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Time-resolved fluorescence quenching (TRFQ) and electron paramagnetic resonance (EPR) were employed
to characterize micelles of dodecyltrimethylammonium bromide and chloride (DTAB and DTAC) as reaction
media. For DTAB, the aggregation numbers,N, and the quenching rate constant of pyrene by hexadecyl-
pyridinium chloride,kq, were measured with TRFQ. Both these aggregation numbers for DTAB and those
for DTAC taken from the literature depend only on the concentration of counterions in the aqueous phase,
Caq, whether these counterions are supplied by the surfactant alone or by surfactant plus added salt. Both
surfactants conform to the power lawN ) N0(Caq/cmc0)γ whereN0 is the aggregation number at the critical
micelle concentration in the absence of any additives (cmc0). N0 andγ differ for the two surfactants and vary
with temperature in DTAB. EPR is employed to investigate the microviscosity and the hydration of the polar
shell using a spin probe. The hydration is expressed by the nonempirical polarity parameterH, defined to be
the ratio of molar concentration of OH dipoles in a solvent to that in water. For a solvent containing no other
source of OH dipoles,H is the volume fraction occupied by water. This fraction decreases continuously with
N from about 55% to 30% as the micelles grow fromN ) 48 to 73. Theoretical values of H are computed
from a simple classical micelle model of a hydrocarbon core surrounded by a polar shell and compared with
experiment. The model yields the number of water molecules per surfactant molecule,NH2O, which decreases
continuously withN for DTA+ micelles independent of the counterion. These results suggest that cationic
micelles are dryer at all values ofN than their twelve carbon anionic counterpart, sodium dodecyl sulfate
(SDS); moreover, they lose waters of hydration faster as a function ofN. The microviscosity of the polar
shell, as deduced from the rotational correlation time of the nitroxide moiety of the spin probe, shows a
modest increase with the aggregation number, comparable to that found in SDS. These viscosities are used
to show that the quenching rate constant of pyrene by hexadecylpyridinium chloride in DTAB and of
1-methylpyrene by tetradecylpyridinium chloride in DTAC follow a common Stokes-Einstein-Smolukhovsky
equation with a quenching probability ofP ) 0.4. This is so whether the micelle aggregation number, the
temperature, or the counterion is changed. The microviscosity of the polar shell of DTAB shows a normal
liquid-state temperature activation energy that is comparable to that found in ethanol-water mixtures. DTAB
and DTAC are the same medium with respect to their hydration and the collision rate of guest molecules. By
employing different combinations of surfactant and salt concentrations leading to the same values ofN, a
value for the degree of counterion dissociation for DTAB at 25°C was derived from both the TRFQR )
0.23( 0.03 and EPRR ) 0.257( 0.010 which are in good agreement with each other and with literature
values. From EPR, at 10.1°C, R ) 0.190( 0.008 and at 45°C, R ) 0.273( 0.011. For DTAC,R ) 0.365
( 0.008, derived from EPR, is also in good agreement with literature values. With respect to the fraction of
counterion concentrations associated with the micelle, DTAB and DTAC differ substantially.

Introduction
A considerable amount of basic research has attempted to

characterize micelles as reaction media.1-4 As a reaction
medium, a micelle presents a highly restricted volume through
which guest molecules may diffuse, collide, and react. To
characterize a micelle as a medium, it is necessary to determine
its size, level of hydration, microviscosity, and degree of
counterion dissociation. Progress in achieving a deep under-

standing of these physicochemical properties of micelles has
been limited2 because an understanding of both the structural
and the dynamic properties must be achieved simultaneously.
There does not exist a single technique capable of supplying
all of these types of information unambiguously; thus, there is
a need to combine techniques in order to increase the informa-
tion and thereby decrease the uncertainties.

In this work, we interpret the results of time-resolved
fluorescence quenching (TRFQ) and electron paramagnetic
resonance (EPR) in the framework of a classical micelle model
as a spherical hydrocarbon core surrounded by a polar shell.
The theoretical value of the hydration of the micelle is calculated
from a simple geometrical model and compared with the
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experimental results derived from EPR. The viscosity of the
polar shell is deduced from measurements of the rotational
correlation time of a spin probe as a function of the micelle
composition or the temperature. These viscosities are used to
show that the quenching rate constants of pyrene (Py) by
hexadecylpyridinium chloride (C16PC) and by 1-methylpyrene
(1-MePy) by tetradecylpyridinium chloride (C14PC), measured
by TRFQ, follow a classical hydrodynamic description.

Parallel to the development of this line of physical charac-
terization of micelles as reaction media,3,5 an elegant, comple-
mentary chemical approach is emerging due to the work of
Romsted and co-workers, ref 4 and the references therein. Their
approach uses chemical trapping of weakly basic nucleophiles,
including water, at the interface of micelles by arenediazonium
salts. Information about micelle hydration4 and degree of
counterion dissociation6 is available in some cases. Their
approach, based on what appears to be the reasonable assump-
tion that the chemical yields of certain reactions are monotonic
in the local concentrations of the reactants,6-9 does not require
knowledge about the aggregation numbers. Chemical trapping
has not yet been applied to DTAB or DTAC,8 so a direct
comparison is not yet possible; however, it will be very
interesting to see to what extent the two approaches can be
combined to understand micelles as reaction media.

This work, which is a continuation of investigations in sodium
dodecyl sulfate5 (SDS) and mixed micelles of SDS and a sugar-
based nonionic surfactant,3 is prerequisite to the study of
quaternary ammonium dimeric and oligomeric surfactants in
aqueous solution.

Table 1 is a glossary of the most frequently used symbols
and abbreviations in this work.

Methods

TRFQ. Fluorescence decay data were accumulated using the
time-correlated single-photon counting technique10 using pro-
cedures that are standard.11-15 In these experiments, Py was
used as the fluorescence probe and C16PC as the quencher.
Samples were prepared without quencher or with approximately
one quencher per micelle and were degassed by three freeze-
pump-thaw cycles. DTAB, DTAC, Py, and C16PC were
purified as previously described16 and MilliQ water was the
solvent. The temperature was controlled by a circulating water
bath and was measured with a thermocouple. The decay curves
were fit to the Infelta-Tachiya equation,13,17 yielding, as
expected for Py and C16PC, parameters consistent with negli-
gible inter micelle migration of the quencher or probe during
the lifetime of the Py fluorescence. The fits yield the average
number of quenchers per micelle,nj, and the rate of quenching
due to one quencher,kq. The assumptions involved in this
analysis have been exhaustively discussed in the literature to
which the reader is referred.13,17,18

Fromnj, the average aggregation number,N, may be computed
as follows

whereSt and [Q] are the concentrations (mol L-1 of solution)
of the surfactant and quencher, respectively.Sf is the molar
concentration of the surfactant in monomer form which may
be computed using eq 5 of ref 19 derived from the work of
Sasaki et al.20 and Hall,21 as follows

whereR is the degree of counterion dissociation, cmc0 is the
critical micelle concentration (cmc, in mol L-1) in the absence
of additives, andCaq is the molar concentration of counterions
in the aqueous phase, given by eq 21 below. See ref 19 and
references therein for a discussion of the assumptions leading
to eq 2. At low values ofCaq, the values ofSf given by eq 2 are
sensitive to the value of cmc0 but are rather insensitive to the
value ofR.

EPR. Experimental details for the EPR measurements are
identical to those described recently;3 essential details are
summarized. Mother solutions of the surfactants prepared at
concentrationsSt ≈ 350 mM containing the spin probe 16-
doxylstearic acid methyl ester (16DSE) with a surfactant-to-
probe ratio of 500:1 were prepared in MilliQ water. Solutions
with various combinations of surfactant and salt were prepared
from the mother solution by weight and their concentrations
calculated from their known densities.22,23Computer fits of the
EPR spectra yield the line positions and line heights to high
precision.24

Rotational correlation times are computed from the line height
ratios using standard formulas25 and are corrected for inhomo-
geneous line broadening.26 Two independent values of the
rotational correlation time result,25 τB and τC. Isotropic reori-
entation of the nitroxide moiety yieldsτB ) τC, thus the

TABLE 1: Nomenclature and Abbreviations

C16PC, C14PC hexadecyl, tetradecylpyridinium chloride quenchers
Py, 1-MePy fluorophores pyrene, 1-methylpyrene
16DSE nitroxide spin-probe 16-doxylstearic acid ester
SDS, LiDS sodium, lithium dodecyl sulfate
DTAB, DTAC dodecyltrimethylammonium bromide, chloride
EPR electron paramagnetic resonance
LS light scattering
SANS small-angle neutron scattering
TRFQ time-resolved fluorescence quenching
R ionization degree of micelles
η viscosity
A+ hyperfine spacing between the low-and

center-field EPR lines
Cad concentration of added common counterion

in the form of salt
Caq concentration of the counterion in

the aqueous phase; [Br-]aq or [Cl-]aq

cmc, cmc0 critical micelle concentration in general, and in
the absence of salt

[Q] quencher concentration in the sample
CQ quencher concentration in the polar shell
V molar volume of the dry surfactant
H nonempirical polarity index28; volume fraction

occupied by water
kD bimolecular collision rate between

the fluorophore and the quencher
kq first order quenching rate constant of

the fluorophore by one quencher
P quenching probability of the fluorophore

upon collision with the quencher
nj average number of quenchers per micelle
N, N0 aggregation number in general, and at the cmc0

