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The self-association of n-hexyltrimethylammonium bromide
(C6TAB) in aqueous solution has been examined as a function of
temperature and electrolyte concentration. The critical micelle
concentration (CMC) and the degree of counterion binding (b)
were determined by conductivity measurement at temperatures
over the range 288.15–318.15 K. Ultrasound velocity measure-
ments were used to obtain the CMC in water and in a range of
concentrations of electrolyte (0.1 to 0.6 mol kg21 NaBr) and static
light scattering to obtain the aggregation number and the degree of
counterion binding in water at 298.15 K. The enthalpy change on
micellization in water was measured by microcalorimetry. Appar-
ent adiabatic compressibilities were calculated from a combination
of density and ultrasound velocity measurements. Changes in the
thermodynamic properties on micellization were determined by
applying the mass action model; good agreement was found be-
tween experimental and theoretical enthalpy changes. From com-
parison with the properties of other n-alkyltrimethylammonium
bromides it has been shown that the CMC of C6TAB in water is
lower than that predicted from the linear relationships between
CMC and the number of carbon atoms in the alkyl chain. Simi-
larly, the standard Gibbs energy of micellization is less negative
than predicted, and the degree of counterion binding is much
lower than for other CnTABs. It is suggested that the anomalous
behavior of C6TAB is a consequence of the more highly organized
core of the aggregates of very low aggregation number (3–4) and
the high degree of exposure of the micellar components to the
aqueous environment. © 1998 Academic Press

Key Words: hexyltrimethylammonium bromide; critical micelle
concentration; micelles; adiabatic compressibility; thermodynam-
ics of micellization.

INTRODUCTION

Surfactant molecules self-associate in aqueous solution because
the reduction of the hydrocarbon–water interface is energetically
favored; the critical concentration at which aggregation occurs

reflects the balance between the hydrophobic interaction of the
hydrocarbon parts of surfactant molecules and the hydration and
electrostatic repulsive effects of hydrophilic head groups (1). Both
the critical micelle concentration (CMC) and the properties of
aggregates are governed by several factors including the affinity
and size of the counterion, size of the head group, length of the
hydrocarbon chain, ionic strength, and pH (2).

Several authors have reported systematic studies on the micel-
lar behavior of then-alkyltrimethylammonium bromide series
(CnTAB). Zielinski et al. (3, 4) reported on the adiabatic com-
pressibilities and apparent molar volumes of octyl-, decyl-, dode-
cyl-, and tetradecyltrimethylammonium bromides. De Lisiet al.
(5) measured the thermodynamic properties of nonyl- and decyl-
trimethylammonium bromides. Micellar size has been determined
by both static and dynamic light scattering techniques (6–9), and
the transformation of shape of aqueous micelles of the CnTAB
series from spherical to ellipsoidal with increase of hydrocarbon
chain length from 8 to 16 has been discussed by several authors
(10–12). Zana (13) reported on the ionization of micelles of the
alkyltrimethylammonium bromides with alkyl chain lengths from
8 to 16. In previous publications (14–16), we investigated the
micellar behavior of CnTAB with n 5 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 this study, we have extended
the work on the CnTAB series by a detailed examination of the
physicochemical properties of aqueous solutions of C6TAB. Pre-
liminary evidence suggesting the possibility of self-association of
this surfactant was from the apparent solubilization of the water-
insoluble dye Sudan IV by concentrated aqueous solutions of
C6TAB. As far as we are aware, the aggregation characteristics of
this surfactant have not previously been reported.

EXPERIMENTAL

Materials

n-Hexyltrimethylammonium bromide (C6TAB) andn-hexa-
decyltrimethylammonium bromide (Lancaster MTM Research
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Chemicals Ltd.) had purities.98% and were used without
further purification. Water was doubly distilled, deionized, and
degased before use. Sodium bromide was AnalaR grade.

Conductivity Measurements

The conductance was measured by using a conductivity
meter (Kyoto Electronic type C-117), the cell of which was
calibrated with KCl solutions in the appropriate concentration
range. The cell constant was calculated using molar conduc-
tivity data for KCl published by Shedlovsky (17) and Cham-
berset al. (18). C6TAB solutions of known molal concentra-
tion were progressively added to water using an automatic
pump (Dosimat 665 Metrohm). The measuring cell was im-
mersed in a thermostat bath, maintaining the temperature con-
stant to within60.01 K. Temperature control was achieved
using a Hewlett Packard vectra computer.

