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Micellar solutions of tetramethylammonium dodecyl sulfate have been studied to determine the degree of
counterion binding. Tetramethylammonium chloride was added over a wide range of surfactant concentrations
such that the total concentration of tetramethylammonium ions in solution remained constant. Small angle
neutron scattering experiments showed a constancy in aggregation number across this series, consistent with
the constantCaq concept of Bales et al. (J. Phys. Chem. B2001, 105, 6798). Pulsed-field gradient and
electrophoretic NMR experiments were used to determine the degree of counterion dissociation,R, which
was found to be 0.33. This value is in contrast to the value from conductivity measurements (R ) 0.2), but
supports the concept of an aggregation number based definition ofR.

Introduction

The properties and behavior of colloidal systems are depend-
ent on their fundamental charge characteristics (swelling of
polymeric microgels, suspension stability, surfactant solubility,
micelle formation, and microemulsion phase behavior). Measur-
ing these characteristics is not necessarily straightforward,
especially for multicomponent systems where generally it is bulk
charge properties that are measured. For example, classical
methods for measuring counterion binding to micelles (e.g.,
conductivity) cannot accurately be applied to mixed surfactant
systems as the micelle composition changes with dilution and
the conductivity is dominated by the counterions, which are
much more mobile than the micelles. Similarly, for polybases,
pH titration inherently causes a simultaneous change in the ionic
strength.

It is accepted that the charge of an ionic micelle arises from
the distribution of counterions according to electrostatic interac-
tions between headgroups and counterions at the micelle surface.
The degree of counterion dissociation (R) is a fundamental
property of an ionic surfactant, with important consequences
for micelle formation and micellar growth. Variations between
what are recognized by a given technique as “bound” and
“dissociated” counterions often cause large discrepancies in
absolute value ofR measured by different techniques, although

it is accepted that, for most systems,R changes little with
surfactant concentration, in line with theoretical arguments based
on the Poisson-Boltzmann equation.

It was recently suggested that the degree of ionization or
counterion dissociation of a surfactant micelle could be defined
based on the aggregation number,N, using the hypothesis that
N depends solely on the concentration of counterions in solution,
Caq, according to eq 1.1

Caq is calculated according to eq 2, taking into account
contributions from monomeric surfactant, added salt, and any
counterions dissociated from the micelles, and correcting the
counterion concentration for the excluded volume of the micelles

whereF ) 1/(1 - φ) is the correction factor for the micelle
volume andCad the concentration of added salt.

It is hence possible to prepare a series of surfactant/salt
solutions such that the overall free counterion concentration is
invariant across a wide range of surfactant concentration.2

According to eq 1N remains invariant across this series and
accordingly the micelle morphology should not change either.
Further, it was recognized that for dodecyl sulfate micellesN* Corresponding author. E-mail: paula3@cardiff.ac.uk.

N ) N(Caq) (1)

Caq ) F(R([surfactant]- [monomer])+ [monomer]+ Cad)
(2)
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varies according to the following power law2

whereN0 denotes values at the cmc andγ is a constant. A recent
study of sodium dodecyl sulfate (SDS), dodecyl trimethylam-
monium chloride (DTAC), and bromide (DTAB) used small-
angle neutron scattering (SANS) coupled with time-resolved
fluorescence quenching (TRFQ) to study SDS/NaCl, CTAB/
NaBr, and CTAC/NaCl series.3 This paper demonstrated that
these three surfactants behave as described by eq 3.

In a recent series of papers, Bales et. al have presented work
on the solution properties of a series of tetraalkylammonium
dodecyl sulfates (TAADS), surfactants with tetra methyl-
(TMADS), ethyl- (TEADS), propyl- (TPADS), and butyl-
(TBADS) ammonium counterions.4-7 For all of the TAADS
there was a discrepancy between the value ofR obtained at the
cmc from conductivity measurements and those at higher
surfactant concentrations (with and without added salt) obtained
from EPR.5 For example, for TMADS,R0 ) 0.20 from
conductivity andR ) 0.34 from EPR. This discrepancy is the
motivation for the present work. In the earlier work5 it was not
possible to distinguish between two possibilities: (1) both
conductivity and the aggregation number based determinations
of R were correct, implying thatR increases with aggregation
number, or (2) either conductivity or aggregation number based
determinations ofR were incorrect. This latter possibility would
cast doubt on the hypothesis thatN ) N(Caq).