NH2O number of water molecules in the shell
per surfactant molecule

N0 Avogadro’s number
Nc number of carbons in the alkyl chain; Nc ) 12
Nwet, Nwet

0 number of methylene groups residing in
the polar shell; and at the cmc0

Rh hydrodynamic radius of the spin probe
R the gas constant
Rc radius of the hydrocarbon core
Rm radius of the micelle
Sf surfactant concentration in monomer form
St total surfactant concentration
F(St) excluded volume factor

N )
nj(St - Sf)

[Q]
(1)

log(Sf) ) (2 - R)log(cmc0) - (1 - R)log(Caq) (2)
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departure of the ratioτB/τC from unity is a measure of the
anisotropy of the motion.27 The effective rotational correlation
time is defined by27

From the EPR line positions, the hyperfine spacing between
the center- and low-field lines,A+, is computed. Mukerjee et
al.28 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. The scale is nonempirical
because only the molecular structure of the components of the
mixture and the density are required to calculateH. For solvent
mixtures with no other source of OH dipoles than water,H is
equal to the volume fraction occupied by water. For the spin
probe 16DSE,A+, given in Gauss, has been shown29 to vary
linearly with H as follows

See refs 3, 5, 28-31, and references therein for a thorough
discussion of the suitability of the use of the solvatochromic
properties of nitroxide free radicals to study lipid assemblies
such as micelles, the theoretical basis30 for the variation ofA+
with H, and the methods5,29 to obtain calibration curves such
as eq 4. In particular, Mukerjee et al.28 showed that a wide range
of different solvents and solvent mixtures lead to the same value
of A+ for a given value ofH. We have discussed31 the fact that
the presence of high concentrations of ions in the polar shell
does not affect the use of eq 1.

Theory

Hydration Model. We employ a simple model based upon
a classical picture32-41 of a nearly spherical micelle having a
hydrocarbon core with very little water penetration42 surrounded
by a polar shell. The polar shell contains the N+(CH3)3

headgroups, a fraction, (1- R), of the counterions (Cl- or Br-),
water, and a number,Nwet, of the methylene groups from the
hydrocarbon tail. The thickness of the polar shell is taken to be
constant as a function ofN at constant temperature. See Figure
1 for a schematic view of the core-shell model.

Thus, the geometry of the micelle is characterized by the
radius of the hydrocarbon core,Rc, and the radius of the micelle,
Rm. The volume of the core is taken to beNVtail, whereVtail is
the volume (Å3) occupied by the saturated hydrocarbon chain,
embedded in the core, calculated according to Tanford (p 52 of
ref 43) as

whereNc is the number of carbon atoms per alkyl chain. Thus,
the core radius is found from

Assigning a thickness to the polar shellRm - Rc yields the radius
of the micelle from which its volume may be computed

and the volume of the polar shell

Previously, for SDS,5 we assumed that the entire hydrocarbon
chain was embedded in the core in keeping with adopting the
simplest approach; however, here, we find it necessary to assume
thatNwet > 0 reminiscent of the models used in the interpretation
of small-angle neutron scattering(SANS) data.32,36-40,44 See
Figure 1 for several schematic arrangements that place surfactant
hydrocarbon in the polar shell. The most satisfactory approach
would be to determineNwet from some other technique, for
example, SANS; however, there is no agreement in the literature.
For example, for DTAB, Hayter and Penfold32 find Nwet to be
approximately zero nearN ) 57 growing to aboutNwet ) 2.4
nearN ) 82, whereas Berr et al.40 assumed a constant value of
Nwet ) 4 for all values ofN. To avoid adjusting the value of
Nwet at every value ofN, effectively introducing many param-
eters, we assume that it is a slowly varying function of the
aggregation number and retain the first two terms of its Taylor
series expansion

The volumes (Å3) of the headgroup, counterion, methylene
group, and water are denoted byVhg, Vci, VCH2, and VH2O,
respectively. The volume inaccessible to water per surfactant
molecule,Vdry, is taken to be the total volume of the headgroups,
the counterions, and the methylene groups as follows

where Vdry
0 ) Vhg + (1 - R)Vci is the (constant) volume

inaccessible to water due to the headgroup and the counterions.
We find the volume of water in the polar shell by subtracting

the volume inaccessible to water from the volume of the polar
shell and from this compute the volume fraction occupied by
water to be

Let NH2O denote the average number of water molecules per
surfactant residing in the polar shell. Thus,VH2ONH2ON is

Figure 1. Schematic of the polar shell model, with hydrocarbon core
of radius Rc and micelle radiusRm. The circles labeled hg and ci
represent the headgroups and the counterions, respectively. Unoccupied
volume in the polar shell, the shaded region, is filled with water.
Hydrocarbon from the surfactant in arrangementb is entirely within
the core while in arrangementsa, c, andd, it partially occupies the
polar shell. Ina andc, methylene groups occupy the polar shell, whereas
in d, a methyl group enters first, perhaps followed by methlene groups.

τmeasured) xτBτC (3)

A+ ) 14.309+ 1.418H (4)

Vtail ) 27.4+ 26.9 (Nc - Nwet) (5)

NVtail ) 4π
3

Rc
3 (6)

Vmicelle ) 4π
3

Rm
3 (7)

Vshell )
4π
3

(Rm
3 - Rc

3) (8)

Nwet ≈ Nwet
0 +

∂Nwet

∂N
(N - N 0) (9)

Vdry ) [Vhg + (1 - R)Vci + NwetVCH2
] ) [Vdry

0+ NwetVCH2
]

(10)

H ) (Vshell - NVdry)/Vshell (11)
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the volume of the water in the shell, yielding a volume fraction
of

Combining eqs 11 and 12, yields

The values of the various volumes used in the calculations are
given in Table 2. The values forVci are those that have been
used32 in the analysis of SANS data. The method of addition
of partial molal volumes45 gives systematically higher values
for Vci for both counterions, but the difference betweenVci for
Cl- and Br- is similar, so the relative results between the two
surfactants DTAB and DTAC are the same using either set.
The final two rows of Table 2 give the values ofVdry

0 for the
two surfactants. The absolute uncertainties in these volumes is
about(6%; however, their relative values are estimated to be
correct to about(2%.

Microviscosity from EPR Measurements of the Rotational
Correlation Time. The microviscosity of the environment of
a spin probe may be estimated utilizing the Debye-Stokes-
Einstein equation46

whereη is the shear viscosity of the solvent,k the Boltzmann
constant,T the absolute temperature, andRh the hydrodynamic
radius of the molecule which was found3 to beRh ) 3.75 Å for
the doxyl group of 16DSE. The subscriptrelatiVe refers to
reorientation of the spin probe relative to a liquid at rest. A
procedure to apply the technique to a micelle was described in
ref 47 which may be consulted for details on the background,
assumptions, and procedures.

To estimate the microviscosity from rotational correlation
times measured in the laboratory frame of reference,τmeasured,
the overall motion of the doxyl group is modeled as a
reorientation relative to the micelle as a unit with rotational
correlation timeτrelative and an isotropic reorientation of the
micelle as a whole ofτmicelle. These reorientations are assumed
to be independent, so

τmicelle is computed from the Debye-Stokes-Einstein equation
written as follows

whereVmicelle is found from eq 7 andηw is the viscosity of pure
water.48

Hydrodynamic Description of Fluorescence Quenching in
Micelles.A hydrodynamic theory of the collision rate between
molecules in micelles was recently presented.3 The fundamental
hypothesis is that molecules that are sparingly soluble in water,
and can therefore be concluded to be solubilized by the micelle,
diffuse according to the Stokes-Einstein equation throughout
the volume of the polar shell. The bimolecular collision rate
between the probe and the quencher in liquids is based upon
combining the Smolukhovsky and the Stokes-Einstein equa-
tions to yield the well-known expression49 for the diffusional
collision rate constant

whereR ) 8.31 J/°K is the gas constant andη has unit Poise.
kD has units L mol-1 s-1. The rate constantkq is proportional
to the concentration of the quencher in the polar shell,CQ

whereP is the probability that quenching occurs upon collision.
Becausekq is the quenching rate due to one quencher, thenCQ

is the molar concentration of one molecule in the volumeVshell

thus

whereN0 is Avogadro’s number. The factor 1027 converts the
volumeVshell from Å3 to liters.

