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Introduction

The association properties of the n-alkyltrimethylam-
monium bromide series (C,TAB) of surfactants have
been extensively studied. Changes in the size [1-4], shape
[5-7] and ionization [8] of the C,TAB series with an
increase in the hydrocarbon chain length from eight to
16 have been reported. Zielinski et al. [9, 10] reported
the adiabatic compressibilities and apparent molar
volumes of octyl-, decyl-, dodecyl-, and tetradecyltrim-
ethylammonium bromides. De Lisi et al. [11] measured
the thermodynamic properties of nonyl- and decyltrim-
ethylammonium bromides. In previous work [12—14] we
investigated the micellar behaviour of C,TAB with
n=2_8, 10, 12, and 14 in different media and at several
temperatures to gain information on the effect of pH
and alkyl chain length on the thermodynamics of
micellization of these surfactants. In a recent study [15]
we extended the work on the C, TAB series by measure-

the concentration dependence of
"H NMR chemical shifts of four
protons along the alkyl chain of

Keywords n-Hexyltrimethyl
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ments of the physicochemical properties of aqueous
solutions of C¢TAB. The critical aggregation concen-
tration (cac) and counterion binding were determined
from conductivity and ultrasound velocity measure-
ments at temperatures between 15 and 45 °C and in a
range of electrolyte concentrations up to 0.6 molkg™
NaBr. In addition, apparent adiabatic compressibilities
were calculated from a combination of ultrasound
velocity and density measurements. The results of this
study led to the suggestion of very small aggregates with
a highly organized core and a high degree of exposure of
the associated components to the aqueous environment.

In the present study we extend our investigation of
the association properties of C¢TAB with particular
emphasis on the influence of electrolyte on aggregate
size and ionization. A possible structure for the Cs,TAB
aggregate is proposed from measurements of the
chemical shift of selected protons on dilution using
NMR techniques.
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Experimental

Materials

C¢TAB was obtained from Lancaster Synthesis. Water was double-
distilled, deionized, and degased before use. Sodium bromide
(Fluka) was of analytical grade. Solutions for the NMR studies
were prepared in 99.93% deuterium oxide (Sigma-Aldrich, UK).

Light scattering measurements

Static light scattering measurements were made at 25 £ 0.1 °C
using a Malvern 7027 laser light scattering instrument equipped
with a 2-W argon ion laser (Coherent Innova 90) operating at
488 nm with vertically polarized light. The solutions were clarified
by ultrafiltration through 0.1-um filters with the ratio of light
scattering at angles of 45° and 135° not exceeding 1.10. The
refractive index increments of C4TAB were measured at
25 + 0.1 °C using an Abbé 60/DE precision refractometer (Bell-
ingham and Stanley). Measurements over the range of electrolyte
concentration showed no effect of electrolyte on the value of the
refractive increment within the limits of the error of the measure-
ment.

Dynamic light scattering measurements were made at
25 + 0.1 °C at a scattering angle of 90° with the Malvern
instrument described earlier combined with a Brookhaven BI
9000AT digital correlator with a sampling time range of 25 ns to
40 ms. The solutions were clarified as described previously. The
diffusion coefficients were determined from a single-exponential fit
to the correlation curve. The hydrodynamic radii were calculated
from measured diffusion coefficients by means of the Stokes—
Einstein equation.

NMR spectroscopy

"H NMR spectra were recorded using a JEOL EX270 270 MHz
spectrometer at 20 = 0.1 °C. The chemical shifts of selected peaks
were accumulated using a peak-pick facility. All spectra were
compared with sodium 3-(trimethylsilyl)propionate, which acted as
an internal standard.

Results and discussion
Static light scattering

The variation of the intensity of light scattered from a
solution at 90° relative to the scattering from benzene
(Sgp) is shown in Fig. 1 as a function of the n C,TAB
concentration, m, at electrolyte concentrations between
0.2 and 0.7 molkg™' NaBr.