In this work we have chosen to study TMADS as a constant
Caq series with added tetramethylammonium chloride (TMACl).
Small-angle neutron scattering (SANS) was performed to test
the hypothesis that the TMADS micelles do not change either
size or shape across the constantCaq series. In addition PGSE-
NMR and eNMR experiments were performed to provide
independent values forR. As both the surfactant and counterion
have NMR signals it is possible to obtain information on the
charge and mobility of each species separately. The NMR
techniques are therefore particularly sensitive to changes inR.

Materials

Tetramethylammonium dodecyl sulfate (TMADS) was syn-
thesized and purified as described previously.4 Tetramethylam-
monium chloride (TMACl) was purchased from Aldrich and
used as received. Samples were prepared in D2O by diluting a
stock surfactant solution with the appropriate salt solution. Since
within a Caq seriesCaq ≡ [salt] where [surfactant]) 0, the salt
concentration required for each series was calculated from the
appropriate starting surfactant concentration, using a value of
R ) 0.3 in eq 2, and assuming thatR remains constant
throughout the series. The value of 0.3 was obtained previously
by EPR, but may also be determined from a PGSE-NMR
experiment at the starting surfactant concentration.

Techniques

Small-Angle Neutron Scattering (SANS). The SANS
measurements were performed as described previously3,9 on the
fixed-geometry, time-of-flight LOQ diffractometer (ISIS Spal-
lation Neutron Source, Oxfordshire, UK).

The intensity of the scattering data is given byI(Q) ) Vpφ(F1

- F2)2P(Q)S(Q) - Binc, whereVp is the volume of a particle
(or in this case micelle),φ the volume fraction, and (F1 - F2)2

the contrast term that describes the difference in scattering length
density between the solvent (subscript 2) and the micelle
(subscript 1).Binc is the incoherent background scattering, while

P(Q) andS(Q) are respectively the form factor (which describes
the particle morphology) and structure factor (which describes
interparticle interactions). The scale factor (Vpφ(F1 - F2)2) is
calculated from the known sample composition and compared
to the fitted value to check the suitability of the model.

The data were fitted using the FISH analysis program
developed by Heenan.8 In this case the data were best described
by a model for a ellipsoid interacting by anS(Q) for charged
spheres. The form factor is described elsewhere.9 (Polydisperse
spheres were not appropriate.) Previously work in our group
developed a more complex core-shell model to fit similar
surfactant micelle data,9 using the degree of hydration of the
headgroup region of the micelle measured by EPR and TRFQ
derived aggregation numbers to constrain the SANS fit. For the
micellar systems studied here, however, a simpler solid ellipse
approach is entirely sufficient. There are two reasons for this:
first, and in contrast to the previous SDS case, the scattering
length density of the TMA+ headgroups (Fsld ) 0.36 × 1010

cm-2) is closely matched to that of the hydrocarbon tail (Fsld )
-0.36 × 1010 cm-2) value, and hence the principal contrast
step lies at the headgroup/D2O interface (Fsld(D2O) ) 6.33×
1010 cm-2). It is therefore extremely difficult to attempt to
extract more detailed information without a high number of
constraints in the model. Second, we are looking for significant
changes in micelle shape only (or the absence thereof) and hence
a more detailed picture of localized micelle structure is not
required. This less complex approach was used successfully for
DTAB and DTAC to illustrate the consistency in micelle
morphology across the constantCaq series.9