Combining eqs 17-18

Degree of Counterion Dissociation.Recently,50 a definition
of the degree of counterion dissociation based on the micelle
aggregation number was proposed and demonstrated. The
fundamental hypothesis is thatN is uniquely given by the
concentration of counterions in the aqueous pseudophase,Caq,
which, according to the conventional pseudophase ion exchange
mass balance relationship51,52 as modified by Soldi et al.4 is
given by

where St, Sf, and Cad are the molar concentrations of total
surfactant, surfactant in monomer form, and added common
counterion in the form of salt, respectively. The factor within
the brackets would give the concentration of counterions in the
aqueous phase if that phase occupied the entire sample; however,
at higher surfactant concentrations the excluded volume effect
becomes important.4 Following Soldi et al.,4 we correct for this
excluded volume effect by including the factorF(St)

whereV is the molar volume of the anhydrous surfactant in L
mol-1 assuming that the density of the surfactant is ap-
proximately 1.0 g/mL.4 V ) 0.308 L mol-1 for DTAB and 0.264
L mol-1 for DTAC.

TABLE 2: Volumes used in the Analysis (25°C)

symbol group volume, Å3

Vhg N+(CH3)3 106a

VH2O H2O 30b

Vci Cl- 28.9b

Vci Br- 39.3b

VCH2 CH2 26.9c

VCH3 CH3 54.3c

Vdry
0 N+(CH3)3 & Cl - 124d

Vdry
0 N+(CH3)3 & Br - 135e

a The average from refs 32 and 45.b Ref 32.c Ref 43.d Vdry
0 )

Vhg + (1 - R)Vci usingR ) 0.365.e or R ) 0.257.

H ) N VH2O
NH2O

/Vshell (12)

NH2O
)

Vshell - NVdry

NVH2O
(13)

τrelative) 4πηRh
3/3kT (14)

1
τmeasured

) 1
τrelative

+ 1
τmicelle

(15)

τ micelle) Vmicelle‚
ηw

kT
(16)

kD ) 8RT
3000η

(17)

kq ) CQPkD (18)

CQ ) 1027

N0Vshell
(19)

kq ) CQP
8RT

3000η
(20)

Caq ) F(St){RSt + (1 - R)Sf + Cad} (21)

F(St) ) 1
1 - VSt

(22)
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A value ofR is measured by preparing two samples yielding
the same value of the aggregation number, but with different
values ofSt andCad. For these two samples the hypothesis asserts
that the value ofCaq is the same as follows

As previously discussed,50 the terms involvingSf andSf′ cancel
in eq 23, thus for an equivalent value ofN, we have

A rearrangement of eq 24 yields the value ofR

Any property that varies monotonically withN could, in
principle, be used to determineR. In principle, R could vary
with Caq; however, we previously showed thatR is constant
for SDS up to [SDS]) 600 mM.50 This is in accord with
theory53 and is a reasonable assumption for the surfactant
concentrations considered here, 350 mM or less. Thus, rather
than computingR for each pair of samples, eq 25, a simpler
approach is to require that all values of the measured property
fall on a common curve when plotted versus the variable
F(St){RSt + Cad} as shown by eq 24. The procedure to determine
R is illustrated in Figure 2 where the ordinate corresponds to
any quantity that is monotonic inN. The property could either
increase or decrease; Figure 2 supposes a property that increases.
Solid circles correspond to data taken using a low, constant
surfactant concentration while varying the salt concentration.
The open circles are derived from salt-free samples. Many other
combinations of salt and surfactant concentrations could be used.
Figure 2b-2d shows the progression in whichR is varied in
the quantityF(St){RSt + Cad} in search of a common curve.
The solid lines in Figure 2b-2d are the least-squares fits to all
data, both solid and open circles, using a trial function. The
best value ofR is found by finding the minimum least-squares
deviations from the trial function. In the hypothetical case of
Figure 2, the best value ofR is R ) 0.3. Such minima are easily
found using a spread sheet having curve fitting capabilities. It
is important to note that the value ofN corresponding to the
data is not needed. Note that the range of the abscissa is different
in Figure 2a-2d.

Variation of N with Caq. In 1995, it was recognized19 that,
for SDS micelles, the aggregation number shows a power law
dependence onCaq as follows19

{In earlier papers,5,19,24,29eq 26 was writtenN ) κ2Caqγ; eq 26
results by definingN0 ) κ2(cmc0)γ}. Since 1995,19 eq 26 has
been found to be valid for 7 other surfactants as follows: the
sodium alkyl sulfates with chain lengths 8-14,54,55 lithium
dodecyl sulfate,31 and cetyltrimethylammonium chloride and
acetate.56 In this work, we find that eq 26 also describes the
aggregation numbers for DTAB and DTAC. Equation 26 is
likely to describe many micelles; in fact, already in the 1950s,
empirical equations of the same form as eq 26 were proposed
where cmc+ Cad was the independent variable rather thanCaq,
as is presently formulated. For work near the cmc, there is no
difference between these two variables. See, for example, refs
57 and 58.

Figure 2. Schematic implementation of eq 24 to determineR by finding
a common curve for any property that varies monotonically with the
aggregation number. Property could increase or decrease withN; in
this schematic it is assumed to increase. Solid circles correspond to
data taken by adding salt to a low, constant surfactant concentration;
open circles are derived from salt-free samples. Figure 2b-d show the
progression in whichR is varied in search of a common curve. Solid
lines in 2b-2d are the least-squares fits to all data, both solid and open
circles, using a trial function. Minimizing the mean square deviations
from this line defines the best fit value ofR; R ) 0.3 in this hypothetical
case. Note: the range of the abscissa is different in a-d.

F(St){RSt + [1 - R]Sf + Cad} )
F(St′){RSt′ + [1 - R]Sf′ + Cad′} (23)

F(St){RSt + Cad} ) F(St′){RSt′ + Cad′} (24)

R )
F(St)Cad - F(St′)Cad′

F(St′)St′ - F(St)St

(25)

N ) N0(Caq/cmc0)
γ (26)
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Results

Values of r from EPR. Three-line narrow EPR spectra of
16DSE typical of nitroxide free radicals undergoing ap-
proximately isotropic motion in the motional narrowing region
were observed for all samples. See, for example, Figure 1(a) of
ref 5. Figure 3a shows the variation of the hyperfine spacing
A+, with F(St){St + Cad} for DTAB and DTAC. For open
symbols,St is varied in the absence of salt and for closed, salt
is added. Each point is the mean value of measurements from
five spectra; the standard deviations are smaller than the size
of the symbols. In a repeat of the DTAB experiment (data not
shown) we found, as before,50 that the reproducibility in the
measurements ofA+ on a single sample is superior to the

reproducibility in sample preparation. The former is typically
1 mG, whereas the latter averages about 4 mG in samples
presumably prepared identically. On the scale of Figure 3, 4
mG is about the size of the symbols. Following the scheme of
Figure 2, the value ofR was varied by trial and error until a
common curve was achieved for each surfactant. Figure 3b
shows these common curves withR ) 0.257 for DTAB andR
) 0.365 for DTAC. The best common curves were judged by
plotting the mean squared deviation of the data from a quadratic
trial function. Such a plot for DTAB is shown in Figure 4
Similar measurements for DTAB at 10 and 45°C yield values
of R ) 0.190 and 0.273, respectively. The values ofR
determined on the basis of eq 24 are given in Table 3 which
includes some literature values. See the Appendix for a
discussion of the uncertainties in values ofR derived from eq
24 using EPR.

Figure 3. Hyperfine spacingA+ versusF(St){RSt + Cad} (a) R ) 1
for DTAB and R ) 1 for DTAC; (b) best fit values ofR ) 0.257 for
DTAB and R ) 0.365 for DTAC. Open symbols salt-free and filled
symbols salt-added. [DTAB]) 20-350 mM, [NaBr]) 0, O; [DTAB]
) 70 mM, [NaBr] ) 0-75 mM, b; [DTAB] ) 35 mM, [NaBr] )
0-17.6 mM,1; [DTAC] ) 70-350 mM, [NaCl]) 0, 0; [DTAC] )
70 mM, [NaCl] ) 0-72 mM and, [DTAC] ) 118 mM, [NaCl] )
0-112 mM, 9. T ) 25 °C.

Figure 4. Mean square deviations,ø2, of the values ofA+ from a
quadratic trial function for DTAB as a function ofR. T ) 25 °C.

