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Characterization of Micelles of Quaternary Ammonium Surfactants as Reaction Media I:
Dodeclytrimethylammonium Bromide and Chloride
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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 numbel§, and the quenching rate constant of pyrene by hexadecyl-
pyridinium chloride,k;, 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 law= N°(C,4{/cmg)” whereNC is the aggregation number at the critical
micelle concentration in the absence of any additives gz andy 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 parbimgeéned 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 dipoled is the volume fraction occupied by water. This fraction decreases continuously with

N from about 55% to 30% as the micelles grow froNn= 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 moMgglevhich decreases
continuously withN for DTA™ micelles independent of the counterion. These results suggest that cationic
micelles are dryer at all values &f than their twelve carbon anionic counterpart, sodium dodecyl sulfate
(SDS); moreover, they lose waters of hydration faster as a functiosi dhe 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 Stelgastein-Smolukhovsky
equation with a quenching probability & = 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 etineatel 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 valyes of
value for the degree of counterion dissociation for DTAB at°@5was derived from both the TRFQ =

0.23+ 0.03 and EPRx = 0.257+ 0.010 which are in good agreement with each other and with literature
values. From EPR, at 10°C, o = 0.190+ 0.008 and at 43C, a = 0.273+ 0.011. For DTAC,a = 0.365

4+ 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.

standing of these physicochemical properties of micelles has

A considerable amount of basic research has attempted tobeen limited because an understanding of both the structural
characterize micelles as reaction metia.As a reaction  and the dynamic properties must be achieved simultaneously.
medium, a micelle presents a highly restricted volume through There does not exist a single technique capable of supplying
which guest molecules may diffuse, collide, and react. To all of these types of information unambiguously; thus, there is
characterize a micelle as a medium, it is necessary to determine need to combine techniques in order to increase the informa-
its size, level of hydration, microviscosity, and degree of tion and thereby decrease the uncertainties.

counterion dissociation. Progress in achieving a deep under- In this work, we interpret the results of time-resolved
fluorescence quenching (TRFQ) and electron paramagnetic
* To whom correspondence should be addressed. E-mail: barney.bales@resonance (EPR) in the framework of a classical micelle model

emTalg.é:sg'q.r;zggi of Physics and Astronomy and the Center for Supramo- as a spherical hydrocarbon core surrounded by a polar shell.
|ecu|arpswdie& Ca|if0¥nia State Universityyat Northridge. P The theoretical value of the hydration of the micelle is calculated
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Micelles of Quaternary Ammonium Surfactants

TABLE 1. Nomenclature and Abbreviations

Ci6PC, G4PC
Py, 1-MePy

16DSE

SDS, LiDS

hexadecyl, tetradecylpyridinium chloride quenchers
fluorophores pyrene, 1-methylpyrene

nitroxide spin-probe 16-doxylstearic acid ester
sodium, lithium dodecyl sulfate

DTAB, DTAC dodecyltrimethylammonium bromide, chloride

EPR
LS
SANS
TRFQ
o

n

A
C:ad
Caq

cmc, cmg

electron paramagnetic resonance
light scattering
small-angle neutron scattering
time-resolved fluorescence quenching
ionization degree of micelles
viscosity
hyperfine spacing between the low-and
center-field EPR lines
concentration of added common counterion
in the form of salt
concentration of the counterion in
the aqueous phase; [Beqor [Cl ]aq
critical micelle concentration in general, and in
the absence of salt
quencher concentration in the sample
quencher concentration in the polar shell
molar volume of the dry surfactant
nonempirical polarity inde%; volume fraction
occupied by water
bimolecular collision rate between
the fluorophore and the quencher
first order quenching rate constant of
the fluorophore by one quencher
quenching probability of the fluorophore
upon collision with the quencher
average number of quenchers per micelle
aggregation number in general, and at theemc
number of water molecules in the shell
per surfactant molecule
Avogadro’s number
number of carbons in the alkyl chain; & 12
number of methylene groups residing in
the polar shell; and at the cgic
hydrodynamic radius of the spin probe
the gas constant
radius of the hydrocarbon core
radius of the micelle
surfactant concentration in monomer form
total surfactant concentration
excluded volume factor
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This work, which is a continuation of investigations in sodium
dodecyl sulfate(SDS) and mixed micelles of SDS and a sugar-
based nonionic surfactaftjs prerequisite to the study of
guaternary 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 technitfugsing pro-
cedures that are standdfd!® In these experiments, Py was
used as the fluorescence probe andPC 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 &PC were
purified as previously describ&dand 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 equatiod31? yielding, as
expected for Py and gPC, 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 micelig,and the rate of quenching
due to one quencheky The assumptions involved in this
analysis have been exhaustively discussed in the literature to
which the reader is referréd1718

Fromn, the average aggregation numbérmay be computed
as follows

_nS-9)
[

where§ and [Q] are the concentrations (moi L of solution)

of the surfactant and quencher, respectiv&yis 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 at® and Hall?! as follows

l0g(S) = (2 — ajlog(cme) — (1 — a)log(C,)  (2)

N 1)

experimental results derived from EPR. The viscosity of the wherea is the degree of counterion dissociation, grigthe
polar shell is deduced from measurements of the rotational critical micelle concentration (cmc, in molt) in the absence
correlation time of a spin probe as a function of the micelle of additives, andC,qis the molar concentration of counterions
composition or the temperature. These viscosities are used toin the aqueous phase, given by eq 21 below. See ref 19 and
show that the quenching rate constants of pyrene (Py) by references therein for a discussion of the assumptions leading
hexadecylpyridinium chloride (gPC) and by 1-methylpyrene
(1-MePy) by tetradecylpyridinium chloride (§*C), measured
by TRFQ, follow a classical hydrodynamic description.

Parallel to the development of this line of physical charac-

terization of micelles as reaction mediaan elegant, comple-
mentary chemical approach is emerging due to the work of summarized. Mother solutions of the surfactants prepared at
Romsted and co-workers, ref 4 and the references therein. Theirconcentrationss ~ 350 mM containing the spin probe 16-
approach uses chemical trapping of weakly basic nucleophiles,doxylstearic acid methyl ester (16DSE) with a surfactant-to-
including water, at the interface of micelles by arenediazonium probe ratio of 500:1 were prepared in MilliQ water. Solutions
salts. Information about micelle hydratiorand degree of
counterion dissociatiénis available in some cases. Their
approach, based on what appears to be the reasonable assumpalculated from their known densitiés23 Computer fits of the
tion that the chemical yields of certain reactions are monotonic EPR spectra yield the line positions and line heights to high
in the local concentrations of the reactafit3does not require
knowledge about the aggregation numbers. Chemical trapping Rotational correlation times are computed from the line height
has not yet been applied to DTAB or DTACso a direct
comparison is not yet possible; however, it will be very geneous line broadeni§.Two independent values of the
interesting to see to what extent the two approaches can berotational correlation time resid?, zz andzc. Isotropic reori-
combined to understand micelles as reaction media.

to eq 2. At low values o€y, the values of given by eq 2 are
sensitive to the value of cradut are rather insensitive to the
value ofa.