The structure factorS(Q) was calculated using the Hayter
and Penfold model10 for spheres of a given micellar concentra-
tion, charge, and ionic strength, incorporating refinements for
low -volume fractions and a penetrating ionic background. This
spherical approximation remains valid for ellipsoids of low axial
ratio, as is the case here. The charge and screening length were
the only parameters in the structure factor refined by the fit.
Although in theory it is possible to extract the micellar charge
(and therefore the degree of counterion dissociation via the
aggregation number) from the fitted values for the structure
factor, the fitting process can be insensitive toR. By comparison,
the NMR approach is a more direct and sensitive probe ofR,
so we use the NMR data to findR and treat theS(Q) from SANS
empirically.

Pulsed-Field Gradient Spin-Echo NMR (PGSE-NMR).
Measurements were conducted on a Bruker AMX360 NMR
spectrometer using a stimulated echo sequence as described
elsewhere.11 This configuration uses a 5 mmdiffusion probe
(Cryomagnet Systems, Indianapolis) and a Bruker gradient
spectroscopy accessory unit.

The self-diffusion coefficientDs is extracted by fitting the
integrals for a given peak to eq 4

whereA is the signal intensity andk ) -γ2G2{[30∆(δ + σ)2

- (10δ3 + 30σδ2 + 35σ2δ + 14σ3)]/30}, where γ is the
magnetogyric ratio,∆ the diffusion time,σ the gradient ramp
time, δ the gradient pulse length, andG the gradient field
strength.

Electrophoretic NMR (eNMR). Measurements were con-
ducted on a Bruker AMX300 NMR spectrometer using a
custom-designed glass U-tube of 2 mm outside diameter and
coated internally with polyacrylamide to reduce electroosmo-
sis.12 The arrangement is held in the center of the active volume
of a 10 mm diffusion probe (Cryomagnet Systems, Indianapolis,

N ) N0(Caq/cmc0)
γ (3)

A(δ,G,∆) ) Ao exp[-(kDs)] (4)

15776 J. Phys. Chem. B, Vol. 109, No. 33, 2005 Paul et al.



IN). A constant current pulsed electric field generator designed
by S. Woodward (University of North Carolina, Chapel Hill,
NC) was used to deliver the current to two platinum wires
extending just below the liquid surfaces.

In the presence of an electric field, charged micelles attain a
drift velocity V that is superimposed upon their random
diffusional motion. The displacement induced by the electric
field, typically 20µm, was quantified using the spatial resolution
of a simple form of NMR imaging.13,14 This coherent motion
induced by the electric field results in a phase shift of the spin-
echo given by

where I is the integral of the relaxation-weighted Fourier
transformed peak intensity in the absence (I0) and presence
(I(G,δ,∆,ν)) of flow and field gradients. The exponential term
accounts for the attenuation due to diffusion. To maximize the
electric field induced displacements with manageable pulsed
electric fields, a diffusion time (∆) of 0.5 s was used, which
necessitated a stimulated echo sequence withτ ) 10 ms. The
attenuation of the signal due to relaxation was therefore kept
to a minimum, and was approximately 30%. Typically, gradient
pulses were 1 ms in duration (δ) with intensity (G) 0.44 T/m.
The sample concentrations for eNMR are limited by the sample
conductivity, hence a lower concentration was used than for
the SANS study.

Results and Discussion

We first discuss characterization of the micelle morphology
by SANS and the prediction of eq 3 based on TRFQ, to provide
a basis from which to interpret the NMR data. For experimental
reasons, the SANS and NMR series were carried out at slightly
different concentrations, but this has no significant impact on
the conclusions.