TABLE 3: Values of r (DTAB and DTAC)

T, °C R technique ref

DTAB 10.1 0.190( 0.008 eq 24 EPR this work
10 0.23 specific ion electrode 66
25.0 0.257( 0.010 eq 24 EPR this work
25.0 0.22( 0.03 eq 24 TRFQ this work
25.0 0.25 specific ion electrode 66

0.23 specific ion electrode 67
25.0 0.26 conductivity slope 78
25.0 0.27( 0.05(2)a SANS 32,38
25.0 0.20( 0.03(4)a LS 58,79
25.0 0.35( 0.11(3)a cmc versus Cad 80,81
25.0 0.38 cmc versus Cad 65
25.0 0.23 specific ion electrode 65
45.0 0.273( 0.011 eq 24 EPR this work
45 0.32 specific ion electrode 66

DTAC 25 0.365( 0.008 eq 24 EPR this work
0.34 conductivity slope 78
0.32 SANS 32
0.39 cmc versus Cad 65
0.42 specific ion electrode 65
0.37( 0.05(4)a cmc versus Cad 61,80,81

a Mean values and standard deviations from unweighted fits to the
number of values given in parentheses.
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TRFQ. Table 4 gives the values of the aggregation numbers
for DTAB with and without added NaBr at 25°C. Results are
also presented for DTAB without added NaBr at 10.1 and 45
°C. Estimated relative uncertainties in N due to sample
preparation and analysis are(2% at 10.1 and 25°C; and(4%
at 45 °C. In addition, there is a systematic error in the
computation ofN from eq 1 due to the uncertainties in the values
of Sf which are dominated by the uncertainties in the values of
cmc0, column 5 of Table 5. These two uncertainties were added
in quadrature to arrive at our final estimate of the relative
uncertainties inN. Figure 5 shows the aggregation numbers
versusCaq ) [Br-]aq computed from eq 21 using the values of
R corresponding to each temperature determined by EPR, Table
3. The lines are linear least-squares fits to eq 26 yielding values

of γ andN0 given in Table 5. Because both salt and surfactant
were varied at 25°C, TRFQ may also be used to measureR
using eq 24. In this case, the schematic procedure of Figure 2
is applied to the aggregation numbers themselves. A plot of
the squared deviations of the aggregation numbers from a trial
function of the form of eq 26, similar to Figure 4, (not shown),
has a minimum atR ) 0.22 with an estimated error of(0.03.
The error is larger in this case due to severely restricted statistics,
but nevertheless shows that the EPR and TRFQ determinations
of R based on eq 24 are consistent with one another.

Figure 6 compares the aggregation numbers obtained for
DTAB in this work with those found by light scattering59 as
well as literature values of N for DTAC. Note that the abscissa
in Figure 6 isCaq equal to [Cl-]aq for DTAC and [Br-]aq for
DTAB. The solid line is a plot of eq 26 usingγ ) 0.146 and

TABLE 4: Aggregation Numbers of DTAB

[DTAB],
mM

[NaBr],
mM

[DTAB] f,
mMa

[Br-]aq,
mMb F(St)c

T,
°C N

100 0 8.50 28.2 1.03 10.1 71.4( 1.6
200 0 5.50 46.5 1.07 10.1 79.6( 1.6
350 0 3.80 78.9 1.12 10.1 84.4( 1.7
100 0 8.50 32.6 1.03 25.0 58.2( 1.2
200 0 5.50 58.4 1.07 25.0 67.7( 1.3
350 0 3.80 102 1.12 25.0 72.4( 1.4
70.0 0 9.90 25.8 1.02 25.0 60.8( 1.3
70.0 8.04 8.50 32.7 1.02 25.0 63.0( 1.3
70.0 35.5 5.50 58.5 1.02 25.0 67.8( 1.4
70.0 74.4 3.80 97.0 1.02 25.0 72.2( 1.5

100 0 8.50 35.6 1.03 45.0 45.0( 1.9
200 0 5.50 63.3 1.07 45.0 50.1( 2.0
350 0 3.80 111 1.12 45.0 58.1( 2.3

a Equation 2 using the values of cmc0 in Table 5 andR from EPR,
Table 3.b Equation 21.c Equation 22.

Figure 5. Aggregation numbers of DTAB versus the concentration of
counterions in the aqueous phase atT ) 10.1 °C upper points,T )
25.0 °C middle points,T ) 45 °C lower points. Open squares zero
NaBr and filled circles added NaBr. The lines are linear least-squares
fits to eq 26 weighted by the inverse square of the uncertainties yielding
the parametersN0 andγ in Table 5.

TABLE 5: Values of N0, γ, and cmc0

T, °C Ν0 γ cmc0, mM

DTAB 10.1 64.3( 2.6a 0.169( 0.03a 15.0( 1.0(2)b

DTAB 25.0 54.7( 1.6a 0.146( 0.02a 14.9( 0.5(4)c

DTAB 45.0 35.9( 1.1a 0.236( 0.02a 16.7( 1.2(4)d

DTAC 25 45.1e 0.112e 20.3( 0.9(4)f

a Fit to eq 26 weighted by the inverse squares of the uncertainties
in N; uncertainties are standard error estimates from the fits.b Average:
surface tension80 and conductivity;66 uncertainty assumed to be 1 mM

because only two data points are available.c Average: surface tension
and specific conductivity80 and conductivity.66 d Average: surface
tension, specific conductivity, and turbidity plot80 and conductivity.66

e Fit of literature data61 to eq 26.f Average: turbidity, surface tension,
and specific conductivity measurements80 and conductivity and light
scattering.81

Figure 6. Aggregation numbers vs the concentration of counterions
in the aqueous phase. Upper points and solid line, DTAB; TRFQ data,
9 (both salt-free and salt-added) light scattering data59 O. Lower points
and dashed line, DTAC; TRFQ data4,61 2,16 ×.62 The solid line is
the same as the solid line in Figure 4; i.e., the best fit to the TRFQ
data in this work. The dashed line is a fit to eq 26 yielding values of
N0 andγ given in Table 5.
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N0 ) 54.7; i.e., the values found in the present work for DTAB
at 25°C. Other literature values of N for DTAB are gathered
in Table 6. The sixth column is the predicted value ofN from
eq 26 usingγ ) 0.146 andN0 ) 54.7. Comparing these
predictions with the literature data shows that the various
techniques are generally in reasonable agreement with one
another, except for one point from ref 60 that appears to be in
error. Leaving out this point, all of rest of the data in Tables 5
and 6 show a 3.8 molecule root-mean-square departure from
the prediction of eq 26.

Values of N for DTAC taken from the literature are presented
in Table 7. Figure 6 also includes a plot of the TRFQ data.16,61,62

The abscissa isCaq ) [Cl-]aq computed from eq 21 using the
value ofR ) 0.365 determined by EPR. The dashed line is a
fit of the data to eq 26 yielding the values ofγ ) 0.112 andN0

) 45.1 which are tabulated in Table 5. The sixth column of
Table 7 is the predicted value ofN from eq 26 usingγ ) 0.112
andN0 ) 45.1. The data in Table 7 show a 4.5 molecule root-

mean-square departure from the prediction of eq 26. In Tables
6 and 7, SANS data from one lab32 are in good agreement with
eq 26, whereas those from another lab40 are consistently lower
by 20-30%.

Hydration of Polar Shell. From the values ofA+ in Figure
3, the polarity indicesH for the two surfactants were computed
from eq 4. These are plotted versus the aggregation numbers
for the two surfactants in Figure 7. The data in Figure 7 are
derived from various combinations of surfactant and salt
concentrations so the hydration in cationic micelles depends only
on their aggregation number, not on the micelle concentration.
The simple geometric model that we have employed would
predict a single curve in Figure 7 for the two surfactants if their
counterions occupied a negligible volume as was the case for
LiDS and SDS.31 Here, however, the counterion volumes are
neither negligible nor equal. They occupy different fractions of
the polar shell for two reasons: the chloride ion is smaller and
there are fewer of them in the polar shell. These two effects
are combined in the quantityVdry

0. A break in the curve was
expected a priori just in the sense revealed by Figure 7; i.e.,Vdry

0

for DTAC is smaller and displaces less water leading to a higher
value of H. Quantitatively, to predict the difference in the two
curves, one would have to know the relative thickness of the
two polar shells; a difference far smaller than the uncertainty
in the thickness. Therefore, to put the two surfactants on the
same footing, we assume that the shell thickness and the fraction
of methylenes residing in the polar shell scale as the diameter
of Vdry

0; i.e., asVdry
1/3. According to Table 2, this would give

a reduction of (124 Å3/135 Å3)1/3 ) 0.972 in the shell thickness
and the number of methylenes in the polar shell.

