
Introduction

There are several factors which are known to in¯uence
the preferred size and shape adopted by surfactants.
These include the alkyl chain length [1], the number of
alkyl chains per molecule [1], the nature of the headgroup
[1], counterion type [2, 3], alkyl chain ¯exibility [4±6],
surfactant concentration [2, 7, 8] and electrolyte concen-
tration [9, 10]. In general, spherical micelles are favoured
by surfactants possessing a single, short alkyl chain in
combination with a large headgroup at low electrolyte
concentrations; for example, sodium dodecyl sulphate in
water [9]. Tanford [1] describes how alternative micellar
shapes such as the capped rod or rounded disc can
accommodate more surfactant molecules per micelle than
a regular sphere and this explains commonly observed
micellar masses which exceed those expected for spheres.
Enlarged micelles are favoured by an increase in electro-
lyte concentration; for instance, the sphere-to-rod tran-
sition of sodium dodecyl sulphate at 0.6 mol dmÿ3 added

salt [9]. Also, within a homologous series, an increase in
alkyl chain length is frequently associated with an
increase in aggregation number [1]. In conditions which
favour the formation of enlarged micelles, an increase in
micelle size with surfactant concentration is often ob-
served. Growth of rod-like micelles has thus been
reported for hexadecyltrimethyl ammonium bromide
[11] and for sodium dodecyl sulphate [9, 12, 13].

This work in combination with previous studies [5]
reports the e�ect of alkyl chain length on micellar shape
for the ammonium salts of linear saturated fatty acids,
and gives a comparison with other anionic surfactants.
For example, in NH4OH-NH4Cl bu�ered solutions at
an ionic strength of 0.1, ammonium octanoate and
ammonium decanoate (AmDec) have been shown [5] by
small-angle neutron scattering (SANS) to form spherical
micelles. AmDec maintains a constant micellar mass
above the critical micelle concentration (cmc) over the
micellar concentration range 0.06±0.1 mol dmÿ3. The
behaviour of ammonium dodecanoate (AmDodec) mi-
celles under similar conditions is now reported.
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This work forms an extension of previous work on
the properties of mixtures of ammonium alkanoates and
ammonium per¯uoro-octanoate (APFO) [14±17] and
forms a precursor to the examination of AmDodec-
APFO mixtures by scattering methods [18].

Experimental

Materials

All water used was doubly distilled from an all-Pyrex
still. Dodecanoic acid and decanoic acid were Fluka
puriss grade material with an estimated gas-liquid
chromatographic purity of >99%. The acids were
converted to the ammonium salt by slow neutralisation
of aqueous solutions with ammonium carbonate (BDH
Analar grade material stabilised by ammonium carba-
mate) and then bu�ered by addition of NH4Cl, to give a
pH of 9.2 for AmDec and 9.8 for AmDodec at an ionic
strength of 0.1.

SANS measurements

Measurements were made at the Institut Laue Langevin
(ILL), Grenoble, using the neutron di�ractometer D17
[19]. The surface active agent solutions were contained in
optical quality quartz cells having a path length of
1 mm. The scattering measurements were carried out
using sample-to-detector distances of 1.40 and 2.80 m
and an incident neutron beam wavelength of 10.0 ÊA ; the
full width at half-height of the distribution of wave-
lengths, Dk=k, was 10%.

Measurements were made over a scattering vector, Q,

range from 0.01 to 0.21 ÊA
ÿ1

with Q, for elastic scatter-

ing, de®ned as;

Q � 4pn sin�h=2�=k

where n is the refractive index, k is the wavelength of
the radiation in the medium and h is the scattering
angle; for neutrons the refractive index can be taken as
unity.

Standard ILL programs were used to calculate the
intensity as a function of Q and to subtract the
background arising from the cell and dispersion medium
in order to make allowance for the attenuation of the
beam by the sample. A 1 mm H2O sample was used
to normalise the data for relative detector e�ciences
and to determine the absolute intensity. Data was
converted to an absolute di�erential scattering cross-
section, dR�Q�=dX, using the scattering cross-section of
water at 10 AÊ as given by Jacrot [20].