Density Measurements

Density was measured at 298.15 K using a Anton Paar
60/602 densimeter with a resolution of 1026 g cm23. Temper-
ature control was maintained within60.005 K giving rise to
uncertainties in density of ca.6 1.5 3 1026 g cm23.

Ultrasound Velocity Measurements

Ultrasound velocity was measured at 298.15 K at a fre-
quency of 2 MHz using a Nusonic model 6380 concentration
analyzer (Nusonic, Inc.) with a temperature transducer con-
nected to a Hewlett-Packard digital microvoltimeter 3455A.
The sound velocity transducer was connected to a Hewlett-
Packard multimeter 3437A, the output of which was accessed
continuously by a computer giving an accuracy in the velocity
of 60.01 m s21. Temperature control was60.005 K, giving
rise to uncertainties in the measurement of ultrasound velocity
of ca.6 0.05 m s21 at molalities above the critical concentra-
tion. Measurements on more dilute solutions were subject to
increased error associated with the adsorption of C6TAB from
solution onto the walls of the cell.

Static Light-Scattering Measurements

Static light-scattering measurements were made with a
Malvern PCS 100 light-scattering instrument with vertically
polarized light of wavelength 488 nm supplied by a 2-W argon
ion laser (Coherent Innova 90). Solutions were clarified by
ultrafiltration through 0.1-mm filters until the ratio of light
scattering at angles of 45° and 135° did not exceed 1.10. The
refractive index increment of the aggregates of C6TAB was
measured using an Abbe´ 60/ED precision refractometer (Bel-
lingham and Stanley Ltd.).

Calorimetric Measurements

The calorimetric measurements were performed at 298.15 K
with a Beckman 190B microcalorimeter. This is a twin differ-

ential calorimeter in which the heat produced in the reaction
vessels is rapidly conducted through two surrounding thermo-
piles to an aluminum heat sink in which they are encased. The
thermopiles surrounding each reaction vessel are wired in
opposition in order that the thermoelectric response is a mea-
sure of the difference in heat flux from the two vessels. The
entire system is held in position by a yoke which can be rotated
to mix the components in the reaction vessels, heat effects due
to the rotation and friction in each vessel cancelling. The
calorimeter was calibrated as described by Pilcheret al. (19).
The reaction vessel was charged with 1 g ofsolution of known
molality and 1 g ofwater; the reference vessel contained 2 g of
water. Hence, on mixing the final molality was reduced to half
of its original value.

RESULTS

Critical Micelle Concentration and Counterion Binding

The influence of electrolyte on the CMC was investigated
using the ultrasound velocity technique. A plot of ultrasound
velocity u, as a function of total C6TAB molality m over a
wide concentration range at a temperature of 298.15 K is
illustrated in Fig. 1. The two linear segments of the plot,
corresponding to the monomeric and micellar forms of the
surfactant, intersect at the CMC. Similar plots were obtained
for C6TAB in the presence of NaBr from which the CMC
values of Table 1 were derived. To obtain the degree of
counterion bindingb, the data of Table 1 were plotted accord-
ing to

log CMC

5 2b log X2 1 DGm
o / 2.303RT1 ~1/n!log F~M1p! [1]

FIG. 1. Ultrasound velocityu of n-hexyltrimethylammonium bromide in
water as a function of molality at 298.15 K. The arrow denotes the CMC.
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whereM1p is the mole fraction of micelles at the CMC,n is the
aggregation number,X2 is the counterion concentration, andF
is a term involving activity coefficients for all species in
solution (20). The degree of counterion binding determined
from the gradient of the plot for C6TAB was 0.3. The value of
the standard free energy of micellization,DGm

o , calculated
from the intercept of the plot was212.40 kJ mol21. This value
is approximate as it was necessary to disregard the final term of
Eq. [1] in the calculation ofDGm

o because of a lack of infor-
mation on the fraction of surfactant in micellar form at the
CMC. The error associated with this approximation is likely to
be greater than usual in view of the very low aggregation
number involved (see following discussion).

