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The “degree of ionization” of a micelle or the “apparent degree of counterion dissociatipis’defined by
asserting that the aggregation numbérjs dependent only on the concentrati@hg of counterions in the
aqueous pseudophase. Using different combinations of surfactant and added salt concentrations yielding the
same value ofC,, leads to a straightforward definition @f. Any experimental method able to precisely
distinguish values oN may be used and should give the same values. dthe value ofN is not needed in

the method; the experiment needs only ensure that the valdNdsothe same for two samples. For systems

in which N is a known function ofC,q, o may be determined as a functionéf The method is demonstrated

with sodium dodecyl sulfate (SDS) using an electron paramagnetic resonance method. For SDS, the method
yields a constant value of = 0.272+ 0.017 for values of the aggregation number less than abeutl 10,

which corresponds to combinations of surfactant and salt concentrations from $SB&) mM and [NaCl]

= 0 to [SDS]= 25 mM and [NaCl]= 155 mM. This value ofx is in excellent agreement with literature
values based on activity measurements, micelle mobility measurements, and radioisotope mobility measurements
of the Na ion but in poor agreement with measurements employing light scattering. The constancy of

in accord with theoretical arguments based on the PoisBoftzmann equation.

Introduction The purpose of this paper is to propose such a definition and to

It has been accepted for almost 65 yéahnat a fractiong illustrate the measurement afon the basis of this definition.
of an ionic surfactant’'s counterions are dissociated from the
micelles, leaving the micelles charge¥A quantitative measure ~ Theory
of the value ofo is crucial in order to understand many aspects .
of the behavior of micelles. For example, reaction rates between Ve ze_mplo_y the language of the pseudophase ion exchange
organic substrates and hydrophilic ions that can “bind” to the Model?in which the micelles act as a separate phase from water.
micelle depend critically on the value af45 The value of is This language is for clarity of the discussion only; we do not
an important element in micelle stability in gendrahd in the  find it necessary to assume that the micelles are indeed a separate
growth of spherical micelles into rodlike structufeshich can ~ Phase in the thermodynamic sense. Thus, we assert that a
lead to viscoelastic behavibiAs a practical matter, the charge ~ fraction, 1 — a, of an ionic surfactant's counterions are
of a micelle is important in many applications that exploit the @ssociated with the micelles. &, is the concentration of
micelle as a charged interface, for example, DNA transport. Surfactant forming the micelles, then the concentration of
Further, it is clear that a complete thermodynamic or structural counterions associated with the micelles is{)Sn. The total

theory of micelles must be able to predict values of and changesSurfactant concentration is given By= Sy + S, whereS is
in ;4810 thus, accurate experimental values are needed. the concentration in monomeric form. The entire sample

The fundamental importance af accounts for the vast contains counterions contributed by the surfactant, in concentra-

number of papers dedicated entirely or in part to its measure-tion S, plus any additional counterions added as salt, in
ment, using a wide array of experimental techniguissverthe- concentratiorCyq Thus, the total counterion concentration of
less, there is not a satisfactory consensus as to the valae of CoUnterions i + Caq Subtracting from this total concentration,
for any surfactant, not even the often studied surfactant sodium the concentration associated with the micelles; (@)Sm, yields
dodecy! sulfate (SDS). To illustrate, Table 1 of Romsted’s h€ concentration |n*the aqueous phasgy=S + Cag— (1 —
review! compiles 30 determinations offor SDS near the cmc. ~ ®)Sm, Which givesC*aq = oS + (1 = 0)S + Cqg employing
These values vary from a low af = 0.14 to a high ofa. = S = Sn+ S. The concentration§, Sy, S, andCygare all given

0.70. Romstetinoted that the variability in the values afusing in units of moles per liter of solution. Therefor€}aq would
a particular technique was less than the variability from be the concentration of counterions in the aqueous phase if that

technique to technique. That a particular technique would lead Phase occupied the entire sample. At low surfactant concentra-
to distinct values ofx is not surprising in view of the fact that ~ tions, the volume of the aqueous phase is nearly equal to the
each technique is likely to measure a different definition of what Volume of the sample; however, at higher surfactant concentra-
is meant by “dissociated” counterions. tions, the excluded volume effect becomes impoftautiiowing

It would clearly be an important step forward to defimén Soldi et al.> we correct for this excluded volume effect by

away that is independent of any particular experimental method. including the factorF(S) and write the concentration of
counterions in the aqueous phase as
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The excluded volume factor is given by

1
1-V§

F(S) = )

whereV is the molar volume of the anhydrous surfactant in
moles per liter, assuming that the density of the surfactants is
approximately 1.0 g/mB.Equation 1, withF(S) = 1.0, which
results inCyq* =~ Cyq is the conventional pseudophase ion
exchange mass balance relationshipFor typical surfactants
with molecular weights of 200400, F(S) amounts to a 5%
correction wherf reaches 125250 mM. In this work, where

we extends to values as high as 600 mM, the factor is needed.