The solid line in Figure 7 through the data points for DTAB
is the theoretical prediction, eq 11 found by trial and error

TABLE 6: Literature Values of N for DTAB Micelles

[DTAB,
mM

[NaBr],
mM

[Br-]aq,
mMa F(St)b N eq 26c method ref

100 0 32.6 1.03 49.8 61.9 SANSd 38
50.0 0 21.5 1.02 65.0 58.2 TRFQd 82
30.0 0 17.6 1.01 50.7 56.6 TRFQd 60

100 0 32.6 1.03 65.5 61.9
602 0 189 1.23 116.9 80.0
14.6 0 14.9 1.00 61 55.2 LSd 59
4.36 100 104 1.00 74 73.3
2.54 250 252 1.00 83 83.4
1.67 502 503 1.00 90 92.3

50.0 0 21.5 1.02 57 58.2 SANSf 32
100 0 32.6 1.03 68 61.9
200 0 58.4 1.07 69 67.4
200 100 163 1.07 76 78.2
400 0 118 1.14 75 74.7
400 100 231 1.14 78 82.4
600 0 189 1.22 75 80.0
600 100 310 1.22 82 86.0
50.0 0 21.5 1.02 47 58.2 SANSd 40

100 0 32.6 1.03 51 61.9
200 0 58.4 1.07 55 67.4

a Calculated from eq 21 usingR ) 0.257 and cmc0 ) 14.9 mM.
b Equation 22.c Employing γ ) 0.146 andN0 ) 54.7, Table 5.d 25
°C. e Interpolated between 20 and 30°C. f 40 °C.

TABLE 7: Literature Values of N for DTAC Micelles

[DTAC],
mM

[NaCl],
mM

[Cl-]aq,
mMa F(St)b N eq 26c method ref

31.0 0 23.4 1.01 47 45.9 TRFQd 61
31.0 20.0 40.1 1.01 48 48.8
31.0 72.0 89.1 1.01 53 53.3
31.0 155 171 1.01 56 57.4
31.0 310 326 1.01 63 61.7
31.0 520 537 1.01 65 65.2

100 0 45.6 1.03 51 49.5 TRFQe 16
100 0 45.6 1.03 48 49.5 TRFQf 62
50.0 0 29.0 1.01 57 47.0 TRFQf 82

200 0 82.8 1.06 60 52.9 SANSg 32
200 100 186 1.06 60 57.9
400 0 167 1.12 59 57.2
400 100 278 1.12 61 60.6
600 0 264 1.19 67 60.2
600 100 382 1.19 67 62.8
50.0 0 29.0 1.01 32 47.0 SANSf 40

100 0 45.6 1.03 37 49.5
200 0 82.8 1.06 40 52.9

a Calculated from eq 21 usingR ) 0.365 and cmc0 ) 20.3 mM.
b Equation 22.c Employing γ ) 0.112 and N0 ) 45.1, Table 5.d 23
°C. e Interpolated between 20 and 30°C. f 25 °C. g 40 °C.

Figure 7. Volume fraction of the polar shell occupied by water versus
the aggregation number of DTABO andb; and DTAC0 and9. Open
symbols, salt-free; filled symbols, salt-added. The solid line through
the DTAB data is the best fit to eq 11; the solid line through the DTAC
points is the same line scaled to take into account the difference in
volume occupied by the bromide and chloride counterions.T ) 25 °C.
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utilizing eqs 8-10 beginning with the reasonable assumption
thatNwet ) 0 atN ) 0. Thus,Nwet

0 ) ∂Nwet/∂N N0 in eq 9. The
consequences of choosing other values ofNwet

0 are treated in
the Appendix. The parameters∂Nwet/∂N and the shell thickness
were varied to achieve the best accord between theory and
experiment. The best fit yielded∂Nwet/∂N ) 0.051 and a shell
thicknessRm - Rc ) 5.35 Å. The behavior of eq 11 is quite
different under the variation of the thickness and∂Nwet/∂N so it
is easy to find the best fit. Essentially, the thickness controls
the vertical position of the solid line in Figure 7, whereas∂Nwet/
∂N makes minor changes in the slope. Next, for DTAC, we
have scaled∂Nwet/∂N to (0.972)(0.051)) 0.050 and the shell
thickness to (0.972)(5.35)) 5.20 Å. The line through the
experimental points for DTAC is eq 11 without any further
adjustments in the parameters; i.e., it is the continuation of the
curve for DTAB under the scaling for the difference in Vdry

0

for the two counterions.
Figure 8 shows the values ofNH2O for the two surfactants as

a function of their aggregation numbers. In this figure, both
salt-containing and salt-free data are combined. The continuity
in the values ofNH2O in passing from DTAC to DTAB shows
that the hydration of the DTA+ micelle is the same for Cl- and
Br- at the same value ofN. This fact tends to support the
conclusion of ref 31 that specific ion interactions do not affect
the value of A+ as given by eq 4. If there were specific
interactions, one would expect differences in the values ofA+
for the same value ofH. The theoretical lines computed from
eq 13, appear to be straight lines even though eq 11 is nonlinear
since the range ofN is limited. It is important to bear in mind
that points of overlap of DTAB and DTAC aggregation numbers
are taken with very different concentrations of counterions in
the aqueous phase. For example, the points nearN ) 57 in
Figure 8 correspond to [Cl-]aq ) 144 mM, whereas [Br-]aq )

21.7 mM; i.e., a difference of a factor of nearly 700% in the
concentration of counterions in the aqueous phase is required
to produce the same micelle size with the two counterions. This
underlines the fact that hydration is indirectly connected with
added salt through the dependence ofN on Caq. Corresponding
hydration data for SDS and LiDS taken from the literature31

are also shown in Figure 8 for comparison. Compared with SDS
and LiDS,5 the cationic micelles are dryer and decrease in
hydration faster with micelle size.

Microviscosity of Polar Shell. Values of τmeasured were
obtained as a function ofCaq for DTAC and DTAB at 25°C.
A few measurements were also taken with DTAB at 10.1°C
and 45°C. Microviscosities were computed from eq 14 using
eqs 15 and 16. The ratioτB/τC, obtained from two independent
measurements of the rotational correlation timeτB and τC,27

differed from unity by less than(1% for DTAB at 10.1°C,
(2% for DTAB at 25 and 45°C, and(3% for DTAC at 25
°C. Thus the reorientation of the nitroxide group in these two
micelles is very nearly isotropic. Figure 9 shows the variation
of the microviscosity as a function ofN for the two surfactants
at 25°C. The measured microviscosities are the same in salt-
free and salt-added samples. A brief experiment with SDS was
performed in the absence of salt at low values of [SDS], ranging
from 200 mM down to 15.8 mM (∼2 × cmc0) in order to
compare the viscosities of the three surfactants over the same
range ofN. The values of the viscosity were derived in the same
way using the same spin probe. The results are shown with
diamonds in Figure 9; the line is a quadratic fit to guide the
eye. The abscissa for Figure 9 is computed from eq 26 using
the appropriate values ofR, γ, andN0 for the three surfactants
in eq 21; Table 3 for DTAC and DTAB andR ) 0.27, γ )
0.25, andN0 ) 49.5 for SDS.19 The average values of the
microviscosity for DTAB at 10.1 and 45°C were 12.2( 0.8
and 3.2( 0.1 cP, respectively.

Quenching Rate Constants.Table 8 gives the values of the
quenching rate constants of Py by C16PC from this work and

Figure 8. Number of water molecules per surfactant molecule in the
polar shell of DTAB,9; DTAC, 0, SDS,5 O, and LiDS,31 b. For clarity,
salt-free and salt-added samples are not distinguished; there is about
an even mixture of the two types of samples.T ) 25 °C.

Figure 9. Microviscosity of the polar shell of DTAB,0 and9; DTAC,
O andb; and SDS,]. Open symbols salt-free, closed symbols added
salt. The solid line is to guide the eye through the SDS data.T ) 25
°C.
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of 1-MePy by C14PC from the literature.61 Figure 10 shows a
plot of these rates versus 8RCQT/3000η, where the viscosity is
taken from Figure 9. The straight line is a least-squares fit to
eq 20 for the combined data of DTAB (25°C)and DTAC (23
°C) yielding a quenching probability ofP ) 0.4 with a
coefficient of correlationr ) 0.978. Considering that the data
for the two surfactants were obtained by two different labs61

using two different quenchers (C16PC vs C14PC) on two different
fluorophores (Py vs 1-MePy); the adherence of the data to the
Stokes-Einstein-Smolukhovsky equation at 23 and 25°C is
excellent. The data for DTAB at 10.1°C fall nicely on the same
line as the 25°C data; however, the 45°C data show about a
10% smaller quenching rate than the solid line. The uncertainties
in the quenching rates in Figure 10 are estimated to be(5% at
10.1 and 25°C and(10% at 45°C. The uncertainties in the
abscissa were estimated as follows: a(1°K error in the
temperature leads to a(4% error inη. An error of(0.5 Å in
holding the thickness constant contributes an error inVshell of
about 7% and a similar error results in assuming that the
thickness is constant as a function ofT. A 10% error inVdry

0

contributes another 3% error inVshell because an adjustment in
Rmicelle is needed to keepH in accord with experiment. This
results in uncertainties of(9% for the 25 and 23°C data and
(13% for 10.1 and 45°C data. These error bars indicate the
relative uncertainties of the values plotted. The absolute error
could be as much as(25°.

