C (x), 16°C (H), and 35C (®). For

70 20 9 100 110 120 130 clarity, the add-salt and zero-salt data are not distinguishedd Fer

0, the diffusion zone of 16DSE coincides with the shell; these occur

Figure 6. (a) Shift of diffusion zone of 16DSE with the aggregation ~Near similar values oHsnei = 0.66 for all of the surfactants and for
number for S85S11SK) micelles; same symbols as Figure 5. (b) Zone AM12S at three temperatures.
displacements for Am12S at 16>, #), 25° (O, @), and 35C (A, A).

-1.20 L L 1 1 1

Filled and open symbols correspond to add-salt and zero-salt samples, 1, cP
respectively. Fo® = 0, the diffusion zone of 16DSE coincides with 85 — T T T
the shell; these occur near similar valuesHgfe of each surfactant. 8.0 - *
These displacements are comparable with those depicted for | in Figure 7.5+ - J
1. 70l s oe |
. o oe
being drawn to be fromd = +1 A in Figure 2a to—1 A in 65 |- ", ¢ 1
Figure 2b, comparable to the experimental values in Figures 6.0 |- o °° .
4a and 6. 551 M 0 j
Figure 6b shows departures of 16DSE from the ZOM in 508® ,
AmDS at three temperatures. At 26, the ZOM is represented 45 L . | . .
by the dashed curve in Figure 5 of ref 13. By using that curve 40 50 60 70 80
asHshen, Values ofd were derived from 16DSE data from eq 9 N

or 10. At 16 and 33C, 5DSE data taken in ref 13 were analyzed Figure 8. Microviscosity of SNS micelles vs aggregation number,
under the additional assumption that 5DSE does not depart from?25 °C. Same symbols as in Figure 5.
the ZOM when the temperature is changed modestly. Until this,
albeit reasonable, assumption is checked further, the values ofNO* for 16DSE in all of the surfactants at 26 and in Am12S
o given in Figure 6b for 16 and 3& must be considered to be at 16 and 35°C as a function ofHgsher Figure 7 is too
tentative. Note that a slight drying of the polar shell of Am12S complicated as it is, thus we have not distinguished between
occurs under this assumption as the temperature is raised fronzero-salt and add-salt data. Despite some scatter, it is clear the
16 to 35°C, whereVyg increases from 127 to 1293Avith Nyet displacements are correlated wiig,ei For all the surfactants,
= 0, or alternativelyNuet increases from 1.88 to 2.20 wilyg 0 is zero neatHshen = 0.66, that is to say that NGor 16DSE
= 66.4 A3 over this temperature range. See Table 1. The presentmoves inward if the shell is less polar and outward if it is more
measurements of 16DSE were then used to obtain valués of polar. Particularly interesting is the fact that the limited data
given in Figure 6b. for Am12S at 16 and 33C also seem to be correlated with

It is premature to propose a detailed model that predicts the Hspe those data (solid circles and squares) falling near the
position of NO for 16DSE as a function of various micelle common line in Figure 7. If this holds up under further

parameters, including temperature. Spin prokeSE, X = 6, investigation, then this means that movement' MO16DSE
7, 10, 12, and 17 are also available for study; a good model as a function of temperature is not governed by geometry (e.g.,
would have to predict the location of NGor all of those. Rc), rather by the amount of water in the shell. We now

Nevertheless, we can gain valuable insight from the limited data cautiously speculate that the reason 5DSE adheres to the ZOM
that we have. For example, when we began the study, weis because it has two hydrophilic groups in close proximity that
thought that the fact that 16DSE had two hydrophilic groups serve to limit diffusion of NO to within the polar shell. This
widely separated, both of which presumably would adhere hypothesis may be tested in the future by using a doxylalkane
approximately to the ZOM, would mean that the size of the instead of the acid ester.
core would dominate the position of NOTl'his would mean Microviscosity of the Polar Shell. The same spectra collected
that plots ofd versusR. would be similar for all SNS and for for the main purpose of the paper also yield estimates of the
Am12D. However, a plot of versusR., (not shown) looks microviscosity of the polar shell, thus, we present those data in
very much like Figure 6a. Therefore, it is clear tidatloes not Figure 8 forN. = 8—11. See, for example, ref 12 for a detailed
correlate withR.. We did notice that, ab = 0, where 16DSE account of how microviscosities of micelles are deduced from
occupies the shellispey is similar for all of the surfactants. the rotational correlation times of N(aking into account the
Thus, we prepared Figure 7, showing the displacements of rotation of the micelles as a whole. These times were obtained
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from the line height ratio%? and microviscosities were computed SCHEME 1
as recently detailed- The variation of the microviscosity with