Time-averaged light scattering (TLS) measurements

Measurements were made using a Brice Phoenix univer-
sal light scattering photometer, type OM-2000 [21],
employing unpolarised blue light of wavelength 436 nm
(in air). This instrument was found useful for weakly
scattering samples since the volume of sample from
which the scattered light was collected was relatively
large. Since the variation of intensity with angle for these
samples was small, measurements of intensity were made
at 90� �I90�. For light scattering h � 90� corresponded to
a Q value of 0.0027 ÊA

ÿ1
. The I90 values were converted

into absolute turbidity units, s, using the equation

s � CI90;

where C is an instrument calibration constant; this was
determined using puri®ed benzene as a liquid with a
known turbidity of 7:794� 10ÿ4 cmÿ1 at 436 nm [22,
23].

All materials were checked to ensure the absence of
¯uorescent impurities and in order to avoid contamina-
tion from dust particles all solutions were ®ltered
through 0.2 lm Millipore ®lters. A measured dissym-
metry ratio of I60=I120 of less than 1.05 was taken to
indicate a dust-free sample.

Speci®c refractive index increments, dn/dc, were
determined using a di�erential refractometer at a
wavelength (in air) of 436 nm. The instrument was
calibrated using aqueous KCl solutions as standards
[24]. The values for AmDec and AmDodec are listed in
Table 1.

Results

Time-average light scattering

The scattering results obtained for AmDec and AmDo-
dec are shown in Fig. 1 as plots of turbidity, s against the
total concentration of surfactant. As can be seen, for both
materials, s decreases with decreasing concentration
towards the cmc of the surfactant and then levels out
below the cmc. The cmc values obtained from the light
scattering results were 0.055 and 0.00925 mol dmÿ3;
in previous work the cmc values were found to
be 0.041 mol dmÿ3 from surface tension [15] and
0.0092 mol dmÿ3 from nmr, [17] for AmDec and

Table 1 Physical parameters of AmDec and AmDodec

Formula Molecular mass
/g mol)1

dn/dc
/cm3 g)1

C9H19COONH4 189.18 0.141
C11H23COONH4 217.21 0.160
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AmDodec respectively. An interesting feature of the
curves is that with AmDec the turbidity reaches a plateau
with increasing concentration and then decreases slightly
as found previously [2]. However, with AmDodec the
turbidity initially behaves similarly to AmDec and many
other surfactants [2, 25] but then changes gradient
followed by an increase in s as the concentration
increases.

The scattering from the micellar species was taken as
sÿ s0 with the scattering below the cmc denoted as s0.
The concentration of micellar species was taken as
C ÿ C0 with C� the total concentration of surfactant
species and C0 the cmc value. The results thus obtained
are shown in Fig. 2 in the form of �C ÿ C0�=�sÿ s0�
against �C ÿ C0�. The micellar mass Mmic was calculated
from [2, 25],

H�C ÿ C0�=�sÿ s0� � 1=Mmic � 2B�C ÿ C0� �1�

H , an optical constant, was taken as,

H � 32p3n2
0�dn=dc�2=3NAVk40 �2�

with n0=1.3401, the refractive index of water at 436 nm
[26], NAV=Avogadro's number and �dn=dc� from Table
1. B is the osmotic second virial coe�cient.

The results obtained by extrapolation to zero
�C ÿ C0� are given in Table 2. A noticeable di�erence
occurs in the behaviour of the curves in Fig. 2. For
AmDec the curve has an overall small positive slope,
whereas in the case of AmDodec the curve has a small
positive slope at the lower �C ÿ C0� values then goes
through a maximum and at the higher �C ÿ C0� values
has a negative slope. The latter e�ect could be interpre-
ted as an increase of attraction between the micelles, or
alternatively as an increase in micellar mass with
increasing concentration of surfactant (see later).

SANS measurements

SANS results are reported for AmDec and AmDodec in
NH4Cl-NH4OH bu�er in D2O at an ionic strength of
0.1 and at pH values of 9.2 and 9.8, respectively. These
conditions were the same as those used for light
scattering experiments.