A Definition of a. The definition is embodied in eq 1, which
separates formally counterions associated with the micelles and
those which are not and is completed by the hypothesis that, at
a constant temperature, the aggregation number is a function
of the concentratiolC,q only; i.e.

N=N(C.) ®
whereN is the aggregation number af{C,) is a monotonic
function of Cyq We simplify the notation by suppressing the
dependence dfl on temperature.

There is a locus of points on tl& — C,q surface that give
the same value d,q and thus the same value Nf Let S and
Cad denote one such point ar®l and C',q another. For these
two points, using eqs 1 and 3

F({a§+[1 - ]S+ Cyd =F(ENa§ +[1 - ao]§ +
C.d 4
The use of the same value afon both sides of eq 4 implies
a second hypothesis; the value af depends only on the
aggregation number. The free monomer concentration may be

computed using eq 5 of ref 12 derived from the work of Sasaki
et al® and Half

log(§) = (2 — a) log(cmg) — (1 — @) log(C,)  (5)

where cmegis the critical micelle concentration &,q= 0. See
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However, it is important to note that the value of N correspond-
ing to the value ofC,qis not needed; one only needs to ensure
that two aggregation numbers are the same. Thus, it is the
relative precision in determining the values\bfthat is important
in eq 6. In most experiments, relative values tend to be
considerably more precise than absolute values.

If knowledge of the variation ol with C,qis available, then
values ofa. may be transformed into values afN).

Demonstration of the Measurement ofo. In this paper, we
demonstrate the use of eqs-@ with sodium dodecyl sulfate
(SDS) employing an indirect but precise method to determine
whether two aggregation numbers are equal. The method rests
upon the fact that the hydration of the polar shell of SDS
micelles varies monotonically witN for aggregation numbers
smaller than abouN = 130, above which the sphere-to-rod
transition occur3d® The surface hydration is detected by a spin
probe residing in the Stern layer using an electron paramagnetic
resonance (EPR) technique detailed in recent papefsThe
method utilizes the difference in resonance fields of the low-
and central-field line of a nitroxide spin probe, denoteddy
Thus, the value oA\, is a monotonic function oN for N <
130

A, = A.(N) only (7)

For SDS micelles, the aggregation number shows a power law
dependence 0f,q as follows!?

N (8)

chaq«/
where the constants = 164 molecules M%25andy = 0.25
fit the results of a wide variety of experimental techniglfes.

Experimental Section

SDS was purchased from Serva and recrystallized three times
from ethanol and dried in a vacuum oven. A solution of the
spin probe 5-doxylstearic acid methyl ester (5DSE) (Aldrich,
as received) in ethanol was distributed to vials by weight, dried
with dry filtered air, capped, and stored in the freezer until
needed. After a vial was warmed to room temperature, Milli-Q

ref 12 and references therein for a discussion of the assumptionsyater (18 M2) and SDS were added by weight to prepare

leading to eq 5. The value & given by eq 5 is sensitive to
the value of cmgat low values ofC,q but is rather insensitive
to the value ofo.. For our purpose, it is sufficient to note that
for equal values o€, § = S§'. Now, F(S) =~ F(§') for values

of §, § < =~ 100-200 mM, and above these concentrations,
S is small compared witls. In either case, the terms involving
S andS' cancel in eq 4. Solving eq 4 far yields

_ F&)Ca— F(§)C
F§)S - FS)S

To summarize, for any two combinations®fandC,qyielding

(6)

mother samples with surfactant concentrations in the range of
approximatelyS = 0.5-0.6 M. In each case, the spin probe:
SDS molar ratio was 1:500. Corrections on the order of 1%
were made to convert gravimetric measurements into molarities
employing known values of the densities of SDS solutitns.
All other samples were derived from these mother samples in
a manner that preserved the spin probe:SDS molar ratio. Thus,
small corrections to the hyperfine spacing, due to micelles
housing more than a single spin probe, amounting to about 4
mG (see the appendix to ref 15), would be the same for all
samples and would cancel when applying eq 6. Three types of
sample series were prepared by weight as follows:

the same value of the aggregation number, eq 6 yields a value(1) “zero salt”: The concentration of SDS in the absence of

of o. The resulting values should be independent of the
measurement method as long as the method faithfully reports
that the two values ofN are the same. By varying the
combinations ofS and Cyq that yield the same value @,
one may check the consistency of the definition. By varying
Caq One may determine the dependencexain Caq

As a practical matter, defining by eq 6 might not seem to
be useful because most techniques to deterNiaee tedious,
often requiring involved analysis relying on models. The value
of N derived from the data can be severely model dependent.

salt was varied by diluting a mother sample with distilled water.
(2) “reference”: The concentration of NaCl was varied while
holding the concentration of SDS at a low, constant value, by
mixing the two solutions; one at the maximum desired salt
concentration and one without salt.

