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Small-angle neutron scattering (SANS) was measured for aqueous solutions of amphiphiles with organic
additives or counterions such as 2-indenecarboxylic acid, cinnamic acid, and salicylic acid or their ions. The
effect of organic species on the supramolecular assembly structure was investigated. Equimolar mixtures of
dodecyldimethylamine oxides and aromatic carboxylic acids constructed vesicles. The vesicular bilayer
thicknesses were 29-30 Å, independent of organic species. On the other hand, hexadecyltrimethylammoniums
with aromatic carboxylate counterions always formed rodlike micelles with axial ratios 8-10. Aqueous
solutions of tetradecyltrimethylammonium salicylate displayed a strong interparticle interference effect on
SANS profiles at concentrations above 0.8× 10-2 g cm-3, although such an effect disappeared with addition
of more than 5/mM sodium salicylate.

Introduction

When organic additives are added to aqueous solutions of
amphiphiles, they are solubilized into the supramolecular
assemblies and sometimes modify the assembly structures. It
is also known that the structures of supramolecular assemblies
constructed by ionic amphiphiles depend on counterion species,
especially the organic counterions effect on the assembly
structures stronger than inorganic counterions such as chloride
and bromide.
A weak base amphiphile, dodecyldimethylamine oxide

(C12DAO), forms spherical micelles in water.1 Although the
addition of NaCl did not increase the micellar aggregation
number so as to change the structure, aqueous C12DAO solutions
with additional hexanol displayed vesicular, lamellar, and
bicontinuous phases, depending on the mixing ratio.2,3 This
indicates bilayer formation by C12DAO coupled with hexanol.
The bilayer arrangement was also confirmed in aqueous
C12DAO solutions mixed with cinnamic acid.4,5 Vesicles were
constructed above a threshold mixing ratio, and the multilamellar
layers in vesicles were most predominant at equimolar mixing.
Aromatic carboxylate counterions on cationic micelles behave

differently from aromatic carboxylic acids mixed in aqueous
C12DAO solutions. While aqueous solutions of alkylpyridinium
halides and alkyltrimethylammonium (CnTA) halides were fluid,
solutions of hexadecylpyridinium salicylate (C16PySal) and
alkyltrimethylammonium salicylate (CnTASal,n) 14, 16) were
viscous, viscoelastic, and spinnable.6-10 The difference in
rheological behavior is due to the micellar structures, that is,
whether spherical or rodlike, as confirmed by micellar aggrega-
tion numbers.11-13 The formation of rod in water was also
verified for hexadecyltrimethylammonium 2-indenecarboxylate
(C16TAIn) micelles,14 although the aggregation number of
hexadecyltrimethylammonium bromide (C16TAB) micelles
increased only 3 times by adding 0.08 M octylamine against
0.1 M C16TAB.15 On the other hand, tetradecylpyridinium

n-heptanesulfonate displayed a sphere to rod transition at the
threshold micelle concentration.16

In this position, we do not know whether the formation of
vesicles and rodlike micelles in aqueous amphiphile solutions
with organic species originates in amphiphiles or organic
species. Therefore, in this work, the supramolecular assembly
structures constructed in aqueous solutions of C12DAO with
different aromatic acids and of C16TA with different aromatic
counterions are investigated by small-angle neutron scattering
(SANS) and light scattering. The contribution of aromatic
species in the construction of different supramolecular structures
is discussed. A SANS measurement is also carried out for
aqueous C14TASal solutions at different C14TASal and sodium
salicylate (NaSal) concentrations. The interaction between
supramolecules is discussed.