For a monodisperse system of non-interacting
micelles the di�erential scattering cross-section as a
function of Q is given by the expression,

dR�Q�=dX � V 2
p Np�qp ÿ qm�2P�Q�; �3�

where Np�number of micelles per cubic centimetre,
Vp� the volume of each micelle and P �Q� is the particle
shape factor. qp is the coherent neutron scattering length
density of the micellar unit and qm is the coherent
neutron scattering density of the dispersion medium.
For a homogeneous sphere of radius R, P �Q� is given by
[27],

Fig. 1 Turbidity against concentration for AmDec (n) (pH = 9.2,
I = 0.1) and AmDodec (s) (pH 9.8, I=0.1). The arrows indicate the
critical micelle concentration

Fig. 2 (C ÿ C0) / (sÿ s0)
against (C ÿ C0) for AmDec
(n) (pH 9.2, I=0.1) and
AmDodec (s) (pH=9.8,
I =0.1)

Table 2 Light Scattering Mmic results

Surfactant cmc/mol dm)3 H/cm2 g)2 mol Mmic/g mol)1

AmDec 5.50 ´ 10)2 5.427 ´ 10)6 10 200 � 1000
AmDodec 9.25 ´ 10)3 6.989 ´ 10)6 57 800 � 3000
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P �Q� � �3�sinQRÿQRcosQR�=QR�3�2 �4�

Since P�Q�= 1.0 at Q � 0, for this condition Eq. (3) can
be written in the form,

�dR�0�=dX�1=2 � VpN 1=2
p �qp ÿ qm� �5�

and hence from a plot of �dR�0�=dX�1=2 against qm, the
coherent neutron scattering length of the micellar species
can be determined from the value of qm when
�dR�0�=dX�1=2 goes to zero. The coherent scattering
length of the decanoate ion was determined previously
[5] using this procedure and gave good agreement with
theoretical expectations as shown in Table 3.

The results obtained for AmDodec in H2O-D2O
mixtures are shown in Fig. 3; these results gave
0:15� 0:05� 1010 cmÿ2 as a value for qp. This compares
favourably with the calculated value of
0:1119� 1010 cmÿ2. The coherent scattering lengths for
all the materials used in the present work are summa-
rised in Table 3.

On conversion of Vp into the molecular mass of the
micelle, Mmic, Eq. (3) can be rewritten as,

Mmic � NAVd2 dR�0�
dX

=��C ÿ C0��qp ÿ qm�2� �6�

with d= the density of the micelle and �C ÿ C0� the
concentration of the micellar species expressed as a
monomer, as used for light scattering.

However, when there are interactions between the
micelles Eq. (4) needs to be written in the form,

Mmic � NAVd2 dR�0�
dX

=��C ÿ C0��qp ÿ qm�2S�0�� �7�

with S�0� the value of the structure factor, S�Q�, at
Q � 0. Also, as �C ÿ C0� tends to 0 so S�Q� tends to 1.0.
Moreover, S�0� � kT =�dp=Np�T with �dp=dNp�T the
osmotic compressibility [28] and hence S�0� is directly
linked to the second virial coe�cient B used in Eq. (1).

Ammonium decanoate

As shown in previous work using SANS [5] the
experimental data for AmDec could be ®tted using the

shape factor for a spherical micellar unit; the ®t is
illustrated in Fig. 4a. The radius of the micellar unit was
found to be 17.8 ÊA and the mean micellar mass was

Fig. 3 [dR(0)/dX]1=2 against qm for 0.1 mol dmÿ3 AmDodec in
H2O : D2O mixtures at pH 9.8, I = 0.1

Table 3 Coherent neutron
scattering length densities, q Material Formula M/g mol)1 Density/g cm)3 q/1010 cm)2

Water H2O 18.02 0.997 )0.56
Deuterium oxide D2O 20.03 1.107 6.35
Decanoate C9H19COO) 171.3 0.886b 0.22a

Dodecanoate C11H23COO) 199.3 0.868b 0.19c

a Calculated value, experimental = 0.25 � 0.05 ´ 1010 cm)2 [5]
bAcid values-Am salt values were not available
c Calculated value, experimental = 0.13 � 0.05 ´ 1010 cm)2

Fig. 4 Small-angle neutron scattering results for AmDec
(0.15 mol dmÿ3) at pH = 9.2, I =0.1 a [dR�Q�=dX] against Q;
®tted curve for sphere, R = 17.8 AÊ . b ln [dR�Q�=dX] against Q2
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10; 600 � 500, using Eq. (4). Thus the results obtained
from both light scattering and neutron scattering
appear, within experimental error, to be in quite good
agreement. Moreover, with AmDec the Guinier plots of
ln�dR�0�=dX� against Q2 were quite linear in the low Q
region followed by deviations from linearity in the
negative direction (see Fig. 4b); this supports the
probability of a spherical shape.