The cac, corresponding to the intersection of the
scattering curve and the theoretical line representing
ideal scattering from monomers (shown by a dashed line
in Fig. 1), are given in Table 1. The cac values are higher
than those previously determined by ultrasound velocity
techniques [15], most probably as a consequence of the
differently weighted averages from these techniques that
become significant for the weakly associating, polydis-
perse systems under investigation. The aggregation
numbers, N, and effective micelle charges, z, were
calculated according to the Anacker and Westwell [16]
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Fig. 1 Variation of the scattering ratio, Sy, with concentration, m,
for n-hexyltrimethylammonium bromide (C¢TAB) in aqueous NaBr
solutions of concentrations of 0.2 molkg™" (squares), 0.3 molkg™'
(circles), 0.4 molkg™" (diamonds), 0.5 molkg™" (up triangles), and
0.7 molkg™" (down triangles) at 25 °C. Monomer line (—)

Table 1 Aggregation properties of n-hexyltrimethylammonium
bromide (C¢TAB) in aqueous electrolyte solution at 25 °C from
static light scattering. Estimated uncertainties: critical aggregation
concentration (cac), aggregation number (N) and oy + 20%

[NaBr] (molkg™) cac (molkg™) N  « AGY, (kJmol™")

0.2 0.61 3 0.4 -17.6
0.3 0.58 3 0.5 -17.2
0.4 0.55 3 0.5 -17.3
0.5 0.46 4 0.5 -17.8
0.7 0.43 4 0.6 -17.5

treatment, in which the light scattering from solutions of
ionic aggregates is represented by

K'my 2m; +N’l(z+zz)m2

ARgy 2N 4+ 2N-'(z +22)f2 = 2fz]m3 + zm; (1)

where ARy is the Rayleigh ratio of the solution in excess
to that of a solution at the critical concentration, m, is
the molality of the aggregated species in terms of
monomer, m, is the molality of the supporting electro-
lyte (including free monomer), and f = (dn/dms),, /

(dn/dm,),, . K for vertically polarized incident light is
defined by
K' = 4r*n}(dn/dmy),, VO /LI* (2)

with ng being the refractive index of the solvent (water or
aqueous NaBr containing surfactant at the cac), V° the
volume of solution containing 1 kg water, L Avogadro’s
number, and A the wavelength of the incident light
(488 nm). Expansion of Eq.(1) in powers of m, leads to



338

%:A+Bm2+--- : (3)
where

A=4N[(2N — f2) 42/ B (4)
and

B=zA(2m3) "' [(1 +2)N~' — 4] . (5)

An aggregation number of 3 was determined previ-
ously by light scattering for CsTAB in water [15].
Although the micellar parameters calculated by this
treatment should be regarded with caution in view of the
possible errors associated with application of this theory
to systems of such low aggregation number, the results
of Table 1 nevertheless serve to show a minimal
influence of electrolyte concentration over the range 0-
0.7 molkg™" NaBr. This behaviour is in contrast with
that of the short-chain anionic surfactant sodium hexyl
sulphate (SHS) [17], the aggregation number of which,
as calculated by the same theoretical treatment of light
scattering data, increases from 3 to 8 with an increase in
electrolyte concentration over the range 0-0.5 molkg™'
NaCl.

Values (per mole of monomer) of the standard Gibbs
energy change on aggregate formation, AGY, were
calculated from the following expression [18], assuming
that the self-assembly of these molecules may be
described using the mass-action model,

AGY = (2 — 2)RT In Xy (6)

where X... is the critical aggregation concentration
expressed as a mole fraction (including bromide ions
from the free monomers) and « is the degree of
ionization (¢ =z/N). Table 1 shows no consistent change
in AGY with electrolyte concentration as might be
expected from the lack of aggregate growth with
electrolyte addition.

Dynamic light scattering

The apparent diffusion coefficients, D, of C4TAB in
water and aqueous electrolyte solutions are presented in
Fig. 2 as a function of the aggregate concentration, mi,.
The experimental data were fitted with the linear
function

D = Dy(1 + kiyms) (7)

where Dy is the limiting diffusion coefficient. Measure-
ments of the apparent diffusion coefficients of surfac-
tants with a high cac may be strongly influenced by the
presence of monomers that produce a rapid increase in D
in the vicinity of the cac. To avoid this potential source
of error, measurements were restricted to a concentra-
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Fig. 2 Diffusion coefficient, D, as a function of the aggregate
concentration for CsTAB in aqueous NaBr solutions of concentra-
tions of 0.2 molkg™" (squares), 0.3 molkg™" (circles), 0.4 molkg™
(diamonds), 0.5 molkg™" (up triangles), and 0.7 molkg™ (down
triangles) at 25 °C

tion in which D was a linear function of molality [19, 20].