SANS.Figure 1 shows the SANS data and fits to the ellipsoid
model for a TMADS constantCaq series. The corresponding
parameters extracted from the fit are shown in Table 1. It is
clear that micelle size and shape are invariant across the whole
surfactant concentration range studied, consistent with behavior

for other constantCaq series studied previously. In contrast to
the approach used previously, for the data presented here no
attempt was made to constrain the fit (for example, by limiting
the ellipticity, aggregation number, or core radius) in a manner
necessary for a more complex analysis of the data, rather the
core radius was allowed to float freely. As the model is relatively
insensitive to changes in ellipticity this was varied systematically
to obtain the best fit to the data based on a nonlinear least-
squares analysis.8 GenerallyX was increased ifR became too
large for the all-trans length of the surfactant. The quality of
the fit was tested by comparison of the fitted and calculated
scale factors as described previously. SANS aggregation
numbers were obtained using a micellar volume calculated from
the fit parameters:Vmic ) (4πR3X)/3, whereX is the ellipticity,
and a calculated volume of the monomeric surfactant obtained
from the sum of the contributing fragments (VC12 chain) 358 Å3

(ref 15) + Vsulfate anion) 60.3 Å3 (ref 16) + VTMA+ ion ) 155
Å3.sthe latter was calculated from the relative molecular mass
using an assumed mass density of 0.8 g cm-3). Vmonomerwas
hence obtained as 573 or 526 Å3 allowing for a nominal 30%
dissociation of the TMA+ counterions. Aggregation numbers
from SANS and those calculated from TRFQ measurements are
given in Table 1. Good agreement between the two methods
was observed; the SANS data are within the error onVmonomer.
As a further checkN may also be calculated from the volume
of the micelle core. This was calculated using the overall fitted
ellipticity (X ) 1.7), using an assumed minor radius equal to
the extended length of a C12 chain (R ) 16.7 Å). Division by
the volume of a C12 chain givesN ) 92, in excellent agreement
with TRFQ.

The SANS results are consistent with those of Berr et al.,17

who obtained an ellipticity of 1.4 withN ) 71. Most
importantly, it has been clearly shown that there is no significant
change in micelle size or shape across the constantCaq series.

PGSE NMR. As the counterion and surfactant have different
chemical shifts, it is possible to study their individual mobilities.
The micelle self-diffusion coefficient can be obtained from the
dodecyl chain peak, which is an average mobility containing
contributions from both monomeric and micellized surfactant.
The monomer-corrected self-diffusion coefficientDs(micelle)was
obtained from eq 6, wherex is a mole fraction. The monomer
concentration is taken as the cmc) 5.5 mM for TMADS.4

Mobility of the (monomeric) dodecyl anionDs(monomer) was
obtained previously from a sodium dodecyl sulfate (SDS)
sample below the cmc.

1D spectra (not shown) demonstrated that there is no
difference in the chemical shift of the tetramethylammonium
(TMA+) peak between the surfactant and the salt samples. The
measured self-diffusion coefficient obtained from the TMA+

peak therefore contains contributions from both bound and free
counterions according to eq 7:

where x(TMA+) is the mole fraction of TMA+ counterions in
solution, including contributions from monomeric surfactant,

Figure 1. SANS data and fits from the TMADS/TMADCl constant
Caq series. [TMA+] ) 16 3mM. Lines are fits to the ellipse model as
described in the text. TMADS (mM)/TMADCl (mM): 400/0 (closed
circles), 328/31 (open circles), 256/62 (closed squares), 184/92 (open
squares), 112/123 (closed triangles), 6/154 (open triangles). For
presentation purposes data and fits are scaled in intensity by a factor
of 15, 11, 8, 6, 3, and 0, respectively.

I(G,δ,∆,ν) ) Io cos(γGδν∆) exp[-γ2δ2G2(∆ - δ
3)Ds] (5)

Ds(micelle))
〈Ds(measured)〉 - (x(monomer)‚Ds(monomer))

1 - x(monomer)
(6)

〈Ds(TMA+)〉 ) x(TMA+)‚Ds(TMACl) + (1 - x(TMA+))‚Ds(micelle) (7)
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added salt, and those dissociated from the micelles:

where R is the degree of counterion dissociation. The self-
diffusion coefficient of free TMA+ ions was obtained by
measuring a salt (TMACl) solution.