Discussion

Aggregation Number-Based Definition ofr. Equation 25,
as implemented for constantR, eq 24, appears to work well for
both DTAB and DTAC. For DTAB at 25°C, the values given
by EPR and by TRFQ agree within experimental error with one
another and with values taken from the literature. See Table 3.
Some of the values in Table 3 were derived from the well-
known63 dependence of the cmc onCad as follows

whereK3 andK4 are constants. An approximate value ofR may
be obtained from eq 27 because mass action theory predicts

thatK4 ≈ 1 - R in the limit of large aggregation numbers.20,21

The literature values are collected together and averaged
according to the method except that the results of Gaillon et
al.64,65are listed separately because they compare the values of
R derived from eq 27 and potentiometric measurements using
the same materials and sample preparations. For DTAB, these
authors64,65 report R ) 0.38 from eq 27 and 0.23 from
potentiometric measurements. Uncertainties were not re-
ported;64,65however there appears to be a significant difference.
This difference is also found from other values ofR in Table 3
whereR ) 0.35 ( 0.11 from eq 27 andR ) 0.242( 0.028
from all other methods excluding the present results. Our value
from EPR and TRFQ, 0.244( 0.019 compares well with this
latter value. For DTAC, the difference in values ofR derived
from eq 27 and other methods is insignificant. Our value derived
from EPRR ) 0.365( 0.008 compares with the unweighted
mean of all other values in Table 3R ) 0.36( 0.05. The results
of Table 3 support the contention64,65 that, in some cases, eq
27 does not provide a reliable estimate of the value ofR. We
found only one set of data66 with which to compare our results
at 10 and 45°C. These data, derived from specific ion electrode
measurements,66 are presented in Table 3. They agree well with
the present results at 25˚ and reasonably well at 10.1 and 45
°C. The slope of theR vs T curve, ∂R/∂T, is similar for the
values from the literature,66 ∂R/∂T ) 0.0026 °K-1, and the
present values from EPR,∂R/∂T ) 0.0024°K-1 over the range

TABLE 8: Quenching Rates, Viscosities, Core Radii, and
Shell Volumes for DTAB and DTAC Micelles

St, M Cad, M T, °C kq, 107 s-1 Rc, Å η, cP Vshell, 104 Å3

DTAB NaBr
100 0 10.1 1.47( 0.07 12.2( 0.1
200 0 10.1 1.30( 0.07 12.2( 0.1
350 0 10.1 1.19( 0.06 12.2( 0.1
100 0 25.0 3.00( 0.15 15.6a 6.35( 0.32 2.25a

200 0 25.0 2.52( 0.13 16.1a 6.84( 0.35 2.38a

350 0 25.0 2.33( 0.12 16.3a 6.90( 0.35 2.44a

70.0 0 25.0 3.0( 0.15 15.7a 6.53( 0.33 2.28a

70.0 8.04 25.0 2.77( 0.14 15.8a 6.66( 0.33 2.32a

70.0 35.5 25.0 2.55( 0.13 16.1a 6.84( 0.34 2.38a

70.0 74.4 25.0 2.42( 0.12 16.3a 6.90( 0.35 2.44a

100 0 45.0 6.3( 0.6 3.2( 0.1
200 0 45.0 5.3( 0.5 3.2( 0.1
350 0 45.0 5.6( 0.6 3.2( 0.1

DTAC NaCl
31.0 0 23 5.00 14.9b 4.83( 0.24 1.93b

31.0 20.0 23 4.73 14.9b 4.90( 0.25 1.95b

31.0 72.0 23 4.17 15.3b 5.26( 0.26 2.04b

31.0 155 23 3.60 15.5b 5.47( 0.27 2.09b

31.0 310 23 3.17 16.0b 5.97( 0.30 2.19b

31.0 520 23 3.17 16.1b 6.11( 0.31 2.22b

a Computed usingNwet
0 ) 2.8, ∂Nwet/∂N ) 0.051,Rm - Rc ) 5.35

Å. b Nwet
0 ) 2.2, ∂Nwet/∂N ) 0.050,Rm - Rc ) 5.20 Å.

Figure 10. The fluorescence quenching rate of Py by C16PC in DTAB
at 10.1°C, 9; 25.0°C, b; 45 °C, 2, and of 1-MePy by C14PC in DTAC
at 23°C, 0 versus 8CQ RT/3000η. The straight line is a linear least-
squares fit of the combined DTAB and DTAC data at 25 and 23°C to
the Stokes-Einstein equation, eq 20, yielding a probability of quenching
per collision P ) 0.4. The molar concentrationCQ is due to one
quencher in the volume defined by the polar shell and the viscosity is
determined by the rotational motion of a nitroxide spin probe. A plot
of the same data withCQ calculated using the entire micelle volume
rather than that of the polar shell yields a similar curve withP ) 0.7.

log(cmc)) - K3- K4 log(cmc+ Cad) (27)
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10 to 45°C. These are also similar to the value∂R/∂T ) 0.0033
°K-1 for tetradecyltrimethylammonium bromide measured by
one of us.67

There are several reasons why the aggregation number-based
definition ofR is of interest. First, the definition is independent
of the experiment technique, not involving a decision on where
and for how long the counterions reside. Second, as implemented
by EPR, it is an extremely easy experiment. Due to the
simplicity of the method, it becomes feasible to investigate large
numbers of systems varying a number of experimental param-
eters such as the temperature, chain length, counterion, and
added non electrolytes. The EPR technique can be performed
using very small amounts of material. A typical sample in this
work is of volume 50µL because 50µL disposable pipets are
used to house the sample; however, this could be easily reduced
to 20 µL using the same pipets. The use of flat cells would
reduce the requirements further. Thus, for expensive or rare
surfactants, quite small amounts of material could be used, the
limiting factor being the precise determination of the concentra-
tions. In the EPR approach, one works well above the cmc, so
impurities are less of a problem than in techniques working near
the cmc. The disadvantage of EPR, and in any method
employing eq 24, is that one cannot evaluateR at surfactant
concentrations near the cmc.

Micelle Growth with Caq. Equation 26, with parameters
given in Table 5, describes the growth of DTAC and DTAB
micelles in the slow growth regime, below any possible sphere-
rod transitions. There are a number of advantages to having an
accurate empirical description of micelle growth. The aggrega-
tion numbers from different combinations of salt and surfactant
may be predicted in the planning of experiments. It offers a
method to reevaluate existing data as a function ofN, even
though the original interpretation was based on different
aggregation numbers, or if a constant value of the aggregation
number was assumed. Equation 26 may prove to be valuable
in experiments in which either salt or surfactant concentrations
are varied in order to derive the slope of some experimental
variable. For example, using viscosity measurements to inves-
tigate micelle hydration,42,68-70 it is common to vary the
surfactant concentration in the presence of salt. In conductivity
measurements to studyR,71 the surfactant concentration is varied
through the cmc0 in the absence of salt. Often the assumption
has been made thatN does not vary in analyzing the slopes of
quantities derived in such experiments but, there is no longer
any need for the assumption. Figure 6 illustrates a practical
advantage: the values of the aggregation numbers derived from
different techniques working over very different concentration
ranges can be easily compared. To illustrate, for DTAB, consider
the three points in the vicinity ofN ) 72-74 of Figure 6. These
three points were derived from samples prepared with three
surfactant salt combinations as follows: [DTAB]/[NaBr]) 350/
0, 70/97, and 4.36/100 in units mM/mM. Thus, for these three
samples having similar aggregation numbers, there is an 80-
fold difference in surfactant concentrations resulting in micelle
concentrations ranging from near zero to about 4.8 mM. At this
latter concentration, the micelles are getting to be quite crowded.
Using a simple cubic lattice, at 4.8 mM, the center-to-center
micelle distance is about 68 Å, compared with the micelle
diameter 2Rm ) 43 Å. Thus, ionic inter micelle interactions,
even when the micelles are quite crowded, have a negligible
effect on micelle aggregation numbers. This result is not
surprising because the Debye-Hückel screening length, which
describes the distance over which the electrostatic interaction
is attenuated,53 is less than 10 Å at 25°C with Caq ) 100 mM.

In eq 26, the meaning ofN0 is clear. There is a need for a
theoretical understanding ofγ, if any. With a lack of such under-
standing, it is important to avoid over interpretingγ. Further,
accurate values ofγ are not easy to obtain because they are
very sensitive to the values ofN at low vales ofCaq; i.e., at low
values ofSt in the absence of salt. This is the region in which
the purity of the material becomes very important because of
the influence of impurities on the cmc0. With the TRFQ tech-
nique low values ofSt pose another problem because the factor
St - Sf in eq 1 becomes subject to large error. To illustrate, we
take the determination ofN0 andγ for DTAC from the data in
Table 7 as an example. A typical uncertainty of 10% inSf leads
to an uncertainty in the value ofN0 of 8% and inγ of 22%.
Light scattering avoids this problem near the cmc0, but the
problem of purity persists. The problem does not arise in SANS,
but the reproducibility ofN is poorer. See Tables 6 and 7.