Ammonium dodecanoate

The SANS data obtained on AmDodec solutions at
concentrations of 0.01, 0.02, 0.05, 0.075 and
0.10 mol dmÿ3, at pH 9.8 and I=0.1 are presented in
Fig. 5 in the form of ln�dR�Q�=dX� against Q2, i.e. as
Guinier plots for the low Q region. At the lowest
concentration the plot is reasonably linear with a small
upturn at very low Q values. As the concentration
increases, however, the low Q region shows a distinct
upturn which becomes more signi®cant as the concen-
tration increases. An extended ln�dR�Q�=dX� against Q2

plot for the lower concentrations of 0.01 and 0.02mol
dmÿ3 (Fig. 6) shows that at 0.01 mol dm)3 the curve
tends downwards below the ``linear'' region. At a
concentration of 0:02mol dmÿ3, however, the line in
the higher Q region bends upwards above the ``linear''

line; in addition there is a distinct rise in the region
where Q approaches 0.

These indications suggested that unlike the situation
with AmDec, where all the evidence is in favour of
spherical micelles at the concentrations examined, with
AmDodec the increase in scattering in the lower Q
region is consistent with the presence of a larger
dimension that increases with increasing concentration
[27]. Since the results for AmDodec could not be ®tted
using the shape factor for a spherical micelle or a
polydisperse distribution of spherical micelles, except for
a possibility at 0.01mol dmÿ3 the possibility of cylin-
drical micellar units was investigated.

For a homogeneous right circular cylinder of length
2H and radius R the shape factor, P �Q�, is given by

P �Q� �
Zp=2
0

sin2�QH cos b�
Q2H2 cos2b

4J2
1 �QR sin b�

Q2R2 sin2 b
sin b db �8�

where b is the angle between the axis of the cylinder and
the bisectrix [29] and J1�QR sin b� is a Bessel function of
order 1 [30].

For a detailed examination of the data eq. (8) was
used in combination with the least-squares ®tting
technique ``FITFUN'' [31] to correlate the experimental
results with values of the half-length, H , and the radius
of the cylinder, R. The best ®ts to the data were obtained
using a constant radius of 15 ÊA and allowing H to vary.
This indicated that H increased with the concentration
of AmDodec. At the lowest concentration the data could
also be ®tted to a spherical shape but the radius derived
appeared large, 24.1� 0:5 ÊA, compared with the length
of the dodecyl chain. In fact, a cylinder of small H may
be di�cult to distinguish from a spherical unit. How-
ever, in view of the results at higher concentrations the
cylindrical interpretation was preferred.

The ®ts to the data using a cylindrical model are
shown in Figs. 7 and 8. The values of H and R obtained
from the ®ts are given in Table 4. From these data the

Fig. 5 ln[dR�Q�=dX] against Q2 for AmDodec (pH =9.8, I =0.1) at
various concentrations/mol dmÿ3 : d, 0.010 s, 0.020; ,, 0.050; (,
0.075; n, 0.10

Fig. 6 ln[dR�Q�=dX] against Q2 for AmDodec (pH =9.8, I =0.1) at
concentrations/mol dmÿ3 : s, 0.010; n, 0.02
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volume of the corresponding cylindrical unit was
calculated; then using the density of dodecanoic acid
(Table 1) the mass and hence the micellar mass were
calculated. It is clear that the latter increases with
concentration and this explains the form of the turbidity
against concentration curves (Fig. 1). Moreover, the
light scattering molecular mass obtained by extrapola-
tion to zero (C ÿ C0) is a weight-averaged value and is
clearly in¯uenced by the results at higher concentrations.
It would appear that the decrease of the (C ÿ C0)/
(sÿ s0) values at higher concentrations (Fig. 2) is a
consequence of increasing micellar mass.

For a sphere of radius R the radius of gyration is
given by R2

g � 3R2=5, whereas for cylinder of length 2H
and radius R it is given by [27]

Rg2 � R2=2� H2=3:

Values of R as calculated from the ®ts of H and R are
also given in Table 4.