Table 2 reports the self-diffusion coefficients for the micelle
and counterion from a 100 mM TMADS constantCaq series,
including values for the monomeric dodecyl anion and free
TMA+ from a TMACl solution. With increasing TMADS
concentration the effective diffusion coefficient of the DS- peak
falls off slightly, reflecting the decreasing relative contribution
from the monomer. The TMA+ peak, meanwhile, has a more
pronounced decrease, due simply to the greater difference in
size between TMA+ and the micelle.

From these values is it possible to calculate the degree of
counterion dissociation using eqs 7 and 8.RTMA+ is obtained as

0.33 ( 0.05 throughout the series, as shown in Table 2. This
value of RTMA+ is higher than the degree of counterion
dissociation for TMADS obtained from conductivity measure-
ments, from whichRTMA+ ) R0 ) 0.2.4 However,X(TMA+) )
0.33 is in agreement with the value obtained from EPR
measurements.5

eNMR. A similar set of equations may be written to obtain
RTMA+ from the electrophoretic mobility:

In this case, however the situation is slightly more complex;
the application of an external field means that TMA+ counter-
ions bound to the negatively charged micelle are dragged in
the opposite direction to free TMA+ ions (dissociated surfactant
counterions and TMA+ salt cations). Hence, at a given stoichi-
ometry, dependent on the degree of counterion binding, the
overall mobility will pass through zero. As the eNMR experi-
ment returns only the magnitude of the mobility, not the sign,
a minimum inµ( will be observed.

For 100 and 200 mM TMADS solutions the degree of
counterion dissociation (in the absence of added salt) was
calculated from the appropriate forms of eqs 9 and 10 to give
RTMA+ )0.32, in excellent agreement with the PGSE-NMR
results.

Figure 2 shows the electrophoretic mobilities (corrected for
the monomer contributions via the appropriate form of eq 7)

TABLE 1: Parameters from Fits to SANS Data for the TMADS/TMADCl Constant Caq Series ([TMA+] ) 163 mM)

[TMADS]/
mM

[TMACl]/
mM

R/
Å ((2 Å)

ellipticity
X

scale ratio
(obs/calc)

N(SANS)
((5) N(TRFQ)a

400 0 19.8 1.7 0.9 83 92
328 31 19.7 1.7 0.9 82 92
256 62 20.0 1.7 1.0 86 92
184 92 19.8 1.7 1.0 83 92
112 123 19.8 1.7 1.3 83 92

6 154 16.7 1.65 0.8 83 92

a Calculated based on eq 3, using valuesN0 ) 61 andγ ) 0.118 derived from TRFQ.

Figure 2. eNMR and conductivity data for the TMADS constantCaq series [TMA+] ) 39.9 mM. Cosine fit to equation TMA+ ions (filled squares)
and micelles (filled circles). Also shown are conductivity data (open triangles). Lines are data from eq 10 for assumed values ofR: 0.25 (dash-
dot), 0.35 (solid), and 0.45 (dotted).

TABLE 2: Results from PGSE-NMR Experiments for the
TMADS/TMADCl Constant Caq series ([TMA+] ) 39.9 mM)

[TMADS]/
mM

[TMADCl]/
mM

Ds(TMA+)/
×10-6 m2 s-1

Ds(DS-)/
×10-6 m2 s-1

calcd
RTMA+

100 0.0 9.2 1.1 0.35
80 7.2 10.9 1.6 0.39
60 14.5 12.3 1.8 0.35
40 21.8 14.6 2.3 0.33
20 29.0 18.0 3.3 0.29
0 36.3 22.0

xTMA+ )
[TMACl] + [monomer]+ R([surfactant]- [monomer])

[surfactant]+ [TMACl]
(8)

µ((DS-micelle) )
µ((DS-measured)- (X(monomer)‚µ((DS-monomeric))

1 - X(monomer)
(9)

µ((TMA+) ) X(TMA+)‚µ((TMACl) + (1 - X(TMA+))‚µ((DS-micelle)