The influence of temperature on the CMC was investigated
using conductimetric methods. In Fig. 2 we show representa-
tive conductivity plots of molar conductivityL as a function of
square root of molal concentration. Similar plots were obtained
at temperatures over the range 288.15–318.15 K. CMC values
determined from inflections in such plots are given in Table 2.
The increase in slope of the plots of molar conductivity versus
root concentration above the CMC is unusual. Generally the
slope of such plots decreases above the CMC because the

influence of electrical force relative to frictional force on the
micelles is reduced as a result of counterion binding. In the
absence of counterion binding, the electrical force increases
with micelle aggregation number, whereas the frictional force
increases only with the cube root of the aggregation number so,
if it were not for bound counterions, the slope would increase
above the CMC. However, for small micelles, these simple
relationships probably do not hold.

The variation of CMC with temperature can be described by
the second-order polynomial

CMC 5 A1 1 A2T 1 A3T
2 [2]

with the coefficientsA1 5 5.75 6 0.02 mol kg21, A2 5
23.453 1022 6 1 3 1024 mol kg21 K21, andA3 5 5.703
1025 6 2 3 1027 mol kg21 K22. The minimum CMC value
was atT* 5 302 6 1 K.

An approximate value of the degree of counterion bindingb
was calculated from the relationship

b 5 1 2 a 5 1 2 S2/S1 [3]

with a being the degree of ionization, which was determined
from the ratio of the mean gradients of conductivity against
concentration plots above (S2) and below (S1) the CMC (21).
A mean value of 0.3 was obtained; it was independent of
temperature over the temperature range of the study. This value
should be considered as an approximate value, not only be-
cause of the simplifications involved in the derivation of Eq.
[3] but also in view of the contribution to the conductivity
arising from the very small ionic micelles of this study.

Limiting molar conductivities at infinite dilutionL0 were
derived by fitting the conductivity data to the Onsager equation
in the form

L 5 L0 2 ~ AL0 1 B!m1/ 2. [4]

TABLE 1
Critical Micelle Concentrations (CMC) Obtained from Ultra-

sound Velocity Measurements of n-Hexyltrimethylammonium
Bromide as a Function of NaBr Concentration at 298.15 K

NaBr (mol kg21) CMC (mol kg21)

0.0 0.495
0.1 0.347
0.3 0.320
0.4 0.290
0.5 0.285
0.6 0.250

FIG. 2. Molar conductivityL of n-hexyltrimethylammonium bromide in
water as a function ofm1/ 2 at (Œ) 288.15 K, (■) 298.15 K, and (F) 318.15 K.
The arrows denote the CMCs.

TABLE 2
Critical Micelle Concentrations (by Conductivity) and Standard

Free Energy (DGm
o ), Enthalpy (DHm

o ), and Entropy (DSm
o ) of

Micelle Formation per Mole of Monomer for n-Hexyltrimethylam-
monium Bromides in Water as a Function of Temperature

T (K)
CMC

(mol kg21)
DGm

o

(kJ mol21)
DHm

o

(kJ mol21)
DSm

o

(J K21 mol21)

288.15 0.535 27.6 1.9 33
293.15 0.528 27.8 1.2 31
298.15 0.524 27.9 0.5 28
303.15 0.522 28.1 20.2 26
308.15 0.524 28.2 21.0 23
313.15 0.528 28.3 21.9 20
318.15 0.535 28.4 22.8 18
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Values ofL0 thus obtained (in S cm2 mol21) were 94.76 0.4
at 318.15 K, 94.06 0.4 at 313.15 K, 90.16 0.6 at 308.15 K,
89.26 0.3 at 303.15 K, 83.96 0.3 at 298.15 K, and 83.66
0.7 at 288.15 K.

Micelle Size

The static light-scattering data are presented in Fig. 3 as
plots of the scattering functionKm92/(R90 2 R90CMC) against
m92, where R90 and R90CMC are the Rayleigh ratios at 90°
from a solution of molalitym and a solution at the CMC,
respectively; m92 is m-CMC, and K is the usual optical
constant for vertically polarized light. The scattering data
were analyzed by the method proposed by Anacker and
Westwell (22) which indicated an aggregation number (n) of
the order of 3 and a degree of counterion binding of about
0.3, the latter being in agreement with the value from
conductivity methods.

Thermodynamics of Micellization

Figure 4 shows the experimentally measured enthalpies of
dilution DH of C6TAB in water at a temperature of 298.15
K as a function of the final concentration. Three concentra-
tion zones may be observed. Form , 0.4 mol kg21, DH has
a constant value of21.526 0.02 kJ mol21; for 0.4 , m ,
0.7 mol kg21, a transition zone exists in which the enthalpy
is concentration-dependent suggesting that aggregates start
to form; and for m . 0.7 mol kg21, DH again becomes
constant, indicating well-defined aggregates. The broad
width of the transition zone (approximately 0.3 mol kg21) is
expected for micelles of low aggregation number. The en-
thalpy of micellization, calculated from the difference be-

tween values for the monomeric and micellar states (23) is
0.57 6 0.02 kJ mol21.