N is modest and seems to be similar at the same valdéfof bsE O/\/NO\'/\ COOCH;8
all values ofN;. Comparing Figure 8 with Figure 9 of ref 21

shows that the microviscosity in these micelles and its variation \_%

with N are very similar to those in S12S, dodecyl trimethlyam- O\/NO' 16DSE

monium chloride (DTAC), and DTAB. In every case, the ~_~ COOCH,

microviscosity depends only ol in zero-salt or add-salt

samples. This means that the microviscosity does not dependyhich all of the probes assumed the same conformation and
on the concentration of micelles, i.e., it does not depend on {ne variation in the position of NQresulted from bending of

intermicelle interactions. the alkyl chains. Those authors assumed that the carboxyl groups
] ] were anchored in the shell, beginning with a radial intrusion
Discussion into the core. They concluded that N€@r the series of spin

All of the solid lines through the 5DSE data in Figures 4a Probes resided near the surface as we have concluded for SDSE
and 5a as well as Figure 5 of ref 13 result from fixidgy = and 1§DSE. However, _the|r proposed detailed positions as being
129 + 1 A3 (average and standard deviation in Table 1) at various depths vyl'ghln the core are at odds with our results.
assumingNuet = 0 o, alternativelyNyer = 1.90+ 0.1 assuming In terms of our definition ob, values ofd up to —6_A were
Vhg = 66.4 A% These are reasonable valueli is ap- proposed,wh|ch wo_uld resm_JIt I1=_IN_O- near zero. The interpreta-
proximately equal to 2 is often quot®dto be the number of tion of ESEM experiments is difficult, because the modulation

methylene groups exposed to water. The number of Water.depths.are complicated fun'ctiqns of both the number of
molecules in the shell per headgrobies is easily calculated: interacting deut_erons and their dls_tances fronmr Rt Wpuld
for S12S, this results in aboWhyae = 9 at N = 63, in be very interesting, after our work is complete employing other

satisfactory agreement with estimates from transport propéfties. XDSE probes, to see if the ESEM results could be successfully
By using space-filling models, Szajdzinska-Pietek et al. interpreted within the same model that we employ. For example,
estimateNyaer= 9 in 0.1 M S12S. Further comparison of the could the positions of_ NObe_ fixed at our values and’)a
absolute values of eq 1 compared with estimates from other "€asonable number of interacting deuterons be deduced:
techniques may be found in recent pagefshowever, our In more recent work, Szajdzinska-Pietek and co-wofkers
argument that S5DSE is described by the ZOM is not based on measured the first-order rate constant of quenphmg of pyrene,
the absolute values, rather that they are describe by the samé&e PY XDSE & = 5,10, and 12) in hexadecyitrimethylammo-
hydration model in all SAS and Am12S versus variations in  Mum chIono_Ie (C_:TAC) mlcelle_s. Her a_nd her co-worker’s results
bothN andN.. Any movement of N®Owith eitherN or N larger are shown in Figure 9, showing thiatis about the same for

than approximately 0.2 A would be easily detected as the results > a_md 10 and_ slightly smalle_r for= 12. T_he)5 interpreted
with 16DSE demonstrate. the differences in the values kf in terms of different pyrene

guencher pair distances. By using the ESE data described in
the previous paragraph as a basis for locating (it©the core),

they suggested that pyrene was near the surface and that 12DSE
was buried slightly deeper than 5- and 10DSE into the core.
Time-resolved fluorescence quenching by spin probes is par-
ticularly interesting because, unlike most of the other standard
guenchers, high precision information is available from EPR
rRy using those same quenchers.