Hydrodynamic radii, r,, were derived from the limiting

diffusion coefficients using the Stokes—FEinstein relation-

ship:

Th = 6kBT ; (8)
mnDy

where kg is the Boltzmann constant, 7 the temperature,
and 7 the solvent viscosity. Table 2 shows only a slight
increase of hydrodynamic radius as a function of added
salt concentration, in agreement with the minimal effects
of electrolyte on aggregation number. It is of interest to
compare these results with the effects of electrolyte on
the size of SHS aggregates [17]. These two Cg-chain
surfactants have identical r, (and N) values in
0.2 molkg™" electrolyte; however, the hydrodynamic
radius of SHS increased by 32% with an increase in
electrolyte concentration to 0.5 molkg™' compared to
only 17.5% for C¢TAB, in line with corresponding
changes in aggregation number (N=28 for SHS in
0.5 molkg™" NaCl).

Table 2 Limiting diffusion coefficient, Dy, and hydrodynamic ra-
dius, r,, of C4TAB in aqueous electrolyte solution at 25 °C. Esti-

mated uncertainties: Dg and 1, + 5%

[NaBr] (molkg™) 10'° Dy (m%s7h) ry, (D)
0.2 6.12 0.40
0.3 5.96 0.41
0.4 5.82 0.42
0.5 5.19 0.47
0.7 4.81 0.51
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Fig. 3 Variation of the 'H chemical shift for the four selected protons
of the C4TAB molecule as a function of the reciprocal concentration
in 0.5 molkg™'NaBr. The dashed lines represent the Gaussian fit of the
second derivative derived as outlined in the text

NMR spectroscopy

The self-association of C4TAB was further investigated
by high-resolution NMR spectroscopy. 'H NMR spec-
tra of C4TAB solutions at a range of concentrations well
below and above the cac were compared at electrolyte
concentrations over the range 0.0-0.5 molkg™' NaBr.
The assignment of the spectral lines was by comparison
with literature spectra [21-24]. The chemical shifts, o, of

the four selected protons shown in Scheme 1 are plotted
as a function of reciprocal concentration in Fig. 3.

A downfield shift on aggregation is noted for
proton 1, with upfield shifts observed for protons 2, 3,
and 4. Inflections in the plots of Fig. 3 were detected by
analysis of the data using a recently developed procedure
[25] based on the Runge—Kutta numerical integration
method and the Levenberg—Marquardt least-squares
fitting algorithm. This analytical procedure, which is of
particular value in the determination of inflections in
data from systems of low aggregation number, is based
on the Phillips definition of the critical micelle concen-
tration as the concentration corresponding to the
maximum change in the gradient in plots of the solution
chemical shift versus concentration [26]. The cac from
the chemical shift data may be defined as

RER) >
m=cac

<d (1/m)*

The results of the analysis of the data of the selected
protons of C¢TAB in the presence of 0.5 molkg™' NaBr
are shown in Fig. 3 as plots of the measured chemical
shift and a Gaussian fit of its second derivative derived
as outlined earlier. Similar plots were obtained for all the
electrolyte concentrations studied. The values of the cac
obtained by this method for each of the selected protons
were similar (Table 3) and in reasonable agreement with
the values from static light scattering.