(3) “constantC,q": The concentrations of SDS and NaCl were
varied such thaC,qwas maintained approximately constant by
mixing the mother solution without salt and a reference solution
at a salt concentration computed from eq 4. This series must
be prepared by assuming some preliminary value..of
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Figure 1. Hyperfine spacing\+ vs [SDS]+ [NaCl] for a “zero salt”
series ), a “reference” seriex), and a “constantsq’ series prepared
with a trial value ofo. = 0.243 (x). The error bars shown are standard

deviations in five measurements of the same sample; others are smaller

than the symbols.

The molarities of these series were derived from the known
densities of SD®¥ and NaCl® solutions. We refer to these three
types of series as “zero salt”, “reference”, and “constagqt,
respectively. For SDS, the molar volume in eq %/iss 0.288

L mol~1.

Results

Three-line narrow EPR spectra of 5DSE in SDS micelles
typical of nitroxide free radicals undergoing approximately
isotropic motion in the motional narrowing region were observed
for all samples. See Figure la of ref 15. The difference in
resonance fields between the center and low-field liAgshas
been showt1” to be monotonic (in fact, very nearly linear)
with the value o, provided thaCyqis less than approximately
0.4 M. Above this value ofCy, the sphererod transition
renders EPR ineffective because no longer varies witiN. A
measurement of the value éf. alone cannot yield the value
of N; however, the equivalence of two values lfmay be
determined with high precision, as discussed below.

Figure 1 shows the variation éf. with § + C,9= [SDS] +
[NaCl] for one each of “zero salt” (open circles), “reference”
(filled diamonds), and “constafl,y” (crosses) series. Each point

is the mean value of measurements from five spectra. The error
bars on the “reference” data are the standard deviations from
the five measurements; the standard deviations for the other

Bales

TABLE 1: Apparent Degree of Counterion Dissociation for
SDS Zero Salt atT = 25°C

[SDS], M [SDS}], M2 A G (Cag)® Nd
0.0493  0.0049 15.242-0.0016 0.26G-0.037 58.9-0.5
0.098F7  0.0033 15.215:0.0009 0.272-0.018 68.3+ 0.0
0.198 0.0021  15.18% 0.0007 0.261:0.017 80.0k 0.8
0.298 0.0016  15.158-0.0005 0.278:0.017 90.3+0.4
0.50F 0.0011  15.121 0.0016 0.279:0.009 104.4: 0.5
0.197 0.0021  15.184: 0.0006 0.239: 0.028 78.1+ 1.6
0.252 0.0018  15.169 0.0007 0.248:0.021 84.0+ 0.9
0.308 0.0016  15.158-0.0004 0.244:0.012 88.0+ 1.9
0.352 0.0014  15.149: 0.0002 0.248:0.011 91.8:0.7
0.455 0.0012  15.131 0.0009 0.252: 0.015 99.0 0.8
0.610 0.0009  15.106: 0.0010 0.273:0.023 110.0+0.3

aEquation 5 Mean value and standard deviation in 5 (run 1) or
10 (run 2) spectret Equation 6; mean values and standard deviations
using 5 or 10 matched pairs &f. from the “zero salt” and “reference”
series, respectively.Equations 1, 2, and 8, whetgC,) is given in
the penultimate column of this table. The uncertainties in the values of
N correspond to the extremes of the values using the uncertainties in
the values of. *Run 1.7 Run 2.

TABLE 2: Apparent Degree of Counterion Dissociatiort for
“Constant Cyq" with Trial o = 0.243

[SDS], M [NaCl], M A, GP o(Cag)®
0.0245 0.1355 15.136 0.0014 reference
0.0495 0.128 15.13@ 0.0009 0.264:- 0.080
0.0997 0.114 15.12% 0.0010 0.302+ 0.030
0.200 0.0856 15.12%F 0.0006 0.289t 0.008
0.300 0.0572 15.126 0.0005 0.274+ 0.004
0.401 0.0285 15.12% 0.0003 0.27H-0.002
0.501 0 15.124+ 0.0004 0.268t 0.002

meard 0.2714+ 0.001

aT = 25 °C. [SDS} = 0.0010 for all sample$.Mean value and
standard deviation in five measurements of the same sample, one after
another Equation 6; mean values and standard deviations using five
matched pairs o from the “constanC,q’ and the reference sample,
respectivelyd Mean value of all values weighted inversely by their
variance (pp 6970 of ref 20); the error is the uncertainty of the mean.