From the ®ts to a cylindrical model it was also
possible to obtain values of dR�0�=dX and hence to
make use of Eq. (5). The results obtained expressed in
the form of (C ÿ C0�=�dR�0�=dX� against (C ÿ C0) are
plotted in Fig. 9; �dR�0�=dX�cmc was identical with that
of the solvent. The lowest concentration measured,
0.01 mol dmÿ3, was not used as it was too close to the

Fig. 7a-c [dR�Q�=dX] against Q for AmDodec (pH =9.8, I =0.1) at
various concentrations/mol dmÿ3: a 0.01; b 0.02; c 0.05. The solid line
is the ®tted curve for cylinders

Table 4 Shape results for AmDodec

Concentration
mol dm)3

H/AÊ R/AÊ Vp/AÊ
3 Rg/AÊ Mmic

/g mol)1

0.010 28.4 15.0 40 155 19.5 20 982
0.020 29.3 15.0 41 427 20.0 21 647
0.050 46.6 15.0 65 888 29.0 34 429
0.075 61.6 15.0 87 096 37.1 45 511
0.100 67.1 15.0 94 873 40.2 49 575

Fig. 8a,b [dR�Q�=dX] against Q for AmDodec (pH =9.8, I = 0.1) at
various concentrations/mol dmÿ3: a 0.075; b 0.10. The solid line is the
®tted curve for cylinders

Table 5 Mmic values from Fig. 9

(C)C0)/g cm)3 dR (0)/dW cm)1 Mmic/g mol)1

0.00233 0.653 34 000 � 3000
0.00889 2.87 39 000 � 3000
0.01429 6.19 52 000 � 3000
0.01972 8.20 50 000 � 3000
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cmc to obtain an accurate value of (C ÿ C0). Extrapo-
lation to zero (C ÿ C0) gave a weight-averaged value of
Mmic of 36 200� 2,000. An interesting feature of the plot
is the negative slope which could be taken to indicate
intermicellar attraction. However, it is also consistent
with an increasing micellar mass with increasing con-
centration of surfactant. If the value of Mmic is calculated
at each point, as shown in Table 5, then a clear
indication of increasing micellar mass is obtained.
Moreover, the values obtained are reasonably consistent
with those obtained from the ®ts to a cylindrical model
for the micelle given in Table 4.

The values at higher concentrations are close to the
weight-averaged values obtained from light scattering.

Discussion

TLS and SANS

The results for AmDec and AmDodec are compared in
Fig. 2. AmDec displays a turbidity/concentration pro®le
typical of a surface active agent for which the micelle size
above the cmc is approximately constant, with devia-
tions from linearity to lower turbidity values being
explained by micelle-micelle interactions. The micellar
mass of AmDec of 10 200 from these light-scattering
data is in good agreement with the value obtained from
SANS of 10 600.

Whilst AmDec forms a spherical micelle with little
variation in aggregation number with concentration,
AmDodec appears to prefer a cylindrical micelle con-
formation under the applied pH and ionic strength
conditions investigated. Micelle growth has been shown
to occur with increasing surfactant concentration with
a concommittant increase in the average length of the
cylinders. The radius appears to remain essentially
constant.

Following the treatment of Hermans and Prins [31]
Eq. 1 can also be written in the form,

H�C ÿ C0�=�sÿ s0� � �1� p2�C ÿ C0�=
f2xM � p�C ÿ C0�g�=M ; �9�

where p is the e�ective charge on the micelle and x is the
concentration of 1.1 electrolyte including the monomeric
surfactant; the term in square brackets is the second
virial coe�cient term, 2B (cf. Eq (1)).

Hence, it follows that

fd�H�C ÿ C0�=�sÿ s0��=d�C ÿ C0�gc!0 � p2=2xM2;

�10�

so p can be estimated from the gradient of the curve of
H�C ÿ C0�=�sÿ s0� against �C ÿ C0�.

Moreover, since N � Mmic=Mmon the association
number, N , can also be obtained and hence the ratio
p/N , the fractional charge on the micelle.

For AmDec B was found to be 0:76� 10ÿ3
mol cm3 gÿ2 which gave p=5.62. Hence, taking the
monomer unit in the micelle as having a molecular
weight of 189.2 (AmDec) and using the light-scattering
value of Mmic, namely 10,200, we ®nd N=54 for the
association number and p/N=0.10. Moreover, using
0.886 for the density of AmDec gives a micellar volume
of 1.912�10ÿ20 cm3 and a radius of 16.6 AÊ , which with
N=54 gives an area per head group on the spherical
micelle of 64 AÊ 2.