Unfortunately, EPR measurements were not repdrsedywe
carried out a brief experiment in 0.1 M CTAC (Fluka, as
received) at 28C, employing 5-, 10-, and 12DSE obtained from
Molecular Probes. The calibrations &f versusHyo were not
available for 10 or 12DSE, thus these were carried out as

The possibility exists that the shell thickness and the position
of 5DSE could both change in exactly the right way as to
compensate one another and give the illusion of the ZOM, but
this is quite unlikely. The variation dfiyo with N for any given
surfactant could be rationalized in terms of either the strict ZOM
or a type Il model with small, constant (Figure 2). The fact
that the adjustable parametéky (or Nyey) is the same for all
N¢ argues against this interpretation because the same consta
value of 0 would have to be maintained as the relative
dimensions of the surfactant and probe varied; again, unlikely.

Turning to the displacements of 16DSE, we see that, as
fractions of the shell thickness, the maximum departures from
the ZOM vary from a minimum of 6% for S9S to 23% for S11S, detailed in the Appendix. Anticipating that 6- and 7DSE will

. : X o
with an average maxmu_m_departure in all surfactants of 14%. be useful probes, they were also included in the calibrations.
These departures are similar to an average departure of 16%

needed to rationalize the quenching of pyrene by dodecylpyri- H /107"
dinium chloride in a series of tetraalkylammonium dodecyl 0.48 . . . _a 15
sulfate micelles employing a simple hydrodynamic model of
bimolecular collisiong? In the previous work, we were only 0471 ]14
able to find the relative departures of pyrene with respect to 0.46 L 113
dodecylpyridinium chloride, having, at that time, no way to 04s | + 112
locate either with respect to the micelle. ’ ’
To our knowledge, the only work that attempted to define 044 ¢ + 111
the position of doxylstearate in dodecyl sulfate micelles is that 043 © 110
of Kevan and co-workers who worked with frozen solutions o2 050
measuring the modulation of electron spechoes (ESEM) by a 6 3 10 12 14

deuterium®* Those elegant experiments employed spin probes Doxyl position
similar to those in Scheme 1, except they were the agldS4), Figure 9. Volume fraction of water in the zones occupied by 5, 10,

not the esters, labeledat=5, 7, 10, 12, and 16. By selectively  4nq 12pSE @, left-hand coordinate) and the rate constant of quenching
deuterating moieties of the surfactants or by usin@® Dather of pyrene [, right-hand coordinaté)by these same spin probes vs
than water as the solvent, those authors proposed a scheme ifabel position in 0.1 M CTAC micelles, 2%C.
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Furthermore, the same spectra may be employed to estimateAppendix. Calibration of xXDSE Spin Probes

the values of the hydrodynamic radii needed to measure
microviscosities? so these were determined as well. The results
are gathered into Table 2 for future reference.

In CTAC micelles, typical well-resolved three-line EPR
spectra were observétlValues ofHyo were computed from
eq 8 from measured values Af, using the parameters in Table
2 and are displayed in Figure Bno is about the same for=
5 and 10 and slightly larger for = 12. Thus, values of both
Hno andkg are the same within experimental uncertaintyxor
= 5 and 10 and marginally different far= 12. FromHyo we
learn that NO for each of these spin probes is positioned
similarly relative to the micelle and frorkg similarly with
respect to pyrene. Far= 12, Hyo indicates that NOis slightly
farther out tharx = 5 and 10 (higher value dfiyo), Opposite
to the proposal in ref 5, whilég shows that NOis slightly
farther from pyrene (lower value df). Taken together, the
= 12 results, to the extent that they are significantly different
from x =5 and 10, show that pyrene is farther into the micelle
than NO.

Quantitative positions of NQvalues ofd) must await more
work to determine the parameters needed to calctiaigand,
importantly, to investigate values af as functions ofN;
however, it is already clear that N@annot be located in the
core whereH = 0. It remains to be demonstrated that 5DSE
follows the ZOM in CTAC micelles, however, it likely does
because it does so in the shorter chain surfactant DTAB, as
shown in the companion pap¥rAs Figure 4a reminds us,
Figure 9 could be quite different at other surfactant concentra-
tions or in the presence of added salt.