An approximately “constanC.q’ series may be prepared by
mixing two samples of differing values of [SDS] but similar
values ofA;. The data in Figure 1 denoted by crosses were
derived by mixing a sample of composition [SDS]0.501 M
and [NaCl]= 0 with one of [SDS]= 0.0245 M and [NaCl]=
0.1355. Inserting these values into eq 4 yield a trial value
0.243 for these two samples. Details of these mixtures are given
in Table 2, together with the results of the EPR measurements.
Because of small density variations and the fa&i(8) in eq
4, the trial value of increases slightly as the value of [SDS]
decreases. If the series were truly at constant valu€spthen
all of the values ofA; in Table 2 would be identical, but this
is not observed. A second “constady’ series was prepared
and studied using a trial value of = 0.284; these data are
presented in Table 3. The data for both series are plotted in
Figure 2. The fact thaf+ decreases with [SDS} [NacCl] for
he series using a trial value af= 0.243 shows that the actual
value ofa is larger than 0.243; conversely, the increaséjn
for the other series shows thatis smaller than 0.284.

two series are smaller than the size of the symbols. The values

of A, for the “zero salt” series in Figure 1 and one additional
“zero salt” series are given in Table 1.

We now turn to the computation @f. In the remainder of
this paper, we denot& = [SDS], § = [SDS}, and Cyg =

The error bars for the “reference” series are larger than those[NaCl]. We first apply eq 6 to members of the “zero salt” series
for the other two series because the signal decreases as [SDS)f Figure 1, matched with members of the “reference” series

is reduced. The choice of the value of [SDS] for a reference

of Figure 1 in which [SDS]= 0.0246 M and [NaCl]is varied.

series is a compromise between obtaining a good signal-to-noiseEqual values oN in the two series are indicated by equal values

ratio and the desire to explore the valueoofo as low a value
of [SDS] as possible.

of A.. For a perfect match o'y = A, eq 4 gives the value
of a directly. For values oA’ near values ofA;, a nearby
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TABLE 3: Apparent Degree of Counterion Dissociatiort for
“Constant C,y” with Trial o = 0.284

[SDS], M [NaCl], M A, G° o(Ca9°®
0.0249 0.158 15.114 0.003 reference
0.0719 0.142 15.11%F 0.002 0.31H-0.184
0.120 0.126 15.118 0.001 0.293+ 0.078
0.214 0.0949 15.11& 0.0004 0.284£ 0.035
0.31H 0.0631 15.118t 0.0006 0.274+ 0.027
0.31F 0.0631 15.119: 0.0006 0.285k 0.022
0.311 0.0631 15.119 0.001 0.280+ 0.024
0.406 0.0315 15.128 0.002 0.276+ 0.025
0.50H 0 15.1204- 0.0005 0.274+ 0.015
0.50F 0 15.1204- 0.001 0.278+ 0.012
0.501 0 15.1204+ 0.001 0.27H0.015

meart 0.2774 0.007

aT = 25 °C. [SDS} = 0.0010 for all samples.Mean value and

standard deviation in five measurements of the same sample, one after

another £ Equation 8; mean values and standard deviations using five
matched pairs oA+ from the “constanC,q’ and the reference sample,
respectively. Different values af(C,g can occur for identical mean
values ofA. because the averaging over five samples is diffefgfitst
sample of a duplicate pait.Second sample of a duplicate pdiFirst
sample of a duplicate pair measured 1 day ldtétean value of all
values weighted inversely by their variance (pp-6® of ref 20); the
error is the uncertainty of the mean.
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Figure 2. Hyperfine spacind\: vs [SDS]+ [NaCl] for two “constant
C.q series prepared with a trial values of= 0.243 (x) and 0.284
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Figure 3. Values of the degree of ionization for SDS micellasfor
the two “constanC,q series. The symbols have the same meaning as
those in Figure 2.

contribute to the uncertainties in the valuesxphowever, the
latter tend to dominate.

Another set of “zero salt” and “reference” series were
prepared and run, this time collecting 10 spectra of each. These
results are given in the final six rows of Table 1.