The thermodynamic properties of micellisation were derived
by application of the mass action model as follows. The equi-
librium constantKm for the formation of micelles may be
written (24, 25)

1

Km
5 n

~2n 2 z!~4n 2 2z 2 1!

2n 2 z 2 2

3 F ~2n 2 z!~4n 2 2z 2 1!

~2n 2 z 2 1!~4n 2 2z 1 2!
XCMCG 2n2z21

, [5]

wherez is the net charge of the micelle (z 5 na) andXCMC

is the CMC as a mole fraction. In the calculation ofKm, values
of n 5 3 (light scattering) anda 5 0.7 (light scattering and
conductivity) were used; both were assumed to be constant
with temperature.

The variation of lnKm with temperatureT was attributed
only to the temperature coefficient of the CMC and was fitted
to a second-order polynomial of the form

ln Km 5 f T2 1 gT 1 h, [6]

where f 5 0.03 3 1024 6 1026 K22, g 5 0.18176 8 3
1024 K21, andh 5 218.06 0.1. The plot of lnKm against
T is shown in Fig. 5.

Values (per mole of monomer) of the standard Gibbs energy
changeDGm

o , the standard enthalpy changeDHm
o , and the

standard entropy changeDSm
o , on micellization (see Table 2)

were calculated from

FIG. 4. Enthalpies of dilution (from 2m to m) DH of n-hexyltrimethyl-
ammonium bromide in water as a function of the final molality at 298.15 K.

FIG. 3. Scattering function Km92/(R90 2 R90CMC) for n-hexyltrimeth-
ylammonium bromide in water as a function of micellar molalitym92 at
298.15 K.
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DGm
o 5 2~RT/n!ln Km, [7]

DHm
o 5 3

~DGm
o !/T

S1

TD 4
P

5
RT2

n S ln Km

T D
P

, [8]

DSm
o 5 2

1

T
~DGm

o 2DHm
o !. [9]

The enthalpy change calculated at 298.15 K forn 5 3 and
b 5 0.3 was 0.56 0.2 kJ mol21, which compares with the
experimental value of 0.576 0.02 kJ mol21 from microcalo-
rimetry. The agreement between the van’t Hoff and calorimet-
ric enthalpies either suggests that micellization is highly coop-
erative or is fortuitous as a result of the neglect of activity
coefficients in the estimation ofKm. If the latter were true,
micellization would probably be less cooperative than this
agreement suggests.

The influence of the value assumed for the aggregation
number on the calculated enthalpy change was examined
using a range of assumedn values. TheDHm

o value calcu-
lated usingn 5 4 was 0.76 0.2 kJ mol21; highern values
gaveDHm

o values in poor agreement with the experimental
value. Hence, the aggregation number of C6TAB, which
gives good agreement between the mass action enthalpy and
the calorimetric value, is of similar magnitude to that from
static light scattering.

Apparent Molar Volumes

Figure 6 compares the concentration dependence of the
densityr for aqueous solutions of C6TAB and C16TAB. Ap-

parent molar volumes,fv were calculated from the density
values using

fv 5
M

r
2

103~r 2 ro!

mrro
, [10]

whereM is the molecular weight of the surfactant andr0 is the
density of pure water (0.997043 g cm23 at 298.15 K). Figure
7 shows thefv values for C6TAB and C16TAB solutions as a
function ofm1/ 2. The behavior of C16TAB is characteristic of
a typical surfactant showing an increase offv with concentra-
tion above the CMC (>1 mmol kg21) as a result of the
decreasing hydrophobic hydration or disruption of the hydra-
tion shell around the hydrocarbon moiety. In contrast, the
apparent molar volume of C6TAB decreases with a concentra-
tion increase above the CMC. This apparent volume contrac-
tion may be a consequence of the effects of electrostriction of
the ionic groups and hydration of both ionic groups and hy-
drocarbon moiety (26).