EPR. Experimental details for the EPR measurements are
identical to those described recentlyessential details are

with various combinations of surfactant and salt were prepared

from the mother solution by weight and their concentrations

precision?

ratios using standard formufksand are corrected for inhomo-

entation of the nitroxide moiety yieldsg = 7¢, thus the



1928 J. Phys. Chem. B, Vol. 106, No. 8, 2002 Bales and Zana

Thus, the geometry of the micelle is characterized by the
radius of the hydrocarbon corig;, and the radius of the micelle,
Rm. The volume of the core is taken to BB/, whereVi, is
the volume (&) occupied by the saturated hydrocarbon chain,
embedded in the core, calculated according to Tanford (p 52 of
ref 43) as

Vit = 27.4+ 26.9 (N, — N,e) (5)

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

An
NVeail = 3 R03 (6)

Figure 1. Schematic of the polar shell model, with hydrocarbon core Assigning a thickness to the polar shiglf — Rc yields the radius
of radius R; and micelle radiusR,.. The circles labeled hg and ci  of the micelle from which its volume may be computed
represent the headgroups and the counterions, respectively. Unoccupied

volume in the polar shell, the shaded region, is filled with water. _ A3

Hydrocarbon from the surfactant in arrangembrns entirely within Vinicelle = ?Rm (7
the core while in arrangemenés ¢, andd, it partially occupies the

polar shell. Ina andc, methylene groups occupy the polar shell, whereas 5d the volume of the polar shell

in d, a methyl group enters first, perhaps followed by methlene groups.

_4r 5 s 3
departure of the ratiag/tc from unity is a measure of the Vshell_?(Rm -R) (8)
anisotropy of the motioA” The effective rotational correlation
time is defined by’ Previously, for SDS,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
Tmeasured— ¥ TBTC (3)

thatNye: > O reminiscent of the models used in the interpretation

) . i ) of small-angle neutron scattering(SANS) d#&é4044 See
From the EPR line positions, the hyperfine spacing between gy e 1 for several schematic arrangements that place surfactant
th(;sc_enter- and low-field lines, is computed. Mukerjee et qrocarhon in the polar shell. The most satisfactory approach
al#%introduced a nonempirical polarity scal¢, defined tobe 514 pe to determind\ye from some other technique, for
the ratio of molar concentration of OH dipoles in a solvent or example, SANS: however, there is no agreement in the literature.

solvent mixture to that in water. The scale is nonempirical g, example, for DTAB, Hayter and Penfétdind Nue to be
because only the molecular structure of the components of theapproximately zero neadl = 57 growing to abouNye = 2.4

mixture and the density are required to calculdtd-or solvent nearN = 82. whereas Berr et & assumed a constant value of
mixtures with no other source of OH dipoles than wateiis . Nwet = 4 for all values ofN. To avoid adjusting the value of
equal to the volumg fragnon occupied by water. For the spin Nwer at every value ofN, effectively introducing many param-
probe 16DSEA., given in Gauss, has been shéto vary eters, we assume that it is a slowly varying function of the
linearly with H as follows aggregation number and retain the first two terms of its Taylor
series expansion
A, =14.309+ 1.418H (4)

~ 0 anet
See refs 3, 5, 2831, and references therein for a thorough Nwet ~ Nuet +W(N B NO) ©)
discussion of the suitability of the use of the solvatochromic
properties of nitroxide free radicals to study lipid assemblies The volumes (&) of the headgroup, counterion, methylene
such as micelles, the theoretical b8&fer the variation ofA. group, and water are denoted Nfg, Ve, Vchz, and Vi,
with H, and the methodg° to obtain calibration curves such  respectively. The volume inaccessible to water per surfactant
as eq 4. In particular, Mukerjee et%lshowed that a wide range ~ Molecule,Vary, is taken to be the total volume of the headgroups,
of different solvents and solvent mixtures lead to the same value the counterions, and the methylene groups as follows
of A, for a given value oH. We have discussétthe fact that 0
the presence of high concentrations of ions in the polar shell Vary = [Vhg T (1 = 0)Vgi + NyetVor ] = [Vary + NyeVeon ]
does not affect the use of eq 1. (20)

Theory where Vgy® = Vg + (1 — a)Vg is the (constant) volume
. ) inaccessible to water due to the headgroup and the counterions.
Hydration Model. We employ a simple model based upon e find the volume of water in the polar shell by subtracting
a classical pictufé** of a nearly spherical micelle having a  the yolume inaccessible to water from the volume of the polar

hydrocarbon core with very little water penetratidsurrounded shell and from this compute the volume fraction occupied by
by a polar shell. The polar shell contains the"(RHs)3 water to be

headgroups, a fraction, (1 o), of the counterions (Clor Br),

water, and a numbeNyet, of the methylene groups from the H = (Vsnen = NVigry)/Vspen (11)
hydrocarbon tail. The thickness of the polar shell is taken to be

constant as a function of at constant temperature. See Figure Let Nu,0 denote the average number of water molecules per
1 for a schematic view of the coreshell model. surfactant residing in the polar shell. Thug,,oNu,0N is
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TABLE 2: Volumes used in the Analysis (25°C)

symbol group volume, A
Vg N*(CHs)s 106"
Vh,0 H,0 3¢

Vei Cl- 28.9
Vei Br- 39.3
Vew, CH, 26.9
Ve, CHs 54.3
Vi N*(CHs)s & CI~ 124

Viry N*(CHs)3 & Br- 133

aThe average from refs 32 and 43Ref 32.¢Ref 43.9Vy,0 =
Vhg + (1 — )V usinga = 0.365.¢or oo = 0.257.

the volume of the water in the shell, yielding a volume fraction
of

H=N VHZONHZO/VsheII (12)
Combining eqgs 11 and 12, yields
Vshen = NVdry
NHZO - NVHZO (13)

The values of the various volumes used in the calculations are

given in Table 2. The values fdf;; are those that have been
used? in the analysis of SANS data. The method of addition
of partial molal volume® gives systematically higher values
for Vi for both counterions, but the difference betwa&nfor
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 d§,,° for the
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whereVpicelle IS found from eq 7 ang,, is the viscosity of pure
water#8

Hydrodynamic Description of Fluorescence Quenching in
Micelles. A hydrodynamic theory of the collision rate between
molecules in micelles was recently preserit@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 Stokeg&instein 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 Stoké&snstein equa-
tions to yield the well-known expressi#infor the diffusional
collision rate constant

8RT
whereR = 8.31 J?K is the gas constant anghas unit Poise.
ko has units L mot! s™1. The rate constark is proportional
to the concentration of the quencher in the polar si@&jl,

k, = CoPko

whereP is the probability that quenching occurs upon collision.
Becauseg is the quenching rate due to one quencher, Bgn
is the molar concentration of one molecule in the voliag
thus

(18)

107
CQ -

= 19
NoVshen (19)

two surfactants. The absolute uncertainties in these volumes iswhereNo is Avogadro’s number. The factor #0converts the

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 Deb$tokes-
Einstein equatiot?
= 4yR.I13kT

T (14)

relative
wherey is the shear viscosity of the solvektthe Boltzmann
constant,T the absolute temperature, aRglthe hydrodynamic
radius of the molecule which was fouht beR, = 3.75 A for
the doxyl group of 16DSE. The subscriplative 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 referenggasured
the overall motion of the doxyl group is modeled as a
reorientation relative to the micelle as a unit with rotational
correlation timerzeaive and an isotropic reorientation of the
micelle as a whole ofmicele. These reorientations are assumed
to be independent, so