(10)
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plotted against the monomer corrected surfactant concentration
for a 100 mM constantCaq series. Clearly, the micelle mobility
remains unchanged across the series. Since we know from SANS
that there is a constant aggregation number, this indicates a
constant charge on the micelles and hence a constant degree of
counterion dissociation, independent of surfactant and salt
concentration. This is as expected within the constantCaq

framework. The electrophoretic mobility for any given surfactant
concentration within theCaq series can be predicted with
reasonable accuracy from an appropriate form of eq 9, as shown
by the solid line in Figure 2. Figure 2 confirms thatRTMA+ )
0.35, as found from the diffusion experiments. This approach
makes no assumptions regarding the size and shape of the
micelles, save thatN remains constant, as shown by SANS.

The conductivity (also plotted in Figure 2) shows a linear
decrease with increasing surfactant concentration. Conductivity,
being a macroscopic property, is determined by the concentration
of the ions and their ionic mobility. The observed decrease in
conductivity is therefore consistent with an increased proportion
of the charge being associated with slower moving micelles.
This tangentially highlights the usefulness of eNMR in terms
of obtaining ion specific information that cannot be extracted
from simple conductivity measurements.

Theú potential at the micelle surface can be calculated from
the electrophoretic mobilities using the large particle limit
described by the Helmholtz-Schmoluchowski equation. As
described previously18 the relative counterion dissociation may
be calculated with reference to the known3 values ofR(Na+) )
0.27,N ) 72, andµ ( for SDS micelles in a 50 mM aqueous
solution. Table 3 demonstrates the consistency across the
constantCaqseries ofR(TMA+) found from this approach, which
in contrast to the previous analysis is reliant on the absolute
values ofµ( andN. For TMADS,N at 100 mM concentration
was calculated from earlier TRFQ data via eq 3 whereN0 )
61, γ ) 0.118, andR ) 0.3. The values ofR(TMA+) are on
the order of 0.33-0.35, in excellent agreement with both PGSE-
NMR, EPR, and other eNMR data.Comparing both constant
Caq series, results show that at these relatively high surfactant
concentrations, and in the absence of added salt, thatRTMA+

remains approximately constant at 0.35, consistent with small
changes inN in this concentration domain. The present work
supports the aggregation number based determination ofR
according to eqs 1 and 2. This implies that either the conductiv-

ity method of determiningR is not valid for TAADS or thatR
increases as a function ofN. The experimental approach
validated here will clearly be of use in addressing this possibility
and has also established an ideal protocol for investigating the
more complex behavior of TBADS.5,6

Conclusions

Small-angle neutron scattering experiments have shown that
the size and shape of TMADS micelles remain constant over a
wide range of surfactant concentrations where TMACl is added
to keep the solution counterion concentration constant, i.e.,
TMADS conforms to the expected constantCaq behavior. From
PGSE-NMR and eNMR experiments the degree of counterion
dissociation was shown to be 0.33. This value conflicts with
the RTMA+ obtained at the cmc from conductivity, but is in
agreement with EPR studies which also obtain a higher value
for RTMA+.
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TABLE 3: eNMR Results for the TMADS/TMADCl Constant Caq Series

[TMADS]/
mM

[TMADCl]/
mM

µ((TMA +) × 108/
m2 V-1 s-1

µ((DS-) × 108/
m2 V-1 s-1

ú- potential/
mV

relative
R(TMA +)a

relative
R(TMA +)b

100 0 0.85 4.87 -58 0.33 0.32
80 7.2 2.93 5.00 -63 0.32 0.31
60 14.5 3.06 4.80 -57 0.34 0.32
40 21.8 1.10 5.24 -60 0.31 0.30
20 29.0 1.81 5.07 -59 0.34 0.32
0 36.3 2.81

a N ) 83 (SANS at 400 mM).b N ) 80 calculated for [TMA+] ) Caq ) 39.9 mM, using eq 2.
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