In the concentration regionm # CMC, the apparent molar
volumef1 for a 1:1 electrolyte may be described by

f1 5 f1
o 1 Avm

1/ 2 1 Bvm, [11]

whereAv is the Debye–Hu¨ckel limiting law coefficient (1.865
cm3 kg1/2 mol23/2 for a 1:1 electrolyte at 298.15 K).Bv is an
adjustable parameter which measures the deviations from the
limiting law, andf1

0 is the apparent molar volume at infinite
dilution. The values determined by application of Eq. [11] to
the experimental data for C6TAB in the preCMC region were
f1

0 5 193.826 0.05 cm3 mol21, Av 5 1.8 6 0.2 cm3 kg1/2

mol23/2, andBv 5 23.4 6 0.2 cm3 kg mol22. As seen from
Fig. 7, the gradient of such plots approaches zero at high
surfactant concentration, and many workers have subjectively

FIG. 6. Densities ofn-hexyl andn-hexadecyltrimethylammonium bro-
mides at 298.15 K as a function of the molality. (F) n-hexyltrimethylammo-
nium bromide and (■) n-hexadecyltrimethylammonium bromide. The arrows
denote the CMCs.

FIG. 5. Natural log of micellization equilibrium constantKm of n-hexyl-
trimethylammonium bromide in water as a function of temperature. The
continuous line is calculated from Eq. [6].
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chosen the approximately constant or limiting values as the
apparent molar volume of the micellesf2. An alternative
approach (27) is to fit these data to the function

fv/f2 5 m/~a 1 m! [12]

wherea is an empirical constant. Rearrangement to

fv 5 2a~fv/m! 1 f2 [13]

enablesf2 to be derived from plots offv againstfv/m. The
value of f2 obtained in this way was 191.796 0.03 cm3

mol21. Thus, the change in volume associated with the forma-
tion of the stable aggregate from monomeric surfactant was
taken to beDVm 5 f2 2 f1

0 5 22.03 cm3 mol21, which
compares with an approximate value of21.82 cm23 mol
determined from Fig. 7 by visual inspection.

Apparent Adiabatic Compressibility

Density and ultrasound velocity measurements were com-
bined to calculate adiabatic compressibilityks of C6TAB so-
lutions at 298.15 K using the Laplace equation

kS 5
1

ru2 . [14]

The plot of ks against concentration (Fig. 8) shows two
linear segments with the intersection at the CMC. The linear
regions may be assigned to monomeric and micellar forms, and
values for the apparent adiabatic compressibilities of these

FIG. 7. Apparent molar volumefv of (■) n-hexyltrimethylammonium bromide and (F) n-hexadecyltrimethylammonium bromide in water at 298.15 K, as
a function of square root of molality. The arrow denotes the CMC ofn-hexyltrimethylammonium bromide.

FIG. 8. Adiabatic compressibilitykS of n-hexyltrimethylammonium bromide
in water at 298.15 K as a function of molality. The arrow denotes the CMC.
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species may be calculated from the gradients of the relevant
portions of the plot using

kS 5 kS,0 1 ~k̃S,1 2 kS,0)ñ1c11(k̃S,2 2 kS,0!ñ2c2, [15]

whereks,0is the adiabatic compressibility of the solvent,ñ1 and
ñ2 are the apparent specific volumes of monomer and micelle,
c1 and c2 are the monomer and micelle concentrations (in g
cm3), and k̃S,1 and k̃S,2 are the apparent adiabatic compress-
ibilities of the monomeric and micellar species, defined as

k̃S,1 5 2
1

ñ1
Sñ1

pD
S

[16]

and

k̃S,2 5 2
1

ñ2
Sñ2

pD
S

. [17]

Values of the apparent specific volumes of monomersñ1 and
micellesñ2 required for the calculation of the adiabatic com-
pressibilities were determined from the gradients of linear
portions of plots of density against concentration (Fig. 6)
below and above the CMC using

r 5 r0 1 ~1 2 ñ1r0!c1 1 ~1 2 ñ2r0!c2 [18]

Values of k̃S,1 5 20.12 bar21 and k̃S,2 5 2.1 bar21 were
obtained for C6TAB and k̃S,2 5 4.46 bar21 for C16TAB at
298.15 K by this procedure.