1 1

measured  Crelative

1

micelle

+
T

. (15)

Tmicelle IS computed from the DebyeStokes-Einstein equation
written as follows

Vv Mw

T micelle'ﬁ-

(16)

micelle ™

volume Vshe from A3 to liters.
Combining eqs 1718

_ 8RT
ka= CoP 3000,

(20)
Degree of Counterion DissociationRecentlyt® a definition
of the degree of counterion dissociation based on the micelle
aggregation number was proposed and demonstrated. The
fundamental hypothesis is th&t is uniquely given by the
concentration of counterions in the aqueous pseudopkage,
which, according to the conventional pseudophase ion exchange
mass balance relationsh#$? as modified by Soldi et dl.is
given by

Coqq=FENHaS+ Q- a)S+Cy (21)
where §, S, and Cyq 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 importarftFollowing Soldi et al4 we correct for this
excluded volume effect by including the facte(s)

1
1-VS

FS) = (22)

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/ml4V = 0.308 L moi™ for DTAB and 0.264

L mol~1 for DTAC.
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A value ofa is measured by preparing two samples yielding
the same value of the aggregation number, but with different
values ofS andCs,4 For these two samples the hypothesis asserts
that the value ofC,q is the same as follows

F({a§+[1 - ]S+ Cyd =
F&)H{a§ +[1 - a]§ + Cy} (23)

As previously discusseW,the terms involvings andS' cancel
in eq 23, thus for an equivalent value Nf we have

F(9{a§ + Cd = F(ENHa§ + Cy} (24)
A rearrangement of eq 24 yields the valuecof
_ F(S)Caa— F(S)Cud 25

F&)S — S

Any property that varies monotonically witiN could, in
principle, be used to determiree In principle, o could vary

with Caq however, we previously showed thatis constant

for SDS up to [SDS]= 600 mM?3° This is in accord with
theory?® and is a reasonable assumption for the surfactant
concentrations considered here, 350 mM or less. Thus, rather
than computingx 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(S)}{aS + Cad as shown by eq 24. The procedure to determine
o is illustrated in Figure 2 where the ordinate corresponds to
any quantity that is monotonic iN. The property could either
increase or decrease; Figure 2 supposes a property that increase
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 whiehis varied in
the quantityF(S){aS + Cag¢ in search of a common curve.
The solid lines in Figure 2b2d are the least-squares fits to all
data, both solid and open circles, using a trial function. The
best value ofx is found by finding the minimum least-squares
deviations from the trial function. In the hypothetical case of
Figure 2, the best value of is o = 0.3. Such minima are easily
found using a spread sheet having curve fitting capabilities. It
is important to note that the value df corresponding to the
data is not needed. Note that the range of the abscissa is differen
in Figure 2a-2d.

Variation of N with Caq. In 1995, it was recognizé@that,
for SDS micelles, the aggregation number shows a power law
dependence 0@, as follows®

N = N%C,Jcmc)’ (26)

{In earlier paper8;1®242%q 26 was writtetN = «.Caqy; €q 26
results by defining\® = x»(cma)’}. Since 19952 eq 26 has
been found to be valid for 7 other surfactants as follows: the
sodium alkyl sulfates with chain lengths—&4 5455 lithium
dodecyl! sulfaté! and cetyltrimethylammonium chloride and
acetaté® 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 cmcet Cygwas the independent variable rather tidag
as is presently formulated. For work near the cmc, there is no

Bales and Zana

T T i
. —
i 0. o © ° -
hd (6]
- .. o o) _
- ] o .
~ * © o=1.0 -
— .O a .
L e —
I i | |
0 0.1 02 03 04 05 06
I [ [ I
— e o -
- '. o © _
C
b .. o) .
- L o) 4
}g - O'O =05 .
L b -
2 i
o)
e l ! r l L
ga 0 0.05 0.1 0.15 0.2 0.25 0.3
5
= T T
= ®_ % -
; — ® ® .o © _
S'o 10
s T Yol .
g L _
) (0]
g5 - o =04 =
g L c
g« | | I |
Yo
A~ 0 0.05 0.1 0.15 0.2 0.25

t

0 0.05 0.1

F(S){C, + oS}

0.15 0.2

Figure 2. Schematic implementation of eq 24 to determirigy finding

a common curve for any property that varies monotonically with the
aggregation number. Property could increase or decreaseNyiin

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. Figured?éhow the
progression in whiclw 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

difference between these two variables. See, for example, refsfrom this line defines the best fit value af o = 0.3 in this hypothetical

57 and 58.

case. Note: the range of the abscissa is differentdid.a
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15.05 i— - b J Figure 4. Mean square deviationg?, of the values ofA; from a
. 0 ] quadratic trial function for DTAB as a function of. T = 25 °C.
C | ] ]
15.00 o o . TABLE 3: Values of a (DTAB and DTAC)
14.95 o) 0.365 = 7 T, °C a technique ref
L e =9 E DTAB 10.1 0.190+0.008 eq24 EPR this work
r & ] 10 0.23 specific ion electrode 66
14.90 | ¥ ] 250 0.257+0.010 eq24EPR this work
- E 25.0 0.22+0.03 eq 24 TRFQ this work
1485 - ° E 25.0 0.25 specific ion electrode 66
) - 4 0.23 specific ion electrode 67
. o ] 25.0 0.26 conductivity slope 78
14.80 — 3 25.0 0.27+0.05(2} SANS 32,38
C ® 0257 ] 25.0 0.20+0.03(4F LS 58,79
g o= ] 25.0 0.35+0.11(3} cmc versus G 80,81
1475 - LJo) = 250 0.38 CMC Versus.& 65
L ] 25.0 0.23 specific ion electrode 65
14 70 C 1 I I i 1 1. i ] Il | 1 ! Il 1 | il i 1 i 450 0273:‘: 0011 eq 24 EPR th|S WOI’k
) 45 0.32 specific ion electrode 66
0 0.05 0.1 0.15 0.2 DTAC 25 0.365+ 0.008 eq 24 EPR this work
F(SY{C + as§} 0.34 conductivity slope 78
v ad t : 0.32 SANS 32
Figure 3. Hyperfine spacing\; versusF(S{oS + Cad (@) =1 0.39 cmc versus & 65
for DTAB and o = 1 for DTAC; (b) best fit values of = 0.257 for 0.42 specific ion electrode 65
DTAB and o = 0.365 for DTAC. Open symbols salt-free and filled 0.37+0.05(4F  cmc versus &q 61,80,81
symbols salt-added. [DTABF 20—350 mM, [NaBr]= 0, O; [DTAB] a2 Mean values and standard deviations from unweighted fits to the
= 70 mM, [NaBr] = 0—75 mM, @; [DTAB] = 35 mM, [NaBr] = number of values given in parentheses.
0—17.6 mM,v; [DTAC] = 70-350 mM, [NaCl]= 0,; [DTAC] = o ) , ,
70 mM, [NaCl] = 0-72 mM and, [DTAC]= 118 mM, [NaCl] = reproducibility in sample preparation. The former is typically
0-112 mM,m. T = 25 °C. 1 mG, whereas the latter averages about 4 mG in samples
presumably prepared identically. On the scale of Figure 3, 4
Results mG is about the size of the symbols. Following the scheme of