Microviscosity of the Polar Shell. The microviscosity of
the polar shell increases modestly for both DTAC and DTAB
as the micelles grow, similar to the increase observed for SDS,
Figure 9. This viscosity increase is minor compared with
viscosity increases observed for surfactant mixtures of SDS and
a sugar-based nonionic surfactant where a variation of about a
factor of 5 was observed as a function of the composition.3

These results predict that molecules housed in the polar shell
would rotate about a factor of 6-7 slower than in pure water.
NMR relaxation times have been interpreted34 to mean that water
at the surface of micelles reorient typically about 2-3 times
slower than in the bulk. Because the analysis of the relaxation
data requires a number of assumptions34 and water exchanges
between the shell and the bulk, the agreement is satisfactory.
For DTAB, we have limited data as a function of temperature;
however, they are interesting and worthy of brief discussion.
The variation ofη with N is much smaller than its variation
with T, so we averaged the values ofη at each the three
temperatures to obtainη ) 12.21( 0.08, 6.58( 0.25, 3.20(
0.13 cP forT ) 10.1, 25.0, and 45.0°C, respectively. A plot of
the logarithm of these values versus 1/T produces an excellent
linear plot (not shown) with coefficient of correlationr ) 0.999
adhering to the classical expression of activated viscosity

with B ) 29.1 kJ/K mole. In contemplating the nature of the
liquid that the polar shell of DTAB presents to a guest molecule,
we compared this activation energy with those found in
ethanol-water mixtures taking data from the literature.72

Ethanol-water mixtures adhere well to eq 28 as a function of
temperature, producing values of B that are approximately
constant as a function of wt % EtOH except for mixtures near
pure water or ethanol. For example, from 20 to 60 wt % ethanol,
B has a mean value ofB ) 23.8 ( 1.2 kJ/K mole where the
uncertainty is the standard deviation in 5 mixtures. The average
coefficient of correlation in the linear least-squares fit to eq 28
over these 5 values isr ) 0.995( 0.003. Therefore, with respect
to the activation energy of viscosity, the polar shell of DTAB
is a rather normal liquid mixture, not very different than
ethanol-water mixtures. Note that the microviscosity activation
energy for DTAB, measured using the rotation of the relatively
small doxyl group in this work is smaller than that reported by
a much larger fluorescent probe.73

Hydrodynamic Description of Bimolecular Collisions in
Micelles. The quenching rates of Py by C16PC in DTAB at 25
°C and of 1-MePy by C14PC in DTAC at 23°C are in excellent
agreement with the prediction of eq 20 which is given as the
solid line in Figure 10. It may be partially fortuitous that the

η ) η0e
B/RT (28)
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quenching rates for the two surfactants using different quencher-
fluorophore pairs is described by the same Stokes-Einstein
equation because temperature control is important and the
DTAC data were obtained at room temperature.61 Note,
however, that the size of the diffusing molecules does not enter
into eq 20, so a strong dependence is not predicted by theory.
Given the uncertainties, even the data at 10.1 and 45°C are
well predicted by eq 20.

Note that the value ofP ) 0.4 results from the fact that we
have assumed that the polar shell thickness found by adjusting
the polarity to that of the model is the same that bounds the
diffusional motion of the fluorophores and the quenchers. We
have also assumed that the microviscosity estimated from the
rotation of the spin probe is the appropriate viscosity to use in
eq 20. This, in turn, assumes that the spin probe reports an
average viscosity over the same volume occupied by fluoro-
phores and the quenchers. If, in fact, the effective volumes for
the motion of the various probes are somewhat different and
that the effective volume is something different than the polar
shell, the numerical value ofP would be altered. For example,
introducing an uncertainty in the shell thickness of(0.8 Å
results in uncertainty inP of about 20%. Quenchers such as
C16PC and C14PC that are charged and are themselves surfac-
tants could be expected to undergo excursions from the polar
shell into the aqueous phase more frequently than 16DSE and
Py which are hydrophobic. This would have the effect of
increasing the volume through which the molecules diffuse in
the hydrodynamic formulation; i.e., the volume in eq 19 would
be larger thanVshell. If we suppose that the two molecules diffuse
through the entire volume of the micelle, a graph very similar
to Figure 10 results and the fit to eq 20 is of a similar quality
(r ) 0.983); however, the probability of quenching increases
to P ) 0.70. One arrives at the results by replacingVshell with
Vmicelle in eq 19. The discrepancy of the 45°C data becomes
slightly worse, now being about 14% below the Stokes-Einstein
prediction from the 25°C data. Thus from the quality of fit to
eq 20 alone, one cannot distinguish between a model of polar
shell diffusion and diffusion throughout the entire micelle. Both
descriptions work equally well; the range of values ofN is not
sufficiently large to distinguish the difference in the variations
of Vshell andVmicelle, respectively.

It is important to note that uncertainties in the volume through
which the molecules diffuse do not affect the linearity of the
curve in Figure 10, only the slope is changed. In other the words,
the Stokes-Einstein equation is valid in any case. DTA+

micelles offer a reaction medium in which one can predict the
relative collision rates of two hydrophobic molecules at different
salt and surfactant concentrations and at different temperatures.
Obviously, molecules that partition appreciably into the aqueous
pseudophase would have to be treated appropriately.

Hydration of Micelle Surfaces. The fundamental quantity
reported by the spin probe is the volume fraction occupied by
water, Figure 7. This is the important parameter which
characterizes the DTA+ micelle as a reaction medium within
the polar shell. Whether a guest molecule encounters this volume
fraction of water depends on whether it occupies the same
average position in the micelle as the spin probe. The interpreta-
tion of the decrease inH as the micelles grow is that the
available volume per surfactant in the polar shell decreases,
expelling water. Figure 7 shows that DTAC and DTAB are
similarly hydrated as a function ofN, as would be required, a
priori, by the simple geometrical model employed.

In comparing the measured value ofH to theoretically
predicted values given by the solid line in Figure 7, the core-

shell model is employed. The detailed description of the
hydration of micelles rests on the classical model originally
proposed by Hartley.33 The claim was already made 20 years
ago34 that “the overwhelming majority of experimental and
theoretical studies have confirmed the classical picture”, thus
we consider the basic model to be sound and have proceeded
to seek more details. We discussed5 in some detail the
assumptions and uncertainties involved in the use of the model
as well as proposed5 a number of severe experiment tests of
the model. To reiterate briefly, our interpretation of the core-
shell model assumes that the spin-probe samples all regions of
the polar shell. The growing conviction that this is a reasonable
assumption stems from the fact that the curve through data for
SDS and LiDS in Figure 8 has no adjustable parameters once
Vdry is fixed. Further, the model has predicted the behavior of
H andNH2O as sugar-based headgroups are inserted into SDS
micelles.3,29 Nevertheless, the decrease in the values ofH in
Figure 7 andNH2O in Figure 8 could conceivably arise due to
subtle changes in the average position of the probe as the micelle
grow. In this interpretation, one would have to assume that both
the position of the probe and the departure of the hydration
from the simple model of Figure 1 would have to vary in such
a compensatory manner as to leave the curve in Figure 8 for
SDS and LiDS unchanged. Because this is very unlikely, we
have persisted in the use of the original model. In applying the
same model to cationic micelles, we tacitly assume that the
average probe position remains the same during micelle growth
in this case as well. Here, the arguments that this is true are not
yet as well established. First, the curves through the points in
Figures 7 and 8 are not computed without any adjustable
parameters in addition toVdry. We must postulate that hydro-
carbon from the surfactant tail occupies the polar shell. This is
a reasonable postulate, being in accord with numerous other
experimental papers32,36-40 as well as being predicted by a
theoretical cell model74 and by molecular dynamics simula-
tions.75 Nevertheless, we urge caution in interpreting Figure 8
until more work has been done. The same tests of the core-
shell model that were outlined in ref 5 for SDS may be carried
out for DTAB and DTAC in order to substantiate the model.

Note that the core radius, tabulated in Table 8 is always less
than the fully extended length of a twelve-carbon chain 16.7
Å,43 so the problem of maintaining a spherical micelle43 does
not arise in DTAC or DTAB over the range of N studied here.

The data in Figure 8 support the long standing,69 generally
accepted42 picture that monovalent counterions retain their
hydration when occupying the polar shell. If we take the primary
hydration numbers suggested by Hayter and Penfold; 4 for Cl-

and Br- (resulting in about (1- R)4 ≈ 3 within the polar shell)
and 1 for the headgroup, then we arrive at a constant value of
primary waters of hydration of about 4. Thus “free” water, that
is the water in excess ofNH2O ) 4, is estimated from Figure 8
to decrease from about 4 to near zero in going fromN ) 48 to
72. The absolute values ofNH2O are dependent upon the model
employed for the micelle as well as the numerical values of the
parameters as discussed above. The entire curve of Figure 8
could easily move up or down by 25% employing reasonable
estimates of the uncertainties involved; however, the relative
values ofNH2O are quite precisely determined.