DISCUSSION

It is clear from the results obtained from this study that the
aggregates present in aqueous solutions of hexyltrimethylam-
monium bromide are very small; our light-scattering measure-
ments have indicated aggregates of aggregation number on the
order of 3–4. Comparison with literature values (Fig. 9) shows
that aggregates of this size would be expected if the linear
decrease ofn with nc were continued to C6TAB. Their small
size calls into question whether these are true micelles in the
accepted sense. Nevertheless, we have treated them as if they
were micelles, and to a large degree they behave accordingly.
However, in such small aggregates removal of the alkyl chains
from the aqueous environment is not as effective as in the
longer chain CnTABs, and this may account for some deviation
of the micellar properties from predicted values, as will be
discussed.

Table 3 compares the CMC values of C6TAB obtained at
298.15 K in this study with average literature values for other
compounds of the CnTAB series. In Fig. 9, we show log10 of
the CMC (as a mole fraction) against the number of carbonsnc

in the alkyl chain. This plot was fitted (C6TAB values not
included) to Eq. [2] such that

log10XCMC 5 b0 2 b1nc, [19]

where b0 5 0.22 6 0.04 andb1 5 0.315 6 0.003, with a
correlation coefficient of 0.998. It is clear that C6TAB does not
conform to Eq. [19] (i.e., the limit of applicability of this empirical
expression for this homologous series is 8# nc # 16).

Verralet al.(34) and Zana (13) found similar behavior when
measuring the CMC for the series of dodecyldimethylalkylam-
monium bromides [C12H25(CmH2m11)N(CH3)2Br, m 5 1 to
10] in aqueous solution as a function of chain lengthm. A
deviation from linearity of plots of log10XCMC againstm was
observed atm 5 4, which was attributed to a change in the
location of the CmH2m11 chain from the micelle core (m $ 4)
to the micelle surface (m # 3). The deviation from linearity
observed in the present study may be the result of exposure of

FIG. 9. Log of CMC (in mole fractions), log10 XCMC, and aggregation
numbern of n-alkyltrimethylammonium bromides in water at 298.15 K as a
function of the hydrocarbon chain length. (F) Average CMC values from data
of Table 3, (}) CMC value from this work, (■) n values from Refs. 9 (C8TAB)
and 41 (C10 to C16TAB), and (Œ) n value from this work.

TABLE 3
Average CMC for n-Alkyltrimethylammonium Bromides

in Water at 298.15 K

CnTAB
CMC

(mol dm23) References

C6TAB 5.093 1021a This work
C8TAB 2.9 3 1021 (4, 9, 28, 29)
C10TAB 6.613 1022 (4, 5, 24, 29–32)
C12TAB 1.463 1022 (4, 24, 30, 31)
C14TAB 3.543 1023 (4, 24, 28, 31, 33)
C16TAB 8.9 3 1024 (4, 30, 31)

a Critical micelle concentration in mol kg21 of water.
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the alkyl chains of the aggregates to the solvent as a conse-
quence of their small size.

Table 4 shows much lowerb values for C6TAB in water at
298.15 K than expected from the literature values for other
CnTAB surfactants measured under the same conditions, which
gradually decrease with decreasing chain length. A decrease of
b (increase ofa) is a consequence of a decrease of surface
charge density (increase of surface area per ionic head group)
(13). The large decrease ofb noted in this study for a decrease
of alkyl chain length from C8 to C6 is compatible with the large
surface area per head group which would be associated with
the micellar model proposed for this surfactant.

The standard thermodynamic quantities of micellization de-
termined for C6TAB are compared with those of other mem-
bers of the CnTAB series in Table 4.DGm

o was calculated from
the CMC data of Table 3, and theb values of Table 4 were
calculated using Eq. [1]. With the exception of that of C6TAB,
the DGm

o values conform (r 5 0.997) to theempirical rela-
tionship

DGm
o 5 a1 1 a0nc, [20]

wherea1 is a constant which depends on the temperature and
the nature of the ionic head group anda0 is interpreted as the
CH2 group contribution to the Gibbs standard free energy of
micellization (1). A less negativeDGm

o associated with the
micellization of C6TAB compared with that predicted by Eq.
[20] (213.8 kJ mol21) may be a consequence of the ineffective
removal of the hydrophobic groups from the aqueous environ-
ment in the small aggregates.

Figure 10 shows plots ofDHm
o andDSm

o as a function ofnc.
The literature values of the standard enthalpies of micelle
formationDHm

o (Table 4) have been determined by microcalo-
rimetric techniques. The standard entropies of micellization

DSm
o were calculated from these values and the values ofDGm

o

using Eq. [9]. Only a small variation ofDHm
o betweennc 5 6

to 10 can be observed, whereas it changes sign, and its mag-
nitude rapidly increases asnc increases from 10 to 16. In
contrast,DSm

o , which is positive for all the chain lengths
studied, increases rapidly fromnc 5 6 to 10 and more slowly
with increase ofnc for higher alkyl chain lengths. The plots of
Fig. 10 show that the enthalpy change assists micellization at
high n but opposes it at lown.