Values ofa from EPR. Three-line narrow EPR spectra of  Figure 2, the value oft was varied by trial and error until a
16DSE typical of nitroxide free radicals undergoing ap- common curve was achieved for each surfactant. Figure 3b
proximately isotropic motion in the motional narrowing region shows these common curves with= 0.257 for DTAB anda
were observed for all samples. See, for example, Figure 1(a) of= 0.365 for DTAC. The best common curves were judged by
ref 5. Figure 3a shows the variation of the hyperfine spacing plotting the mean squared deviation of the data from a quadratic
Ay, with F(S){S + Caq for DTAB and DTAC. For open trial function. Such a plot for DTAB is shown in Figure 4
symbols,S is varied in the absence of salt and for closed, salt Similar measurements for DTAB at 10 and 45 yield values
is added. Each point is the mean value of measurements fromof o = 0.190 and 0.273, respectively. The values cof
five spectra; the standard deviations are smaller than the sizedetermined on the basis of eq 24 are given in Table 3 which
of the symbols. In a repeat of the DTAB experiment (data not includes some literature values. See the Appendix for a
shown) we found, as befoP8,that the reproducibility in the discussion of the uncertainties in valuescotlerived from eq
measurements oAy on a single sample is superior to the 24 using EPR.
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TABLE 4: Aggregation Numbers of DTAB

Bales and Zana

TABLE 5: Values of N° », and cmg

[DTAB], [NaBr], [DTAB]:, [BrJag T,
mM mM mMa mMP  F(S)¢ °C N
100 0 8.50 28.2 103 10.1 71#41.6
200 0 5.50 46.5 1.07 101 7961.6
350 0 3.80 78.9 1.12 10.1 84#41.7
100 0 8.50 326 1.03 25.0 58R1.2
200 0 5.50 58.4 1.07 25.0 67#1.3
350 0 3.80 102 1.12 25.0 72414
70.0 0 9.90 258 1.02 25.0 604813
70.0 8.04 8.50 327 102 250 63t01.3
70.0 355 5.50 585 1.02 250 6#48l.4
70.0 74.4 3.80 97.0 1.02 250 72215
100 0 8.50 356 1.03 45.0 45619
200 0 5.50 63.3 1.07 45.0 50#2.0
350 0 3.80 111 1.12 45.0 58#2.3

a Equation 2 using the values of cgia Table 5 andx from EPR,
Table 3.P Equation 21° Equation 22.

N

40
0.02

0.04 0.06 0.08
C =[Br] .M

aq aq

0.1

Figure 5. Aggregation numbers of DTAB versus the concentration of
counterions in the aqueous phaseTat 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 parametersl® andy in Table 5.

TRFQ. Table 4 gives the values of the aggregation numbers
for DTAB with and without added NaBr at 28C. 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 at€2% at 10.1 and 25C; and+4%
at 45 °C. In addition, there is a systematic error in the
computation oN from eq 1 due to the uncertainties in the values
of § which are dominated by the uncertainties in the values of
cmg, 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]agcomputed from eq 21 using the values of

T,°C No y cmMeg, mM
DTAB 10.1 64.3+2.68 0.1694+0.03 15.0+ 1.0(2p
DTAB 25.0 547+ 1.6¢ 0.146+0.02 14.94 0.5(4f
DTAB 45.0 35.9+41.12 0.236+0.02 16.7+ 1.2(4)
DTAC 25 45.F 0.112 20.34+ 0.9(4)

aFit to eq 26 weighted by the inverse squares of the uncertainties

in N; uncertainties are standard error estimates from the’fiserage:

surface tensidf and conductivity?® uncertainty assumed to be 1 mM
because only two data points are availablaverage: surface tension
and specific conductivif and conductivity® ¢ Average: surface
tension, specific conductivity, and turbidity p#®and conductivity®
e Fit of literature daté to eq 26.7 Average: turbidity, surface tension,
and specific conductivity measureméefitand conductivity and light
scattering!

N

90

80

70
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40 L | ] 1 |

0.1 0.2 0.3 0.4 0.5

C =[Br] or [CI] ,M

ag aq aq

Figure 6. Aggregation numbers vs the concentration of counterions
in the aqueous phase. Upper points and solid line, DTAB; TRFQ data,
M (both salt-free and salt-added) light scattering @aia Lower points
and dashed line, DTAC; TRFQ data® a,'® x.52 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
N° andy given in Table 5.

of y andNP given in Table 5. Because both salt and surfactant
were varied at 25C, TRFQ may also be used to measuare
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 at« = 0.22 with an estimated error &f0.03.
The error is larger in this case due to severely restricted statistics,
but nevertheless shows that the EPR and TRFQ determinations
of a 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 scatteritfyas
well as literature values of N for DTAC. Note that the abscissa

o corresponding to each temperature determined by EPR, Tablen Figure 6 isCyq equal to [Cl]aq for DTAC and [Br]aq for
3. The lines are linear least-squares fits to eq 26 yielding valuesDTAB. The solid line is a plot of eq 26 using = 0.146 and
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TABLE 6: Literature Values of N for DTAB Micelles

[DTAB, [NaBr], [Brlag
mM mM mM&  F(S)P® N eq26 method ref
100 0 326 1.03 498 619 SANS 38
50.0 0 21.5 1.02 65.0 58.2 TREQ 82
30.0 0 17.6 1.01 50.7 56.6 TRFEQ 60
100 0 32.6 1.03 65.5 61.9
602 0 189 1.23 1169 80.0
14.6 0 14.9 1.00 61 55.2 LIS 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 SANS 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 4.7
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 SANS 40
100 0 32.6 1.03 51 61.9
200 0 584 1.07 55 67.4

a Calculated from eq 21 using = 0.257 and cmg= 14.9 mM.
b Equation 22° Employingy = 0.146 and\® = 54.7, Table 5925
°C. ¢Interpolated between 20 and 3G. 740 °C.

TABLE 7: Literature Values of N for DTAC Micelles

[DTAC], [NaCl], [Cl7aq
mM mM mM&2  F(S)P N eqg26 method ref
31.0 0 23.4 1.01 47 459 TRHEQ 61
31.0 20.0 40.1 1.01 48 48.8
31.0 72.0 89.1 1.01 53 533
31.0 155 171 101 56 574
31.0 310 326 1.01 63 617
31.0 520 537 1.01 65 652
100 0 45.6 1.03 51 495 TREQ 16
100 0 45.6 1.03 48 495 TRFEQ 62
50.0 0 29.0 1.01 57 470 TREQ 82
200 0 82.8 1.06 60 529 SANS 32
200 100 186 1.06 60 57.9
400 0 167 112 59 57.2
400 100 278 1.12 61 60.6
600 0 264 1.19 67 60.2
600 100 382 1.19 67 628
50.0 0 29.0 1.01 32 47.0 SANS 40
100 0 45.6 1.03 37 495
200 0 82.8 1.06 40 529

a Calculated from eq 21 using = 0.365 and cmg= 20.3 mM.
b Equation 22°¢ Employingy = 0.112 and R = 45.1, Table 5923
°C. ¢Interpolated between 20 and 3G. 25 °C. 940 °C.