Micelle hydration has been studied by transport properties42

taking the micelle hydration number as the number of water
molecules moving as a kinetic unit with the micelle.42 For
example, using viscosity data, Mukerjee69 estimatedNH2O ) 5
for DTAC. The method involved extrapolation to zero micellized
surfactant and using salt to reduce the electroviscous effect. Not
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enough information was given to allow us to place this datum
in Figure 8; however, it probably falls toward the top of the
range ofN ) 47-57 where the agreement with the present data
must be consider satisfactory. Contrasting this result is the work
of Güveli et al.76 who used the same technique to estimate much
larger values ofNH2O ) 31 for DTAB. The authors76 mention
the electroviscous effect but it is not clear if they accounted for
the effect. Hydration numbers are often reported together with
SANS experiments either by assigning values of primary waters
of hydration to the constituents32 or by using the same model
used here.38 Unfortunately, the resulting estimates from this latter
approach range fromNH2O ) 0 for tetradecyltrimethylammonium
bromide77 to NH2O ) 19 for DTAB.38 Worrisome when
considering the SANS approach, is the fact that Berr38 has shown
that same scattering profile can be satisfactory fit with or without
water in the polar shell.

Chemical trapping results on DTAC or DTAB will be eagerly
awaited. The hydration numbers reported by chemical trapping,
employing a charged probe, are not expected to be the same as
those reported by EPR, employing an uncharged hydrophobic
probe. The charged probes surely have a higher probability of
occupying the aqueous phase. It is the variation of hydration
numbers withN that will be informative; both approaches
interpreted using the core-shell model, albeit occupying dif-
ferent average positions within the polar shell, must to lead to
predictable dehydration as the micelles grow.

Conclusions

Very different concentrations of counterions in the aqueous
phase are required to produce DTAB and DTAC micelles of
the same aggregation number; however, the two micelles present
the same hydration and nearly the same microviscosity to a guest
molecule as a function ofN. According to the simple core-
shell model, the hydration, expressed as the number of molecules
of water per surfactant molecule, decreases from about 7.5 to
3.5 over the rangeN ) 48 to 73. The microviscosity increases
from about 5 to 7 cP as the micelles grow over this same range,
similar to SDS. The major difference manifest by the different
counterions is their degree of dissociation from the micelle:
about 26% for Br- and about 37% for Cl-. A new method to
measure the degree of counterion dissociation implemented by
EPR and TRFQ yields these values which are in agreement with
literature values. Values ofN for DTA+ micelles are a function
of the concentration of counterions in the aqueous phase only
for both Cl- and Br- and are well predicted by the power law
eq 26. For DTAB,N0 decreases andR increases with temper-
ature. Guest molecules in DTA+ micelles collide with a rate
that is described by the same Stokes-Einstein-Smolukhovsky
equation for both Cl- and Br- with a quenching probability of
0.4 if the molecules are assumed to diffuse through the polar
shell and 0.7 if they diffuse through the entire micelle. The
activation energy associated with the viscosity in these micelles
is similar to that observed in ethanol-water mixtures.

Appendix

Uncertainties in the Values ofr using eq 24.Minima in
graphical presentations such as Figure 3 may be determined to
about(2% in a given experiment; however, this minimum is
only reproducible to about(3% from one experiment to the
next using different spin probes.24,50The overall accuracy inR
using any technique based on eq 24 is limited by the uncertainty
in the value ofV in eq 22. For typical surfactants with molecular
weights of 200-400, F(St) amounts to a 5% correction when
St reaches 125-250 mM. In this work, where we extend

[DTAB] to values near 350 mM, the correction is as high as
12%. Ignoring the factorF(St) completely in eq 24 for the data
in Figure 3 leads to a 6.8% increase in the value of the minimum
in Figure 4. Therefore, a 15% uncertainty in the value ofV
would add an additional uncertainty in the value ofR of 1%.
Adding, in quadrature, this uncertainty to those due to sample
preparation and location of the minimum gives an overall
estimated uncertainty of(4% in the values ofR determined
by EPR.

Methylene versus Methyl Groups in the Polar Shell.To
be definite, we have written eqs 5 and 10 in terms of the number
of methylene groups occupying the polar shell; i.e., for situations
depicted in Figure 1a and c. For a model in which the terminal
methyl group occupies the polar shell, perhaps followed by
methylene groups, depicted in Figure 1d, eqs 5 and 10 would
be different in detail; however, there is not need to rewrite the
theory. Once a value ofNwet is found, in the formalism of eqs
5 and 10, the number of terminal methyl groups is easily found
by computingVCH2Nwet/VCH3, which according to Table 2 is very
nearly equal toNwet/2. Once the average number of terminal
methyl groups exceeds unity, then the remainder ofNwet is
allocated to methylene groups. In essence, ifNwet is less than
2, the number of methyl groups residing in the polar shell is
Nwet/2 and above this, when the number of methyl groups
becomes unity, the number of methylene groups becomesNwet

- 2. In Table 9, the third column supposes only configurations
such as Figure 1a and c, whereas columns 4 and 5 refer to
configurations such as Figure 1d.

Hydrocarbon Occupying the Polar Shell. The lines in
Figures 7 and 8 were computed with the assumption thatNwet

) 0 at N ) 0, so Nwet
0 ) ∂Nwet/∂N N0. Thus, Nwet

0 )
(0.051)(54.7)) 2.8 for DTAB andNwet

0 ) (0.050)(45.1))
2.2 for DTAC. If we now assume some other value ofNwet

0in
eq 9 and refit the data, we arrive at the same solid lines through
the data points in Figure 7 by adjusting the values of the shell
thickness and∂Nwet/∂N. Figure 8 is identical using the new set
of parameters, except the scale of the ordinate is different. Table
9 gives sets of possible values ofNwet

0, ∂Nwet/∂N, andRm - Rc

that fit the experimental data. Fixing any one of the parameters
∂Nwet/∂N, Nwet

0, or Rm - Rc either from independent experiments
or by plausibility arguments fixes the other two.

From EPR alone, any of the combinations in Table 9 fit the
data equally well; however, most of them are not reasonable.
The possible values ofNwet

0 are bounded at one extreme by the
physical requirement thatNwet not be negative and at the other
extreme thatNwet be less than some reasonable value and
certainly less thanNc ) 12. If we argue that it is implausible to
allow Nwet to be much bigger than say thanNwet ) 4 of ref 40,
then, from Table 8,Nwet

0 is restricted to the range 0.46 to 3.9

TABLE 9: Possible Sets of Parameters Yielding the Solid
Lines in Figure 7

∂Nwet/
∂Na

Rm - Rc,a

Å Nwet
0b

wet terminal
methyl groupsc

wet methylene
groupsc

range
of NH2O

d

0.045 3.67 0.46 0.23 0.0 5.35-2.40
0.050 4.56 1.7 0.87 0.0 6.70-3.00
0.051 5.35 2.8 1.0 0.79 7.70-3.41
0.053 6.20 3.9 1.0 1.9 8.90-3.80
0.054 7.02 5.0 1.0 3.0 10.0-4.20
0.053 7.85 5.9 1.0 3.9 11.0-4.50
0.049 8.85 7.1 1.0 5.1 12.0-5.00

a DTAB. For DTAC, scale by 0.972.b DTAB. Model in which only
methylene groups are wet. For DTAC, values are an average of 0.55
lower. c DTAB. Model in which the terminal methyl becomes wet first,
followed by methylene groups.d Range ofNH2O from N ) 47 to 72.5
for both DTAB and DTAC.
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for DTAB. The two lines for DTAB and DTAC Figure 8 are
essentially the same, so we discuss DTAB for the rest of the
presentation; the footnote to Table 9 details the values for
DTAC. The literature often reports that “about two methylene
groups are fully exposed”,34,44 which in our case would point
to a range ofNwet

0 ) 1.7 to 2.8. If we further wish to respect
the prevailing opinion42 that the counterions retain their waters
of hydration; i.e.,NH2O > 4,32 then this narrows the choices
down to the rangeNwet

0 ) 2.8 to 3.9. Thus,Nwet
0 ) 2.8 is a

reasonable compromise. Figure 8 shows the results forNwet
0 )

2.8; if we were to have usedNwet
0 ) 1.7, then the values of

NH2O would have shifted up by about 1.2 molecules atN ) 48
and by about 0.4 molecules atN ) 73. TherelatiVe values of
NH2O are rather precise, about the size of the symbols in Figure
8.

For all of the possibilities in Table 9, the increase in the
hydrocarbon that occupies the polar shell as the micelles grow
from aboutN ) 47 to 72.5 is approximately∂Nwet/∂N∆N )
(72.5-47)0.05) 1.3 methylene groups.
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