The same procedure was then applied to the two “constant
Caq' series. The results for series prepared with trial values of
o. = 0.243 and 0.284 are given in Tables 2 and 3, respectively.
Duplicate samples and a few spectra repeated the next day
(Table 3) show that the results are well reproduced. The resulting
values ofo for the two “constanC,q’ series are plotted versus
[SDS] in Figure 3, showing that is constant within experi-
mental error. Note that choosing an incorrect trial valuerof
still results in finding the correct value if the trial value does
not differ radically from the correct one. The mean value of all
values in Figure 3 weighted inversely by their variance (pp 69
70 of ref 20) is 0.27H 0.001 (trial valuex = 0.243) and 0.277
+ 0.007 (trial valueo. = 0.284), where the errors are the
uncertainties of the mea#s.

The values ofx given in Tables +3 did not require on any
knowledge of the values dfl. For SDS, we may transform

(open cross). The error bars shown are standard deviations in five values ofCyqinto values ofN using egs 1, 2, and 8. These are

measurements of the same sample. The two points at [SOSRCI]

= 0.501 M are due to two samples, identically prepared; thus, the
discrepancy in sample preparation is larger than the uncertainty in
measuringA.. This discrepancy is due to-80.7 molecule difference

in the value ofN for the two samples. Decreasing valuef\efindicate

that the trial value ofx is too low, and increasing values indicate the
opposite.

interpolated value of [NaCl]s found. For each sample, 5 spectra
were taken. By pairing 5 values &, for a sample in the
reference series with 5 gk, for a sample in the “zero salt”
series, we computed five values af The mean values and
standard deviations of these 5 valuesxadire given in column

4 of Table 1. Uncertainties in the values of bath and A'+

given in Table 1. Thuse is given as a function oN. We
reemphasiZé-1°that eq 8 yields values df with an accuracy
no better than that of the various experiments from which it
was derived, perhaps-8.0%, but it does give relative values
to high precision. Figure 4 shows the valuesocofrersusN,
including the average values of the results from the two
“constantC,q’ series. The error bars in Figure 4 reflect the
uncertainty in the measurementsAf, and the spread in the
individual values ofa reflect sample preparation errors.

Discussion

The value ofa is constant, within experimental uncertainty,
for all values ofN investigated. The unweighted mean of all



6802 J. Phys. Chem. B, Vol. 105, No. 29, 2001 Bales

o Our results are in accord with the recent general assertion by
Jonsson et af.that the value ofx is constant over orders of
0.32 I I L f f f magnitude of micelle concentration as well as under variations

of salt concentration and temperature. Thiegyther assert that
this phenomenon, termed counterion condensation, is common
0.30 . - to all systems of high charge densities, including polyelectrolyes
and charged surfaces.nkson et af. show that counterion
condensation is a plausible phenomenon by applying the
0.28 + — Poissonr-Boltzmann equation to two charged plates in one
o dimension under which conditions the equation has an analytical

. X solution. See chapter 7 of ref 3.
026 © 1 N It is useful to return to the original data for a different

: perspective on the question of the constancynofrigure 5
o & showsA versusN computed from egs 1, 2, and 8 holding
constant ate = 0.27 for all the data in Tables—13, together
0.24 - ® 7] with one of the “reference” series. df is, in fact, constant at
= 0.27, a universal curve would result for all data in the “zero
1 - salt”, “reference”, and “constailyq” series. Inspection of Figure
0.22 - 5 shows this to be so all the way up to né&e= 110. Figure 5b
is a blowup of the data in the vicinity off = 103.

Thus, from the direct calculations using eq 6 shown in Figure

0.20 L ' ! 1 ' ! 4 and from the graphical presentation in Figure.5s found to
be constant.
50 60 70 80 90 100110120 Precision of the EPR Method.The slope of the line in Figure
N 5 is approximatelydA/oN ~ 0.0029 G/molecule; thus, a
Figure 4. Values ofa. (eq 6) vs the aggregation number(egs 1, 2, precision in the value oA of + 0.001 G, typical of results for
and 8). Pairing of “reference” and “zero saltd) and pairing of [SDS] > 100 mM, leads to a precision af0.3 molecules in
“reference” and the two “constaill,q’ series (x and open cross). the value olN. For the reference series in which the uncertainty