We may consider two contributions to the entropy change on
micellization (23, 38). A restriction of movement of the hy-
drocarbon chains on transference to the interior of the micelle
is associated with a negative entropy changeDSHC, whereas
the loss of structured water during this transfer results in a
positive entropy changeDSW. It is reasonable to assume that
the magnitude ofDSW increases more or less linearly with an
increase of chain length, and the nonlinear changes inDSm

o

observed in Fig. 10 arise mainly from theDSHC contribution.
The liquid state in the hydrocarbon core of a micellar assembly
is appreciably different from the bulk liquid state. The hydro-
carbon chains are unable to tumble, and, on average, remain
oriented perpendicularly to the hydrocarbon–water interface.
The influence of this surface anchoring becomes less signifi-
cant the longer the chain because of an increase in the degree
of freedom of chain movement; the longer the chain length, the
more closely the micelle core resembles a quasi-liquid state
(1). That is to say, the micellar core is more structured for low
nc values than for high values; hence, theDSHC contribution
may be expected to decrease with increase of the length of the
alkyl chain. It is suggested from this reasoning that the large
decrease ofDSm

o with decrease ofnc from 10 to 6 is the result
of an anomalously high (negative) value ofDSHC at nc 5 6,
from which we can deduce that the interior of the C6TAB
micelle is in a higher organization level than that of other
surfactants of this homologous series.

A similar reasoning may be applied to explain the changes in
DHm

o . The transferance of alkyl chains from the aqueous en-
vironment to the liquid interior of the micelle is an exothermic

FIG. 10. (F) Standard entropyDSm
o and (■) standard enthalpyDHm

o of
micellization at 298.15 K forn-alkyltrimethylammonium bromides as a func-
tion of alkyl chain length. Data are from Table 4.

TABLE 4
Standard Free Energy (DGm

o ), Enthalpy (DHm
o ), and Entropy

(DSm
o ) of Micellization and Degree of Counterion Binding (b) for

n-Alkyltrimethylammonium Bromides in Aqueous Solution at
298.15 K. (References to literature values of b are given in paren-
theses.)

nc b
DGm

o

(kJ mol21)a
DHm

o

(kJ mol21)b
DSm

o

(J K21 mol21)

6 0.3 27.9 0.5 28.2
8 0.65 (9) 221.5 — —

10 0.75 (31) 229.2 0.2 98.6
12 0.79 (31) 236.0 22.3 112.7
14 0.82 (35) 244.0 24.9 131.5
16 0.89c 251.7 210.9d 136.8

a Calculated from CMC data (Table 3) andb values using Eq. [1].
b From microcalorimetry (36).
c Calculated from Ref. 31 using Eq. [1].
d Average value (36, 37).
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process, whereas the loss of structured water during transfer
(hydrophobic interaction) is endothermic (23). According to
this reasoning, the positiveDHm

o from nc 5 6 to 10 is a
consequence of a predominance of the hydrophobic interac-
tion, and the increasingly negativeDHm

o value asnc increases
from 12 to 16 indicates the increasing importance of the
London dispersion forces. This last conclusion is compatible
with the explanation proposed for the changes inDSm

o , provid-
ing the London dispersion force is the only interaction between
the alkyl chains; the micelle core more closely resembling
quasi-liquid state with the increase of alkyl chain length.

Figure 11 shows changes in the apparent molar volumes of
the free monomer (fv,1) and that of monomers in the micellar
state (fv,2) for the CnTAB series. Both increase with the chain
length, the free monomer molar volumes being smaller than
those in the micellar state at the same chain length indicating
that the monomer in the micelle is in a less-packed structure
than the monomer in a free state. The difference betweenfv,1

and fv,2 becomes progressively smaller with the decrease of
chain length, suggesting increasing constraints on molecular
mobility as the micelle size decreases, which is in agreement
with the explanation proposed above for changes inDSm

o and
DHm

o . The increase offv,2 with the number of carbons fitted
the linear equationfv,2 5 c1 1 c0nc, with c1 5 99 6 3 cm3

mol21 and c0 5 16.4 6 0.2 cm3 mol21 with a correlation
coefficient of 0.9996. It is interesting to observe that the
contribution of the CH2 group obtained in this way (16.46 0.2
cm3 mol21) is very close to the one calculated from the atomic
volumes, 16.1 cm3 mol21 (39, 40).