Experimental Section

C12DAO (C12H25N(CH3)2O) was purchased from Fulka Co.
Ltd. and used without further purification. 2-Indenecarboxylic
acid (C9H7COOH), salicylic acid (C6H4(OH)COOH), and
sodium salicylate (C6H4(OH)COONa) were commercial prod-
ucts. C16TACin (C16H33N+(CH3)3C6H5CHdCHCOO-) and
C14TASal (C14H29N+(CH3)3C6H4(OH)COO-) were prepared by
exchanging inorganic ions of CnTACl into cinnamate and
salicylate ions, respectively.9 H2O as a solvent of light scattering
was redistilled from alkaline KMnO4. Commercial D2O was
used as a solvent of SANS.
Equimolar mixtures of C12DAO with 2-indenecarboxylic acid

and salicylic acid in water were prepared at a concentration of
0.2× 10-2 g cm-3 (0.2%). While a concentration of aqueous
C16TACin solution was 0.2× 10-2 g cm-3, aqueous C14TASal
solutions were prepared at several C14TASal and NaSal
concentrations. Aqueous solutions of C16TACin and C14TASal
were clear, whereas aqueous solutions of C12DAOIn and
C12DAOSal were opalescent as well as C12DAOCin.5

The light scattering and specific refractive index increment
were measured at 25°C on an Otsuka Electric DLS 700
spectrophotometer and an RM-102 differential refractometer,
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respectively. An argon ion laser of 488 nm wavelength was
used as a light source, and the scattering angle was changed
from 30° to 150°. A 10 mm diameter quartz cell was used.
SANS measurements were carried out on a cold neutron

small-angle scattering instrument SAN at the National Labora-
tory for High Energy Physics (KEK). The instrument was
operated at a neutron radiation of 1-16 Å wavelength at room
temperature (∼25 °C). The scattering vector amplitudeQ range
was 0.008-0.2 Å-1. A rectangular quartz cell of dimensions
22 × 40 × 2 mm was used. The scattering intensity was
corrected for intensities of back ground and empty cell.17,18Then
the intensity in absolute units was calculated by using scattering
from H2O in a 1 mm cell.

Results and Discussion

Light Scattering.Light scattering intensity measurements at
different scattering angles were carried out for aqueous
C12DAOIn and C16TACin solutions of 0.2× 10-2 g cm-3. The
refractive index increment∂n/∂cwas 0.205 and 0.223 cm3 g-1,
respectively. The critical micelle concentrationc0 utilized for
calculation was 0.021 and 0.059× 10-2 g cm-3, respectively.
From the static light scattering, the molecular weightM and
radius of gyrationRG were calculated according to the equation

whereK is the optical constant,c is the amphiphile concentra-
tion, and∆Rθ is the reduced scattering intensity difference at
scattering angleθ. B is the second virial coefficient. The
second term on the right side of the equation was neglected
because the amphiphile concentration was very low. The
evaluatedM, RG, and aggregation numbermare listed in Table
1 with the refractive index increment. The scattering angle
dependence was too small to calculate theRG value for
C16TACin.
The hydrodynamic radiusRH was calculated from dynamic

light scattering on the basis of the equation

where Dc is the diffusion coefficient extrapolated to zero
scattering angle,kB is the Boltzmann constant,T is the absolute
temperature,η0 is the viscosity of the solvent, andkD is the
hydrodynamic virial coefficient. TheDc values were obtained
as average of values measured at low angles (20° - 30°). The
virial term was neglected. Table 1 lists the calculated values
as well as numerical values for C12DAOCin, C16TAln, and
C16TASal molecular assemblies obtained previously.4,5,12,14

The aggregation number of supramolecular assemblies in
opalescent C12DAOIn solution was as large as 49 600 as well
as that for C12DAOCin which forms vesicles.4,14 The ratioF
()RG/RH) was close to or less than unity.19 These results
indicate that, in C12DAO solutions with aromatic carboxylic
acid, vesicles are formed rather than rodlike micelles. On the

other hand, the aggregation number of C16TACin assembly was
as small as 534. Similar aggregation numbers were obtained
in aqueous C16TAIn and CnTASal solutions,12-14 indicating the
formation of rodlike micelles.
SANS for Aqueous C12DAOIn, C12DAOSal, and C16TACin