in A, is typically £0.003 G, the uncertainty in the value Mf
values ofa in Tables 1-3 yieldsa = 0.2724 0.017. From the increases to about one molecule.
numerous data available in the literature, we have used in Referring to Figure 2, the difference in the two values at
previous work?1517the valuea. = 0.27 obtain by Sasaki and  [SDS]+ [NaCl] = 0.501 M, both prepared with [SDS} 501
co-workerd3 from EMF measurements in a concentration cell mM and [NaCl]= 0, is indicative of the reproducibility from
with an ion-exchange membrane because the measurements ai@gne mother sample preparation to the next. The difference in
almost free of assumptions and approximati&nspproximate the two measurements 15.124 6 15.120 G= 0.004 G
values ofa. may be obtained from measurements of dependencecorresponds to an error iN of +0.7 molecules. Clearly, the
of the cmc on the concentration of added common counterion reproducibility in measuring\; in a mother sample is superior
salt813 From Huisman'a! measurements on SD&,= 0.322, to the reproducibility in its preparation, so small differences in
which compares well with the resuit,= 0.321, found in earlier ~ Samples leading to discrepancies of one molecule or less are
measurement&. Light-scattering techniques lead to values of detectable. The data in Table_3 show that the uncertainties in
o that are consistent with one another but lower than those the measurement gk, on duplicate samples and on samples
derived from other measurements. For example, from Table 1 Measured 1 day later are negligible.
of Romsted five determinations ofx from light scattering A determination of the value af for a given value ofCsq
yieldedo = 0.174+ 0.02, where the uncertainty is the standard USing just two samples tends to be noisy (see the individual
deviation in the five measurements. For the other 25 determina-P0ints in Figure 4). This is especially so if we wish the reference
tions in the same table, using various techniques yields vglue of §' to be .srnall because the signal-to-noise decreases
0.234 0.05# which is within experimental error of the present with §'. The precision of both measurem_entsSaandS', are.
determination. relevant; however, the latter usually dominates the uncertainty.

h , fth fth | ¢ The accuracy increases in a “const@a§’ experiment because
We now_ turn to the ques_tlon of the constancy o t_ eva u_e Ol of the increase in statistics, but this requires the preparation of
a in the literature. Experimentally, the effect of increasing oy eral samples.

surfactant concentration is presented in Table 3 and increasing
salt concentration in Table 4 of Romstedll of the data taken
as a whole forced Romsted to conclfidleat o. seemed to be

High precision in the measurement éf; is a result of
advances in the equipment and data processing techniques
X : i e developed over the past 10 years. Modern magnet power
constant in both of these cases. Sasaki ef*alsing activity  gnplies and controllers provide extraordinary reproducibility
measurements, concluded thatvas constant att = 0.27 up and linearity in magnetic field sweeps. Typically, ov&@2 h
to [SDS] = 80 mM. Mysels and Dulif? combining mobility run, a 50-G field sweep is reproduced to withi2 mG, so the
and tracer electrophoresis measurements, came to the samge|q sweep only accounts for about0.0006 G in the
conclusion up to about 80 mM. Of course, the present work uncertainty inA.. With improved understanding of spectral line
makes no distinction between adding salt or surfactant and shapes of nitroxidé$and the resulting ability to employ spectral
pushes the limit of constant up to aboutN ~ 110, which fitting technique$>26we have found thad; may be reproduced
corresponds to combinations of surfactant and salt concentrationsyithin a few mG even on rather noisy specttawhen the
from [SDS]= 600 mM and [NaCl]= 0 to [SDS]= 25 mM signal-to-noise is especially favorable and when several spectra
and [NaCl]= 155 mM. are averaged to increase the statistics, the reproducibility
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probe ratios. It would not be wise to prepare sample pairs using
different sources of spin probe, for example.
Critique of Equation 3. The fact that ionic micelles grow

with salt is a generally accepted fact. In fact, already in the
1950s, empirical equations of the same form as eq 8 were
b proposed where cmt C,gwas the independent variable rather
than C,q as is presently formulated. For work near the cmc,
7 there is no difference in these two variables. See, for example,
X refs 27 and 28. Equation 3 makes the additional assertion that
x there is no difference in the growth induced by added counte-
rions in the form of salt and those supplied by the surfactant.
- The detailed prediction of eq 3 has been tested in the literature
for only 8 surfactants as follows: the sodium alkyl sulfates with
chain lengths 814230 ithium dodecyl sulfaté/ and cetylt-
rimethylammonium chloride and acetdtdn addition, prelimi-
nary work shows that eq 3 will likely hold for several other
surfactants as well.

The implication of eq 3 being true is that the aggregation
number of a micelle is independent of the concentration of
@ micelles; i.e., onlyCyq is important. This, in turn, implies that
interactions between micelles are unimportant in determining
¢ their aggregation number. Figure 3 strongly suggests that eq 3

o} holds to high precision because valuesoothat are derived
a directly from values ofA; are constant over a very wide range
of micelle concentrations as long as the aggregation number is
$ constant.