In Fig. 12, literature values of the apparent adiabatic com-
pressibilities in monomerick̃S,1 and micellark̃S,2 forms are
plotted as a function of the alkyl chain length for the CnTAB
series. Addition of the C6TAB data to the available literature
values shows thatk̃S,1 remains practically constant with in-
crease ofnc to nc 5 8, whereas for higher values it decreases
rapidly. Moreover, the apparent adiabatic compressibility of
the micellar formk̃S,2 is now seen to increase markedly be-
tween nc 5 6 and 8 and then more gradually with further
increase of the length of the chain.

Changes in apparent adiabatic compressibilities may be ex-
plained by considering two types of hydration. The monomer
in the micellar state has only hydrophilic (or ionic) hydration,
whereas the monomer in a free state has both hydrophilic and
hydrophobic hydration. The hydrophilic hydration occurs
around the head group and involves interaction of hydrogen or
oxygen atoms with the ionic group. The hydrophobic hydration
is caused by the strong association of water molecules around
the hydrophobe (iceberg structure). Thek̃S,1value of C6TAB is
similar to that reported by Zielinskiet al. (4) for C1TAB,
suggesting that its hydration is almost exclusively hydrophilic.
The increase of hydrophobic hydration with alkyl chain length
leads to the increasingly negative values ofk̃S,1of Fig. 12 asnc

increases. The relatively small difference betweenk̃S,1andk̃S,2

for C6TAB suggests a high degree of hydration of monomers
in the micelle. Zielinskiet al. (4) attribute differences in
the temperature dependence ofk̃S,2 of C8TAB compared to
CnTABs of higher chain length to a penetration of water
molecules to the interior of the micelle. C8TAB micelles have
an aggregation number of between 20 (9) and 23 (41) at 298.15

FIG. 11. Apparent molar volumes at 298.15 K of then-alkyltrimethylam-
monium bromides in the monomeric form (fv,1) and in the micellar state (fv,2)
of the n-alkyltrimethylammonium bromides as a function of the alkyl chain
length. Symbols: (F) fv,2 and (E) fv,1 from Ref. 3. (■) fv,2 and (h) fv,1 from
this work.

FIG. 12. Apparent adiabatic compressibilities at 298.15 K ofn-alkyltri-
methylammonium bromides in the monomeric formk̃S,1 and in the micellar
statek̃S,2as a function of the alkyl chain length. Symbols: (E) k̃S,1and (F) k̃S,2

from Ref. 3. (h) k̃S,1 and (■) k̃S,2 from this work.

74 MOSQUERA ET AL.



K. It was suggested that the low hydrophobicity of the small
alkyl chain and the small size of the micelle makes the micelle
more penetrable to water. Similar reasoning applied to the even
smaller aggregates of C6TAB in which there is likely to be a
higher degree of exposure of the monomers within the micelle
to the solvent could explain the similarity ofk̃S,1 and k̃S,2

values.
Figure 13 shows the change of the apparent adiabatic com-

pressibility as a result of micelle formationDk̃S plotted as a
function of the number of carbon atoms, whereDk̃S 5 k̃S,2 2
k̃S,1. The Dk̃S value for C16TAB was calculated from the
literature (4) by linear extrapolation of data for CnTABs with
nc 5 10, 12, and 14. Comparison with corresponding changes
of DSm

o (Fig. 10) shows an increase of both with alkyl chain
length. The increase of compressibility as the alkyl chain
length is increased indicates a transition from an organized
micellar structure at low aggregation number to a more fluid
structure as the alkyl chain increases and the monomers have
increased mobility.

CONCLUSION

Our investigation has shown that C6TAB forms small ag-
gregates (3–4 monomers per micelle) at a CMC which is lower
than that predicted from the linear relationship between the
CMC and the number of carbon atoms in the alkyl chain of
other compounds in the homologous series of then-alkyltri-
methylammonium bromides. Measurements of the extent of
counterion binding, the change in the thermodynamic quanti-
ties on micellization, and the apparent molar volume and
adiabatic compressibilities of the aggregates have led to the

proposal of a highly organized micellar structure with a large
exposure of alkyl chains to the solvent.
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