N° = 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 valud\bfrom

eq 26 usingy = 0.146 andN° = 54.7. Comparing these
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Figure 7. Volume fraction of the polar shell occupied by water versus
the aggregation number of DTAB and®; and DTACO andl. 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 counteridrs.25 °C.

75

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

Hydration of Polar Shell. From the values oA, in Figure
3, the polarity indicesl 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 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

predictions with the literature data shows that the various are combined in the quantityy,’. A break in the curve was
techniques are generally in reasonable agreement with oneexpected a priori just in the sense revealed by Figure Ai«#.,
another, except for one point from ref 60 that appears to be in for DTAC is smaller and displaces less water leading to a higher
error. Leaving out this point, all of rest of the data in Tables 5 value of H. Quantitatively, to predict the difference in the two
and 6 show a 3.8 molecule root-mean-square departure fromcurves, one would have to know the relative thickness of the
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 d&fa:5?
The abscissa i€aq = [Cl ]aqg computed from eq 21 using the
value ofa. = 0.365 determined by EPR. The dashed line is a

fit of the data to eq 26 yielding the valuespf= 0.112 and\®

= 45.1 which are tabulated in Table 5. The sixth column of
Table 7 is the predicted value bffrom eq 26 using’ = 0.112
andN° = 45.1. The data in Table 7 show a 4.5 molecule root-

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 Van?; i.e., asVay'’®. According to Table 2, this would give
a reduction of (124 A135 A3)13 = 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
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Figure 8. Number of water molecules per surfactant molecule in the félt' The solid line is to guide the eye through the SDS data. 25

polar shell of DTABE; DTAC, O, SDS? O, and LiDS?! @. For clarity, :
salt-free and salt-added samples are not distinguished; there is abou21.7 mM,; i.e., a difference of a factor of nearly 700% in the
an even mixture of the two types of samplés= 25 °C. concentration of counterions in the aqueous phase is required
to produce the same micelle size with the two counterions. This
utilizing eqgs 8-10 beginning with the reasonable assumption underlines the fact that hydration is indirectly connected with
thatNyet = 0 atN = 0. Thus,Nye” = dNwe/ON N°in eq 9. The added salt through the dependencélafn C,q Corresponding
consequences of choosing other valueNgf are treated in hydration data for SDS and LiDS taken from the literatlre
the Appendix. The parametesblye/oN and the shell thickness  are also shown in Figure 8 for comparison. Compared with SDS
were varied to achieve the best accord between theory andand LiDS? the cationic micelles are dryer and decrease in
experiment. The best fit yielde@Nye/ON = 0.051 and a shell  hydration faster with micelle size.
thicknessR,, — R. = 5.35 A. The behavior of eq 11 is quite Microviscosity of Polar Shell. Values of TmeasureqWere
different under the variation of the thickness &ai,e/dN so it obtained as a function @@,y for DTAC and DTAB at 25°C.
is easy to find the best fit. Essentially, the thickness controls A few measurements were also taken with DTAB at 1TC1
the vertical position of the solid line in Figure 7, wher@hk,e/ and 45°C. Microviscosities were computed from eq 14 using
odN makes minor changes in the slope. Next, for DTAC, we eqs 15 and 16. The ratig/zc, obtained from two independent
have scaledNye/dN to (0.972)(0.051)= 0.050 and the shell measurements of the rotational correlation timeand 7,2’
thickness to (0.972)(5.35F 5.20 A. The line through the differed from unity by less thar-1% for DTAB at 10.1°C,
experimental points for DTAC is eq 11 without any further 42% for DTAB at 25 and 45C, and+3% for DTAC at 25
adjustments in the parameters; i.e., it is the continuation of the °C. Thus the reorientation of the nitroxide group in these two
curve for DTAB under the scaling for the difference i micelles is very nearly isotropic. Figure 9 shows the variation
for the two counterions. of the microviscosity as a function of for the two surfactants
Figure 8 shows the values b, for the two surfactants as  at 25°C. The measured microviscosities are the same in salt-
a function of their aggregation numbers. In this figure, both free and salt-added samples. A brief experiment with SDS was
salt-containing and salt-free data are combined. The continuity performed in the absence of salt at low values of [SDS], ranging
in the values ofNy.,o in passing from DTAC to DTAB shows  from 200 mM down to 15.8 mM~2 x cmg) in order to
that the hydration of the DTAmicelle is the same for Cland compare the viscosities of the three surfactants over the same
Br~ at the same value di. This fact tends to support the range ofN. The values of the viscosity were derived in the same
conclusion of ref 31 that specific ion interactions do not affect way using the same spin probe. The results are shown with
the value of Ay as given by eq 4. If there were specific diamonds in Figure 9; the line is a quadratic fit to guide the
interactions, one would expect differences in the value&,of eye. The abscissa for Figure 9 is computed from eq 26 using
for the same value dfl. The theoretical lines computed from  the appropriate values aof, y, andN° for the three surfactants
eq 13, appear to be straight lines even though eq 11 is nonlinearin eq 21; Table 3 for DTAC and DTAB and = 0.27,y =
since the range dfl is limited. It is important to bear in mind  0.25, andN® = 49.5 for SDS The average values of the
that points of overlap of DTAB and DTAC aggregation numbers microviscosity for DTAB at 10.1 and 4%C were 12.2+ 0.8
are taken with very different concentrations of counterions in and 3.2+ 0.1 cP, respectively.
the aqueous phase. For example, the points Near 57 in Quenching Rate ConstantsTable 8 gives the values of the
Figure 8 correspond to [C]aq = 144 mM, whereas [Bllaq = guenching rate constants of Py bys2C from this work and
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TABLE 8: Quenching Rates, Viscosities, Core Radii, and k107§
Shell Volumes for DTAB and DTAC Micelles < §
S\M CauM T,°C Ky 10st R,A  5,cP  Vepey 100A3 /B B B ]
DTAB NaBr r ]
100 0 10.1 1.4#& 0.07 12.2+£ 0.1 i .
200 0 10.1 1.3@t 0.07 12.2+0.1 6 _
350 0 10.1 1.19:0.06 12.2+ 0.1 F g
100 0 25.0 3.06t0.15 15.8 6.35+0.32 2.28 r i
200 0 25.0 2.52-0.13 16.% 6.84+0.35 2.38 i - / {]
350 0 25.0 2.330.12 16.3 6.90+ 0.35 2.44 5 A -
70.0 0 25.0 3.6t0.15 15.7 6.53+0.33 2.28 F — / -
70.0 8.04 250 2.7#0.14 15.8 6.66+ 0.33 2.32 - 4 .
70.0 355 25.0 255%0.13 16.% 6.84+0.34 2.38 r ]
70.0 744 250 242012 16.3 6.90+0.35 2.44 4 + ]
100 0 450 6.3:0.6 3.2+ 0.1 r h
200 0 450 5.3t05 3.2+ 0.1 i 7
350 0 450 5.6:06 3.2+0.1 i i
DTAC NaCl 3 - ]
31.0 0 23 5.00 149 4.83+ 0.24 1.98 L 4
31.0 200 23 4.73 1479 4,90+ 0.25 1.98 r -
31.0 720 23 4.17 15°35.264- 0.26 2.04 r 7
310 155 23  3.60 15955474027  2.09 2 r ]
31.0 310 23 3.17 16°05.97+ 0.30 2.19 L 4
31.0 520 23 317 16°16.11+ 0.31 2.2 - .
2 Computed usindNye? = 2.8, INwe/dN = 0.051,Ry — R. = 5.35 1+ -
A, ® Nuye® = 2.2, INweddN = 0.050,Ry — Re = 5.20 A, i 1
of 1-MePy by G,PC from the literaturé! Figure 10 shows a VT
plot of these rates versuR8,T/30007, where the viscosity is
taken from Figure 9. The straight line is a least-squares fitto 0 5 10 15 20

eq 20 for the combined data of DTAB (2&)and DTAC (23 8 C _RT/3000 M, mol °K/L P

°C) yielding a quenching probability oP = 0.4 with a <

coefficient of correlatior = 0.978. Considering that the data ~ Figure 10. The fluorescence quenching rate of Py byRT in DTAB
for the two surfactants were obtained by two different $bs at10.1°C,W; 25.0°C, ®; 45°C, 4, and of 1-MePy by GPC in DTAC