Since, for a spherical unit the surface charge density,
r, is given by

r � pe=4pR2 �11�
we ®nd r � 2:60� 10ÿ2 Cmÿ2 for p=5.62, e � 1:6 �
10ÿ19 C and R=16.6 AÊ . Moreover, since

W � rR=�r�0�1� jR� �12�

with �r=the relative permittivity of water, �0=the
permittivity of free space, W = the surface potential of
the micelle and j the Debye-H�uckel reciprocal length, W
can be estimated. For AmDec this gives a W value of 23
mV.

For AmDodec B � 1:259� 10ÿ3 mol cm3 gÿ2 which
gives p=35.5. For the light-scattering Mmic value of
57 800 and taking the monomer unit in the micelle as
having a molecular weight of 217.6 gives N=265 and
p=N � 0:13. The value of B was taken from the initial
slope of Fig. 2 since, from the de®nition of B, with
increase of micellar mass B should decrease in magni-
tude [28].

Taking the area of a cylinder as 4pRH with R=15
and H=67.1 AÊ gives 48 AÊ 2 for the area per head group.
If the ends are also included then the total area is 14,063
AÊ 2 and the area per head group = 53 AÊ 2.

Fig. 9 (C ÿ C0)/[dR(0)/dX] against (C ÿ C0) for AmDodec at pH 9.8,
I = 0.1
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For the cylindrical micelle the surface charge density
obtained as above, but using the surface area of a
cylinder, is 4:04� 10ÿ2 Cmÿ2. For a long cylinder the
di�use layer potential is given by [33],

W � RHrf �jR�=�r�0�H � R�jR; �13�

where f �jR� is a quotient of Bessel functions, the values
of which have been tabulated by Abramson and Hunter
[33, 34]. Hence, taking R � 15 ÊA and H � 67:1 ÊA gives
W � 37mV.

These ®gures suggest a similar degree of surface
ionisation and surface potential for both AmDec and
AmDodec despite the di�erences in geometry. Also, the
inferred degree of ion-binding for the ammonium
counterions is quite similar to that found for other
associated surfactants [2, 35]. Moreover, since the extent
of ion binding is very similar the implication is that the
micellar shape change between the C9 and C11 alkyl
chains is not a function of ion binding.

An interesting comparison between the SANS results
and the data from TLS arises from the di�erent ratio
of wavelength k0 used to characterise size by the two
techniques. The ratio Rn0=k0 decreases from 1.7 to
0.0051 (taking R as 16.6AÊ ) and hence little variation of
the measured intensity with angle is expected for light
scattering whilst SANS is sensitive to the shape of the
micelles with substantial variation of intensity. The range
of Q accessible to each experiment alters the sensitivity of
the data to di�erent components of the structure. For
rods the smaller dimension R will be signi®cant at large
Q while the length will dominate at small Q. Although
both SANS and light scattering will provide a weight-
averaged micellar mass, if the range of momentum
transfer is limited the result may be biased by the range
of Q measured. Light scattering at Q = 0.0027 AÊ ÿ1 will
be sensitive to the largest dimension and may include
large values of H that are missed by the SANS data. It is
clear from the data for AmDodec that large values of H
are found at higher concentrations but R remains
essentially constant. This e�ect may be particularly
important if there is some distribution of the length of
micelles and would give rise to a higher average micellar
mass being observed by light scattering.

Geometric considerations

Tanford [36] gives the following expression for the
maximum length of an alkyl chain, lmax, in AÊ ngstroms

lmax � 1:5� 1:265n0c �14�

where n0c represents the number of carbon atoms in the
hydrocarbon chains that are embedded in the hydro-
phobic micelle core; this is a ®gure which can be less
than the total number of carbon atoms in the chain. For

a micelle containing N hydrocarbon chains Tanford also
gives an expression for the volume of the micelle,
namely,