Values ofky in micelles may be successfully modeled by the
Stokes-Einstein—-Smoluchowski equation, as has been shown
in recent paper¥12All of the information needed is available
from EPR and TRFQ. The extent of overlap of the zones
occupied by pyrene and N@overns the observed probability
of quenching and thus leads directly to an estimate of the

Methods to calibrate spin probes have been described in detail
as follows: Hyor versusA; for 16DSE?! and 5DSE?® and the
hydrodynamic radii for 16DSE and 5DSE*? Those references
may be consulted for details about the procedures, theory,
background, and error estimates. Briefly, the spin probes are
dissolved into watermethanol mixtures at a low concentration.
Parameters for eq 8 are obtained by fitting the measured values
of A; to the values oHyo computed from eq Al of ref 13.
The same spectra contain information needed to obtain the
hydrodynamic radii,R,, from the Debye Stokes-Einstein
equation3

AR}
U= 7T

(A1)

wherer is the rotational correlation time of NQy is the shear
viscosity of the solventk the Boltzmann constant, andthe
absolute temperature. The application of eq Al to spin probes
was discussed in great detail in ref 42 and references therein.
The value ofR, in eq Al for flexible molecules often does not
correspond accurately to the geometrical value for the entire
molecule computed from van der Waals radii, for example, by
the method of Bondt* however, ifR, is constant as the solvent,
temperature, and viscosity are changed, then eq A1 may be used
to measure viscosity.

ProbesxDSE, x = 6, 7, 10, and 12 were purchased from
Molecular Probes (Eugene, OR) and used as received. A spin
probe concentration of & 107> M was routinely used; however,

a few measurements were taken at one-half this concentration
to confirm that spin exchange-induced line sHfftsvere
negligible. Values oA+ were measured from five spectra taken
one after another, averaged, and plotted velrbus. These plots
were linear in every case; see, for example, Figure 7 of ref. 13.
These data were fit to eq 8, yielding the data in Table 2. Previous
calibrations of 5DSE and 16DSE? are included in Table 2

distance between the f|u0r0phore and quencher_ See, forfor convenience. Values OfcompUtEd from line h8|ght ratid‘é,

example, egs 12 and 13 of ref 10. Thus, EPR and TRFQ taken
together have the potential to locate both pyrene and, NO
labeled in various positions, after a full investigation.

Conclusions

The agreement between the variationHyfor and Hspey for
5DSE as a function dfl in any one of the SN micelles shows
that either the ZOM or a zone of type Il in Figure 2 describes
the zone through which this spin probe diffuses. Because the
values of the one adjustable parameter are reasonalfta,
zone Il would be rather small. The agreement between the
variation ofHnor andHspey for 5DSE as a function ai in all
of the SN'S micelles and Am12S shows that either the same
value ofd for a type Il zone is obtained for all the micelles or
that the ZOM is obtained. Because the former is unlikely, we
propose the latter, making 5DSE a good benchmark probe. A
nitroxide spin probe is particularly suited to be a benchmark
because the location of NOconfined to the unpaired spin
orbital, is well defined. As a negation of the hypothesis that
5DSE follows the ZOM, we show that 16DSE does not. Small
displacements of NOas functions ofN and N bring theory
and experiment into agreement. These displacements are wel
correlated with the volume fraction of the polar shell occupied
by water. Departures from the ZOM as small as 0.2 A may be
detected.

corrected for inhomogeneous line broaderfihgiere fit to eq

Al by employing the known viscosities of the solvent mix-
tures?*® For eachxDSE, the values oR, were constant as a
function of 5, i.e., plots ofr were linear iny/T.12 It has been
known for some time that values B%, for flexible spin probes
such axDSE are a function of the label positidéhand Table

2 bears that out. Nevertheless, except for 16DSE, they do not
show a dramatic variation, modestly declining from a maximum
for label positions near the center of the stearic acid chain to
smaller values near the ends.
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