. . . at 23°C, O versus &, RT/3000;. The straight line is a linear least-
using two different quenchers (°C vs G4PC) on two different squares fit of the combined DTAB and DTAC data at 25 andQ@3o

fluorophores (Py vs 1-MePy); the adherence of the data to thehe stokes Einstein equation, eq 20, yielding a probability of quenching
Stokes-Einstein-Smolukhovsky equation at 23 and 26 is per collision P = 0.4. The molar concentratio@q is due to one
excellent. The data for DTAB at 10°C fall nicely on the same quencher in the volume defined by the polar shell and the viscosity is
line as the 25C data; however, the 4%C data show about a  determined by the rotational motion of a nitroxide spin probe. A plot
10% smaller quenching rate than the solid line. The uncertainties©f the same data witlq calculated using the entire micelle volume

. - PR . rather than that of the polar shell yields a similar curve ViAth 0.7.

in the quenching rates in Figure 10 are estimated t&-5% at

10.1 and 25°C and+10% at 45°C. The uncertainties in the

) - A thatK, ~ 1 — o in the limit of large aggregation numbei%?!
abscissa were estimated as follows: #4°K error in the

! ) A The literature values are collected together and averaged
temperature leads to-54% error in;. An error of£0.5 A in according to the method except that the results of Gaillon et
holding the thickness constant contributes an errovsia of al 845 are listed separately because they compare the values of
about 7% and a similar error results in assuming that the  gerived from eq 27 and potentiometric measurements using

thickness is constant as a function fA 10% error inVay”  the same materials and sample preparations. For DTAB, these
contributes another 3% error Wy, because an adjustment in author§*%5 report & = 0.38 from eq 27 and 0.23 from

Rmicele I needed to keepl in accord with experiment. This  hatentiometric measurements. Uncertainties were not re-
results in uncertainties a£9% for the 25 and 23C data and porteds*65however there appears to be a significant difference.
+13% for 10.1 and 45C data. These error bars indicate the This difference is also found from other valuesooin Table 3
relative uncertainties of the values plotted. The absolute error yhereo = 0.35+ 0.11 from eq 27 and. = 0.242+ 0.028

could be as much a&25°. 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 wfderived
Aggregation Number-Based Definition ofa. Equation 25, from eq 27 and other methods is insignificant. Our value derived
as implemented for constaat eq 24, appears to work well for ~ from EPRo. = 0.365+ 0.008 compares with the unweighted
both DTAB and DTAC. For DTAB at 25C, the values given =~ mean of all other values in Tableo3= 0.36+ 0.05. The results
by EPR and by TRFQ agree within experimental error with one of Table 3 support the contenti®ff° that, in some cases, eq
another and with values taken from the literature. See Table 3.27 does not provide a reliable estimate of the value.oie
Some of the values in Table 3 were derived from the well- found only one set of dat&with which to compare our results

Discussion

knowrf3 dependence of the cmc @@yq as follows at 10 and 45C. These data, derived from specific ion electrode
measurement®, are presented in Table 3. They agree well with
log(cmc)= — K;— K, log(cmc+ C,y) (27) the present results at 25° and reasonably well at 10.1 and 45
°C. The slope of thex vs T curve, do/dT, is similar for the
whereK3; andK, are constants. An approximate valuexofnay values from the literaturg, da/oT = 0.0026 °K~1, and the

be obtained from eq 27 because mass action theory predictspresent values from EPRg/dT = 0.0024°K 1 over the range
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10 to 45°C. These are also similar to the valie/0T = 0.0033 In eq 26, the meaning df° is clear There is a need for a
°K 1 for tetradecyltrimethylammonium bromide measured by theoretical understanding ef if any. With a lack of such under-
one of usf’ standing, it is important to avoid over interpretipg Further,

There are several reasons why the aggregation number-base@ccurate values of are not easy to obtain because they are
definition of o is of interest. First, the definition is independent  Very sensitive to the values dfat low vales ofCqg i.e., at low
of the experiment technique, not involving a decision on where values ofS in the absence of salt. This is the region in which
and for how long the counterions reside. Second, as implementedthe purity of the material becomes very important because of
by EPR, it is an extremely easy experiment. Due to the the influence of impurities on the cgmdwith the TRFQ tech-
simplicity of the method, it becomes feasible to investigate large Nique low values of pose another problem because the factor
numbers of systems varying a number of experimental param-S — S in €q 1 becomes subject to large error. To illustrate, we
eters such as the temperature, chain length, counterion, andake the determination d4° andy for DTAC from the data in
added non electrolytes. The EPR technique can be performedTable 7 as an example. A typical uncertainty of 10%iteads
using very small amounts of material. A typical sample in this 0 an uncertainty in the value ®° of 8% and iny of 22%.
work is of volume 5QuL because 5@L disposable pipets are ~ Light scattering avoids this problem near the gmiout the
used to house the sample; however, this could be easily reducedroblem of purity persists. The problem does not arise in SANS,
to 20 uL using the same pipets. The use of flat cells would Put the reproducibility oN is poorer. See Tables 6 and 7.
reduce the requirements further. Thus, for expensive or rare Microviscosity of the Polar Shell. The microviscosity of
surfactants, quite small amounts of material could be used, theth€ polar shell increases modestly for both DTAC and DTAB
limiting factor being the precise determination of the concentra- &S the micelles grow, similar to the increase observed for SDS,

tions. In the EPR approach, one works well above the cmc, so Figuré 9. This viscosity increase is minor compared with
impurities are less of a problem than in techniques working near viscosity increases observed for surfactant mixtures of SDS and

the cmc. The disadvantage of EPR, and in any method & sugar-based nonionic surfactant where a variation of about a
employing eq 24, is that one cannot evaluatat surfactant  [actor of 5 was observed as a function of the composition.
concentrations near the cmc. These results predict that molecules housed in the polar shell
Micelle Growth with C.q. Equation 26, with parameters would rotate about a factor of67 slower than in pure water.
. - e ) NMR relaxation times have been interpreted mean that water
given in Table 5, describes the growth of DTAC and DTAB P

icelles in the sl wih reai bel iol h at the surface of micelles reorient typically about2times
m'g? es '_?_ € ST%W gro reglmbe, efov(\j/ an){[ p035|t ehsp_ €T slower than in the bulk. Because the analysis of the relaxation
rod transitions. There are a number ot advantages 1o having any, requires a number of assumptidrend water exchanges
accurate empirical description of micelle growth. The aggrega-