An examination of the magnitude and sign of the
changes of chemical shift on aggregation can provide an
insight into the possible ordering of molecules in the
aggregates. The upfield shifts for protons 2, 3, and 4
indicate that these protons are transferred to a more
apolar environment on self-association [27]. In contrast,
the downfield shift of proton 1 indicates a stronger
interaction with water molecules. In typical spherical
aggregates the magnitude of the chemical shift on
aggregation for protons along the alkyl chain decreases
with a decrease in the packing density on moving
outwards from the core to the aggregate surface. This
decrease in shift is a result of a decrease in the screening
effect on the protons [28]. Examination of Fig. 3 shows
an increase in the magnitude of the chemical shift in the
order proton 4 <proton 3 <proton 2, suggesting an in-
crease in packing density on moving outwards from the

©)

Table 3 cac and N determined

from the chemical shifts of [NaBr] (molkg_l) Proton 1 Proton 2 Proton 3 Proton 4
selected protons along the alkyl
chain of CsTAB (Scheme 1). cac N cac N cac N cac
Estimated errors in N and cac
are +1and +0.05 molkg_l, 0.0 0.61 — 0.64 — 0.63 — 0.60
respectively 0.2 0.54 2 0.59 2 0.57 — 0.57

0.3 0.54 3 0.58 2 0.54 3 0.52

0.4 0.50 3 0.54 3 0.50 4 0.49

0.5 0.40 4 0.44 5 0.42 6 0.45




340

centre of the aggregate, rather than inwards as in typical
micelles. A suggestion for a possible arrangement of
monomers, which satisfies these requirements and also
ensures maximum separation of charges, is an aggregat-
ed structure formed by three (or four) monomers
crossing each other in the region of their second alkyl
carbons (Fig. 4). There is a high degree of exposure of
alkyl chains to the aqueous solvent in such small
structures, as indeed was noted from the results of our
earlier study on SHS [17].

If we assume that the mass-action law is applicable to
aggregates of this size, the aggregation numbers may, in
principle, be derived from the chemical shift data. The
chemical shift can be written [29, 30]

5obsd = @5m ) (10)
m

where m, and m are the aggregate concentration and the
total solute concentration respectively. Jopsq 1S the
observed chemical shift and o,, the shift of aggregated
solute both taken relative to the chemical shift of the
monomer, determined by extrapolation to zero solute
concentration. It is possible to express the concentration
of monomer as

5111 - 50 S
4] = m = (11)
Om
and the aggregate concentration as
50 N
Np%]:n15bd (12)

Fig. 4 Proposed structure of aggregates of C4sTAB

Then the expression for the mass-action equilibrium
constant, K, is

In(mdobsa) = N In[m (S — dobsa)] + InK + In N
(V= 1)Inéy, . (13)

Plots of In(mdonsq) against In[m(dm — dobsa)] thus
yield the aggregation number and the equilibrium
constant. The chemical shift data for C¢TAB in
0.5 molkg™" NaBr plotted according to Eq. (13) are
shown in Fig. 5. Similar plots were obtained for data in
the other electrolyte concentrations studied. The aggre-
gation numbers derived by this method using the data
for protons 1-3 at each electrolyte concentration are
shown in Table 3. The values obtained support the
conclusions from light scattering that there is limited
self-association of this surfactant.

The small size of the aggregates of C4TAB calls into
question whether these are true micelles in the accepted
sense and, hence, whether we are justified in our use of a
mass-action model of micellization. The presence of an
inflection point in the light scattering plots of this study
and those observed in conductivity and ultrasound plots
of our previous study [15] support the assumption that
the self-association conforms to a closed model. More-
over, the enthalpy of micellization of C{TAB predicted
by application of the mass-action model to cac data was
in good agreement with the value measured directly by
microcalorimetry [15]. In addition, our experience from
measurements on solutions of weakly associating drugs
has shown a clear distinction between those exhibiting
such inflections, which behave as micellar systems, and
others in which there is a continuous change in
properties with concentration increase, which can be
modelled by open association models [31].
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Fig. 5 NMR chemical shift data of selected protons plotted
according to Eq. (13) for C4TAB in 0.5 molkg™' NaBr
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Conclusion

Our study has shown that C4,TAB forms trimers or
tetramers in aqueous electrolyte solution of concentra-

cross each other in the region of their second alkyl
carbons, which provides maximum separation of charge

tion up to 0.7 molkg™'. Measurement of chemical shifts

of selected protons along the hydrophobic chain by
NMR has suggested an aggregate in which monomers

Xunta de Galicia.

but results in a high degree of exposure of alkyl chains to
the aqueous solvent.
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