It is reasonable to assume that the size dispersion of the
micelles is dependent only dd. Thus, when matching values
of Nin order to apply eq 6, one will also match the dispersions,
a which allows the method to be applied to either a number- or

weight-averaged aggregation number. Therefore, any technique
= that consistently detects the same statistically weighted average
aggregation number could be utilized.

We have restricted our measurements to valudd bélow
130, at which point the sphergod transition occur®® If eq 3
holds up under further investigation for valueshobelow the
sphere-rod transition, it will be an interesting question whether
it continues to be valid above this point. Some other technique
3 would be required to pursue this poffit.

15.10 l | | | | @ _ Critique of quation 6. The _strength of the definitio_n eq 6
. is that any experimental technique may be used that is capable
50 60 70 80 90 100 110 of determining whether two values of are equal. Since the
N(o=0.27)

aggregation number is not needed, precision in relative values
is the important requisite. A further strength of eq 6 is that

. i . . systematic errors tend to cancel because only differences in
E'(?;’ZSS' Il-!yge;f#r:je;pﬁgllggl\; ‘éz;gfa?]?gteg?';n dgﬂ?tzzr&g‘?ted values ofN are important. There can be little doubt that eq 6
0.27). (a). Two “zero salt’ serieandm), a “reference” series¥), can be applled to. a wide yarlety of experlmental techniques
and the two “constanE,g’ series using the same symbols as those in and to a wide variety of micelles. The requirements are two:
Figure 2. (b). Expanded scale néar= 103. Sample preparation errors  the micelles grow with increasinG.q and the technique can
would place error bars (not shown) of approximates§.7 molecules distinguish two values df.. It remains to be seen if a particular
along the abscissa. A universal curve is indicative of a constant value technique can be applied with sufficient relative precision to
of a. yield useful values of.
becomes remarkable. Thus, in Table 1, we see reproducibilites A weakness in eq 6 is that it is not useful at low value§of
ranging from about 2 mG to 0.2 mG. This latter figure is less approaching the crgavhereS’ would also be low and therefore
than the uncertainty from the sweep width; thus this value, which nearS. The precision of eq 6 declines &sapproaches’.
is the standard deviation in 10 measurements, cannot be the Applying the Spin Probe Technique to Other Investiga-
accuracy of these measurements. The accuracy is limited bytions. The measurements in this study were extensive because
the accuracy of the NMR gaussmeter quoted by the manufac-we were interested in the question of the constaneytofrather
turer to bex1 mG. In the final analysis, the absolute accuracy high values of surfactant concentration. We foresee that the
of the values ofA; is probably limited by the small correction  general utility of the spin probe method will be in experiments
due to double spin probe occupancy as discussed in the appendixhat are more typical; i.e., those that extend to more modest
of ref 15. Fortunately, this systematic error, which would amount values ofS, say 106-200 mM, where an a priori assumption

to about 4 mG, is unimportant in the method of eq 6 provided of a constant value af is reasonable. In these types of studies,
the samples are prepared with care to have the same surfactantve envision preparing -810 samples, not the 82 samples
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prepared for this study. If the variation Bfwith Cyqis known, (2) Bunton, C. A.; Nome, F.; Quina, F. H.; Romsted, LA8c. Chem.
then one could quickly determine a valuecothat minimizes ~ Res:1991.24,357.
the difference inA. for various series of samples vershs (8) Jansson, B.; Lindman, B., Holmberg, K., Kronberg, Burfactants

i.e. by finding a value of that vields a common curve in Fiqure and Polymers in Aqueous Solutiodohn Wiley: Chichester, U.K., 1998.
€., Dy 9 y 9 (4) Romsted, L. S. Rate Enhancements in Micellar Systems. Ph.D.

5. Alternatively, if values o are not known, one would search  thesis, Indiana University, Bloomington, IN, 1975.

for a common curve foA; versusC,q Running the spectra, (5) Soldi, V.; Keiper, J.; Romsted, L. S.; Cuccovia, I. M.; Chaimovich,
reducing the data, and preparing a figure such as Figure 5H. Langmuir200Q 16, 59.
requires about 2 days work. (6) Oda, R.; Narayanan, J.; Hassan, P. A.; Manohar, C.; Salkar, R. A.;

Because of the simplicity of the method, it becomes feasible Kern, F.; Candau, S. Langmuir1998 14, 4364.
to investigate large numbers of systems. In addition to studying  (7) Wang, Y.; Dubin, P. L.; Zhang, H.angmuir2001, 17, 1670.
other surfactants, investigation of the variation cofwith a (8) Hall, D. G.J. Chem. Soc., Faraday Trans.1981, 77, 1121.
number of experimental parameters such as temperature, chain_ (9) Hall, D. G. InAggregation Processes in SolutjoVyn-Jones, E.,
length, counterion, and added nonelectrolytes becomes attractive >0 Ma!: J. Eds.; Elsevier: Amsterdam, 1983; Chapter 2.