. bers f i binati £ salt and surf between the shell and the bulk, the agreement is satisfactory.
tion numbers from different combinations of salt and surfactant ¢, DTAB, we have limited data as a function of temperature;
may be predicted in the planning of experiments. It offers a

o . however, they are interesting and worthy of brief discussion.
method to reevaluate existing data as a functiorNpfeven

houah th iginal i X based gif The variation ofy with N is much smaller than its variation
though the original interpretation was based on diiterent T, so we averaged the values gfat each the three

aggregation numbers, or if a constant value of the aggregationtemperatures to obtaip= 12.21+ 0.08, 6.58+ 0.25, 3.20+
number was assumed. Equation 26 may prove to be valuabley 13 «p forT = 10.1. 25.0. and 45.0C réspectively. A plot of
in experiments in which either salt or surfactant concentrations e ogarithm of these values versug produces an excellent
are varied in order to derive the slope of some experimental |ineay plot (not shown) with coefficient of correlation= 0.999

variable. For example, using viscosity measurements t0 inves-aghering to the classical expression of activated viscosity
tigate micelle hydratior26870 it is common to vary the

surfactant concentration in the presence of salt. In conductivity n= 77O(_:.B/RT (28)
measurements to study’! the surfactant concentration is varied

through the cmgin the absence of salt. Often the assumption with B = 29.1 kJ/K mole. In contemplating the nature of the
has been made thtdoes not vary in analyzing the slopes of  |iquid that the polar shell of DTAB presents to a guest molecule,
quantities derived in such experiments but, there is no longerwe compared this activation energy with those found in
any need for the assumption. Figure 6 illustrates a practical ethanot-water mixtures taking data from the literatdfe.
advantage: the values of the aggregation numbers derived fromethanot-water mixtures adhere well to eq 28 as a function of
different techniques working over very different concentration temperature, producing values of B that are approximately
ranges can be easily compared. To illustrate, for DTAB, consider constant as a function of wt % EtOH except for mixtures near
the three points in the vicinity dft = 72—74 of Figure 6. These  pure water or ethanol. For example, from 20 to 60 wt % ethanol,
three points were derived from samples prepared with three B has a mean value & = 23.8+ 1.2 kJ/K mole where the
surfactant salt combinations as follows: [DTAB]/[NaB#]350/ uncertainty is the standard deviation in 5 mixtures. The average
0, 70/97, and 4.36/100 in units mM/mM. Thus, for these three coefficient of correlation in the linear least-squares fit to eq 28
samples having similar aggregation numbers, there is an 80-over these 5 values is= 0.9954 0.003. Therefore, with respect
fold difference in surfactant concentrations resulting in micelle to the activation energy of viscosity, the polar shell of DTAB
concentrations ranging from near zero to about 4.8 mM. At this is a rather normal liquid mixture, not very different than
latter concentration, the micelles are getting to be quite crowded. ethanotwater mixtures. Note that the microviscosity activation
Using a simple cubic lattice, at 4.8 mM, the center-to-center energy for DTAB, measured using the rotation of the relatively
micelle distance is about 68 A, compared with the micelle small doxyl group in this work is smaller than that reported by
diameter R, = 43 A. Thus, ionic inter micelle interactions, a much larger fluorescent proBe.

even when the micelles are quite crowded, have a negligible Hydrodynamic Description of Bimolecular Collisions in
effect on micelle aggregation numbers. This result is not Micelles. The quenching rates of Py by #2C in DTAB at 25
surprising because the DebyHlckel screening length, which ~ °C and of 1-MePy by ¢PC in DTAC at 23°C are in excellent
describes the distance over which the electrostatic interactionagreement with the prediction of eq 20 which is given as the
is attenuate@is less than 10 A at 25C with Coq= 100 mM. solid line in Figure 10. It may be partially fortuitous that the
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guenching rates for the two surfactants using different quencher-shell model is employed. The detailed description of the

fluorophore pairs is described by the same Stel&sstein

hydration of micelles rests on the classical model originally

equation because temperature control is important and theproposed by Hartle§® The claim was already made 20 years

DTAC data were obtained at room temperattireNote,

agc® that “the overwhelming majority of experimental and

however, that the size of the diffusing molecules does not entertheoretical studies have confirmed the classical picture”, thus
into eq 20, so a strong dependence is not predicted by theory.we consider the basic model to be sound and have proceeded

Given the uncertainties, even the data at 10.1 andQl&are
well predicted by eq 20.

Note that the value dP = 0.4 results from the fact that we

to seek more details. We discuseith some detail the
assumptions and uncertainties involved in the use of the model
as well as proposéca number of severe experiment tests of

have assumed that the polar shell thickness found by adjustingthe model. To reiterate briefly, our interpretation of the core
the polarity to that of the model is the same that bounds the shell model assumes that the spin-probe samples all regions of
diffusional motion of the fluorophores and the quenchers. We the polar shell. The growing conviction that this is a reasonable
have also assumed that the microviscosity estimated from theassumption stems from the fact that the curve through data for
rotation of the spin probe is the appropriate viscosity to use in SDS and LiDS in Figure 8 has no adjustable parameters once
eq 20. This, in turn, assumes that the spin probe reports anVary is fixed. Further, the model has predicted the behavior of
average viscosity over the same volume occupied by fluoro- H andNu,0 as sugar-based headgroups are inserted into SDS

phores and the quenchers. If, in fact, the effective volumes for m_iCGHES?'ZQ Nevertheless, the decrease in the valuesioh
the motion of the various probes are somewhat different and Figure 7 and\u2o in Figure 8 could conceivably arise due to

that the effective volume is something different than the polar
shell, the numerical value ¢ would be altered. For example,
introducing an uncertainty in the shell thickness 0.8 A
results in uncertainty ifP of about 20%. Quenchers such as

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

C16PC and G4PC that are charged and are themselves surfac-@ compensatory manner as to leave the curve in Figure 8 for
tants could be expected to undergo excursions from the polarSDS and LiDS unchanged. Because this is very unlikely, we
shell into the aqueous phase more frequently than 16DSE andhave persisted in the use of the original model. In applying the

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 thaVghel 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 replacifige with
Vhmicelle iN €9 19. The discrepancy of the 48 data becomes
slightly worse, now being about 14% below the StekEmstein
prediction from the 25C data. Thus from the quality of fit to

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 t¥yy. 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 papet336-40 as well as being predicted by a
theoretical cell modét and by molecular dynamics simula-
tions’> Nevertheless, we urge caution in interpreting Figure 8

eq 20 alone, one cannot distinguish between a model of polaruntil more work has been done. The same tests of the-core

shell diffusion and diffusion throughout the entire micelle. Both
descriptions work equally well; the range of valued\bis not
sufficiently large to distinguish the difference in the variations
Of Vghell and Vimiceller 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 StokesEinstein 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

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
A.%3 so the problem of maintaining a spherical mic&ldoes
not arise in DTAC or DTAB over the range of N studied here.