Vmic � �27:4� 26:9n0c�N �15�

with the numerical values in brackets taken from the
data of Reiss-Husson and Luzzati [37]. From these
expressions taking n0c =10 we ®nd lmax14:1 AÊ and
Vmic � 16 006 ÊA3 which can be compared with the values
of 16.6 ÊA for R and 19 120 AÊ 3 derived earlier for
AmDec from the light-scattering Mmic of 10,200. Tan-
ford also emphasizes that these calculated values are
more likely to be the dimensions of the hydrocarbon
core rather than the total micelle. Indeed, if the length of
a CAO bond, 1.26 ÊA, is added to 14.1 ÊA the chain length
is extended to 15.4 ÊA in the dry state, which allowing for
�1 ÊA in the experimental data can be considered quite
good agreement. The value of 17.8 ÊA, obtained from
SANS using a Guinier analysis [27] must also include
some contribution from the counter ions on the surface
of the micelle since the p/N values indicate extensive ion
binding; it will also include any surface roughness.

The idea, based on geometrical arguments, that there
is a maximum number of alkyl chains which can be
contained in a spherical unit is also discussed by Tanford.
He suggests for n0c � 10 a value of 40 and for n0c � 12; 54.
In a more detailed geometrical argument Israelachvili et
al. [38] suggested that for a spherical unit, R should be of
the order 3V =A0 with V the volume of the hydrocarbon
tail group and A0 the head group area. For AmDec
taking V � 321:1 ÊA3 and A0 � 64 ÊA2 gives R � 15:1 ÊA in
reasonable agreement with the ®gures quoted above.
Thus geometrical arguments support the case for a
spherical micelle and it seems reasonable to conclude that
for AmDec the micelles formed, up to a solution
concentration of 0.14 mol dmÿ3, have a spherical shape.

In the case of AmDodec the association number,
from SANS data, varies from 95 to 228 over the
concentration range examined. These values are well
above the value of 54 suggested by Tanford as the
maximum for a spherical micelle with n0c � 12. The
arguments of Israelachvili et al. [38] suggest that for a
cylindrical unit, R should be of the order 2V =A0 and
from V � 416:4 ÊA3 with A0 � 59 ÊA2 we ®nd 14:1 ÊA. The
latter is close to the value of 15:0 ÊA observed experi-
mentally. Thus the evidence, from a detailed analysis of
the SANS data, that AmDodec forms cylindrical
micelles which increase in length with a constant radius
is supported by geometrical arguments.

The signi®cant growth of AmDodec micelles with
increased concentration by elongation of the cylinder
has been observed for other surfactants which form rod-
shaped micelles [11, 12, 39], and suggests that micellar
growth is energetically more favourable for cylinders
than spheres.
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Sodium dodecyl sulphate forms spherical micelles of
radius 23-27 ÊA in water [7] but with addition of sodium
chloride at 0.4 mol dmÿ3 undergoes a sphere-to-cylinder
transition. This compares with the fact that AmDodec
needs an ionic strength of only 0.1. It can be anticipated
that the e�ect of added salt is to reduce repulsion
between the charged head groups thus reducing A0 and
favouring cylindrical geometry. It also implies that
carboxylate head group repulsions are inherently smaller
than those of the sulphate group, a large ``hydrophilic''
ion [40].

Increasing the alkyl chain length also leads to
ellipsoidal/cylindrical micelles as shown with sodium
hexadecyl sulphate [41].

It is also interesting to speculate that the formation of
cylindrical micelles is a precursor state for the formation
of a middle phase which consists of hexagonally packed
cylinders [42].

Thermodynamic arguments

Tail e�ects on the free energy of micellisation have
been modelled by Puvvada and Blankschtein [43]. By
computation of all possible tail-group conformations

in the micelle and a model calculation of the
corresponding free energy, they have determined
the optimum minor radius of the micelle Ropt to give
the minimum free-energy for each possible micellar
shape. The model predicts that Ropt is less if a given
surface active agent forms a cylindrical rather than a
spherical micelle, and indicates that for a surfactant
such as n-dodecyl hexaoxyethylene glycol monoether
�C12E6�, the free-energy minimum corresponding to a
cylindrical micelle is less than that for a spherical
micelle, implying that a cylinder is the preferred shape,
as shown experimentally [44]. A full explanation as to
why AmDodec prefers to form cylindrical micelles will
similarly require a detailed model of all the free-energy
contributions of headgroups and tailgroups in micelli-
sation. An additional explanation for cylindrical
micelles being preferred by higher members of a
homologous surfactant series is that the fully extended
chain becomes energetically less favoured as the chain
length increases.
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