The EPR method should be applicable to any micelle that ~ (19) Hall. D. G.Langmuir1999 15, 3483. _ _
fulfills the general criterion of growing with increasir@g and Qu(iﬁ;), Ehﬁanos"éﬁSt’i;’Bﬂﬁ;g; (Fff' S“{'J'rf\él'c'tgﬁtgcpoe"r'&;'ry'\ﬁ:’éa,\r)l_et:’E[.)"
that possesses water in its polar shell which is expelled as thej., Ed.; Plenum Press: New York, 1982; Vol. 2, p 949.
micelle grows. We believe this to include most micelles inthe  (12) Quina, F. H.; Nassar, P. M.; Bonilha, J. B. S.; Bales, BLIPhys.
slow growth region where they are approximately spherical, i.e., Chem.1995 99, 17028.
below the sphererod transition. (13) Sasaki, T.; Hattori, M.; Sasaki, J.; Nukina, Bull. Chem. Soc.

We have employed 5DSE in this study but have previously JPn-1975 48, 1397. ) _
foundi® that 16DSE, where the doxyl group is attached at carbon _(é“s)taagf/izghbo\t(”ol\‘ﬂ’bvbﬁ-?SBOCrEg}TiéE%Sg; LE).;Yggrach.; Gladkih, I.
16, gives the same results. We have given arguments that the "(15) Bales |’3 L M;assi:wla. L - Vidal. A F;eric M . Nascimento. O. R
doxylstearic acid esters labeled at any position should all give j phys. chem199g 102 10347. o T T
similar resultst>¢ and in unpublished work we have found (16) Bales, B. L.: Howe, A. M.; Pitt, A. R.; Roe, J. A.; Griffiths, P. C.
this to be true. In general, we expect any spin probe to work, J. Phys. Chen200Q 104, 264.
provided it is sufficiently hydrophobic to avoid appreciable (17) Bales, B. L.; Shahin, A.; Lindblad, C.; Aimgren, Nl.Phys. Chem.
partitioning into the aqueous phase and provided it possesseg000 104 256.
sufficient intramolecular flexibility to yield narrow line widths. (18) de Lisi, R.; Genova, C.; Testa, R; Liveri, V. I..Sol. Chem1984
However, we council avoiding 5-doxylstearic acid which is '

sensitive to changes in the ﬁF‘I (19) Harned, H. S.; Owen, B. B.he Physical Chemistry of Electrolytic

Solutions 3rd ed.; Reinhold: New York, 1958.
(20) Bevington, P. R.Data Reduction and Error Analysis for the

Conclusions Physical SciencesMcGraw-Hill: New York, 1969.
An unambiguous definition af results from the hypotheses (21) Huisman, H. FProc. K. Ned. Akad. WeL964 B67, 367.
that the aggregation number andiepend only o€, In effect, (22) Williams, R. J.; Phillips, J. N.; Mysels, K. Jrans. Faraday Soc.

the aggregation number becomes an internal measure of the'9°3 5L 728.
(23) Mysels, K. J.; Dulin, C. 1J. Colloid Sci.1955 10, 461.

value 0fCaq When applied to SDS using a spin probe technique, (24) Bales, B. L. Inhomogeneously Broadened Spin-Label Spectra. In
the meth_Od yields a constant valuewf= 0_'27_2:':_ 0.017 for Biological Maénétié Resonang8erliner, L. J., Reuben, J., Eds.; Plenum
aggregation numbers less thilrr 110, which is in excellent Publishing Corporation: New York, 1989; Vol. 8, p 77.

agreement with literature values based on activity measure- (25) Halpern, H. J.; Peric, M.; Yu, C.; Bales, B. [. Magn. Reson.
ments!® micelle mobility measurementé,and radio isotope 1993 103 13.

mobility measurements of the Naon 23 The constancy oft is (26) Smimov, A. |.; Belford, R. LJ. Magn. Reson1995 A 113 65.
in accord with theoretical arguments based on the Poisson- (27) Hoyer, H. W.J. Phys. Cheml957 61, 1283.
Boltamann equatioﬁ. (28) Barry, B. W.; Russell, G. F. J. Colloid Interface Scil972 40,
174.
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