The data in Figure 8 support the long standifigenerally
acceptetf 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 CI

salt and surfactant concentrations and at different temperaturesand Br (resulting in about (- )4 ~ 3 within the polar shell)
Obviously, molecules that partition appreciably into the aqueous and 1 for the headgroup, then we arrive at a constant value of

pseudophase would have to be treated appropriately.
Hydration of Micelle Surfaces. The fundamental quantity

primary waters of hydration of about 4. Thus “free” water, that
is the water in excess My,0 = 4, is estimated from Figure 8

reported by the spin probe is the volume fraction occupied by to decrease from about 4 to near zero in going fiér¥ 48 to

water, Figure 7. This is the important parameter which
characterizes the DTAmicelle as a reaction medium within

72. The absolute values dky,0 are dependent upon the model
employed for the micelle as well as the numerical values of the

the polar shell. Whether a guest molecule encounters this volumeparameters as discussed above. The entire curve of Figure 8
fraction of water depends on whether it occupies the same could easily move up or down by 25% employing reasonable
average position in the micelle as the spin probe. The interpreta-estimates of the uncertainties involved; however, the relative

tion of the decrease it 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 &, as would be required, a
priori, by the simple geometrical model employed.

In comparing the measured value bf to theoretically
predicted values given by the solid line in Figure 7, the eore

values ofNu,0 are quite precisely determined.

Micelle hydration has been studied by transport propétties
taking the micelle hydration number as the number of water
molecules moving as a kinetic unit with the micelfeFor
example, using viscosity data, Mukef§@estimated\,0 = 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 Giwveli et al”® who used the same technique to estimate much
larger values of\,0 = 31 for DTAB. The author$ 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 constituerfsor by using the same model
used heré® Unfortunately, the resulting estimates from this latter
approach range fromy,o = O for tetradecyltrimethylammonium
bromid€” to Nu,o = 19 for DTAB.3® Worrisome when
considering the SANS approach, is the fact that Béas 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,

Bales and Zana

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

ONwe! Rn— R,2 wet terminal wet methylene range
N2 A Nue® methyl groupd  group$ of N0t
0.045  3.67 0.46 0.23 0.0 5.32.40
0.050 4.56 1.7 0.87 0.0 6.73.00
0.051 5.35 2.8 1.0 0.79 7.73.41
0.053  6.20 3.9 1.0 1.9 8.9(8.80
0.054 7.02 5.0 1.0 3.0 10-01.20
0.053 7.85 5.9 1.0 3.9 11-01.50
0.049 8.85 7.1 1.0 5.1 12-%6.00

aDTAB. For DTAC, scale by 0.972 DTAB. Model in which only
methylene groups are wet. For DTAC, values are an average of 0.55
lower. ¢ DTAB. Model in which the terminal methyl becomes wet first,
followed by methylene group8.Range ofNi,0 from N = 47 to 72.5
for both DTAB and DTAC.

[DTAB] to values near 350 mM, the correction is as high as
12%. Ignoring the factoF(S) completely in eq 24 for the data

employing a charged probe, are not expected to be the same ath Figure 3 leads to a 6.8% increase in the value of the minimum

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 coreshell 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 presen
the same hydration and nearly the same microviscosity to a gue
molecule as a function di. According to the simple core
shell model, the hydration, expressed as the number of molecule

3.5 over the rang8l = 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 b
EPR and TRFQ yields these values which are in agreement with
literature values. Values of for DTA™ micelles are a function

of the concentration of counterions in the aqueous phase only
for both CI~ and Br and are well predicted by the power law
eq 26. For DTAB,N® decreases and increases with temper-
ature. Guest molecules in DTAmicelles collide with a rate
that is described by the same Stok&Snstein-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 etharelater mixtures.

Appendix
Uncertainties in the Values ofa using eq 24.Minima in

y_

in Figure 4. Therefore, a 15% uncertainty in the valueVof
would add an additional uncertainty in the valuecobf 1%.
Adding, in quadrature, this uncertainty to those due to sample
preparation and location of the minimum gives an overall
estimated uncertainty a£4% in the values ofx 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, egs 5 and 10 would
be different in detail; however, there is not need to rewrite the

SEheory. Once a value dfiye is found, in the formalism of eqs

5 and 10, the number of terminal methyl groups is easily found

Sy computin N which according to Table 2 is ve
of water per surfactant molecule, decreases from about 7.5 to y putingVer;Nue/Veri, 9 Y

nearly equal td\.e/2. Once the average number of terminal
methyl groups exceeds unity, then the remaindeiNg4; is
allocated to methylene groups. In essencé\yif: is less than

2, the number of methyl groups residing in the polar shell is
Nwed2 and above this, when the number of methyl groups
becomes unity, the number of methylene groups becades

2. In Table 9, the third column supposes only configurations
such as Figure 1la 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 assumptionaat
=0 at N = 0, so0 Nywe® = NwedoN N°. Thus, Nyel =
(0.051)(54.7)= 2.8 for DTAB andNye? = (0.050)(45.1)=
2.2 for DTAC. If we now assume some other valueNp2in
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 an@Nye/0N. Figure 8 is identical using the new set
of parameters, except the scale of the ordinate is different. Table
9 gives sets of possible valuesNfe?, INye/ON, andRy — Re
that fit the experimental data. Fixing any one of the parameters
ONwedON, Nyef, or Ry, — R; either from independent experiments
or by plausibility arguments fixes the other two.

graphical presentations such as Figure 3 may be determined to From EPR alone, any of the combinations in Table 9 fit the

about+2% in a given experiment; however, this minimum is
only reproducible to about3% from one experiment to the
next using different spin prob&$5°The overall accuracy in
using any technique based on eq 24 is limited by the uncertainty
in the value oV in eq 22. For typical surfactants with molecular
weights of 206-400, F(S) amounts to a 5% correction when

S reaches 125250 mM. In this work, where we extend

data equally well; however, most of them are not reasonable.
The possible values M, are bounded at one extreme by the
physical requirement thad,e; not be negative and at the other
extreme thatNye: be less than some reasonable value and
certainly less thai; = 12. If we argue that it is implausible to
allow Nyet to be much bigger than say thale: = 4 of ref 40,
then, from Table 8Ny is restricted to the range 0.46 to 3.9
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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
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(29) Bales, B. L.; Howe, A. M,; Pitt, A. R.; Roe, J. A,; Griffiths, P. C.
J. Phys. Chem. B00Q 104, 264.
(30) Schwartz, R. N.; Peric, M.; Smith, S. A.; Bales, B. L.Phys.

presentation; the footnote to Table 9 details the values for chemi1997 101 8735.

DTAC. The literature often reports that “about two methylene
groups are fully exposed®**which in our case would point
to a range olNye® = 1.7 to 2.8. If we further wish to respect
the prevailing opiniof? that the counterions retain their waters
of hydration; i.e.,Nu,0 > 432 then this narrows the choices
down to the rangéNye? = 2.8 to 3.9. ThusNye’ = 2.8 is a
reasonable compromise. Figure 8 shows the resultsfgf =
2.8; if we were to have useNy.® = 1.7, then the values of
Nh,0 would have shifted up by about 1.2 moleculedNat 48
and by about 0.4 molecules Ht= 73. Therelative values of

Nu,0 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 approximatelyNye/ONAN =
(72.5-47)0.05= 1.3 methylene groups.
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