Solutions. Figure 1 shows double-logarithmic plots of SANS
intensityI(Q) versus scattering vector amplitudeQ for aqueous
C12DAOIn, C12DAOSal, and C16TACin solutions of 0.2× 10-2

g cm-3. SANS profiles for C12DAOIn and C12DAOSal were
very similar. With increase inQ, their scattering intensities
decreased more than the intensities for C16TACin. Since a
vesicular supramolecular assembly structure can be assumed
for C12DAOIn and C12DAOSal, as described above, their SANS
data were treated with the same analytical procedure applied to
C12DAOCin vesicles.5

When the theoretical equation for vesicular structure5,17,18is
applied to the SANS data for aqueous C12DAOIn and
C12DAOSal solutions, theQ2I(Q) values must be independent
of Q2 values. However, the experimental data were not such a
case. This means that vesicles are too large to estimate the
whole size from SANS. Then a periodic multilamellar structure
of large vesicles with infinitely extended bilayers is analyzed
on the basis of the equation20

wheret is the width of the scattering length density profile and
D is the repeat distance of the bilayers.F - Fs is the mean
coherent neutron scattering length density difference between
assembly and solvent.
Equation 3 was applied to C12DAOIn and C12DAOSal

vesicles, and the optimum bilayer thicknesses were calculated
as 29.8 and 29.4 Å, respectively. The optimum fitting curves
are shown in Figure 2. When numerical values of bilayer
thicknesses are compared with that of C12DAOCin vesicles5 (see
Table 1), it can be concluded that bilayer thicknesses of
C12DAO vesicles with aromatic additives (Ar) are common,
indicating the similarity of the adsorption of additives. How-

TABLE 1: Characteristics of Supramolecular Assemblies in Aqueous Amphiphile Solutions with Organic Additives or
Counterions

LS SANS

sample ∂n/∂c,cm3 g-1 M,105 m RG, Å RH, Å F t/2, Å Rt, Å L, Å

C12DAOIn 0.205 193 49 600 809 1040 0.78 14.9
C12DAOCina,b 0.170 500 132 000 964 1010 0.95 15
C12DAOSal 14.7
C16TAIna 0.198 2.7 609 102 400
C16TACin 0.223 2.3 534 126 25.2 600
C16TASalc 0.177 3.7 880

aReferences 4 and 14.bReference 5.cReference 12.

K(c- c0)/∆Rθ ) (1+ RG
2Q2/3)/M + 2B(c- c0) (1)

Dc ) (kBT/6πη0RH)[1 + kD(c- c0)] (2)

Figure 1. SANS data for aqueous amphiphile solutions of 0.2× 10-2

g cm-3: (2) C12DAOIn, (9) C12DAOSal, ([) C16TACin.

Q2I(Q) ) (2πt2/D)(F - Fs)
2[sin(Qt/2)/(Qt/2)]2 (3)
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ever, the thickness of about 30 Å is too short in compari-
son with twice the molecular length and diameter of spherical
C12DAO micelles.5 This indicates that organic additives must
penetrate into bilayers and alkyl chains must be in tilt, melt, or
comb shape, as illustrated in Figure 3. From SANS measure-
ments, Baumann et al.21 determined bilayer thickness of lamellar
layers formed in quaternary solutions of tetradecyltrimeth-
ylamine oxide, decane, hexanol, and D2O. The thicknesses were
larger than twice the molecular length, because decane located
in between bilayers.
Supramolecular assemblies of C16TA with organic counterions

were assumed to be rodlike micelles with aggregation numbers
of 500-900 as described above. If particles take a cylindrical
structure of lengthL and transverse cross-sectional radiusRt,
the SANS intensity is written by17,18

whenL is fairly long in comparison toRt, wherenp is the number
density of supramolecular assemblies, andAt ) πRt2 is the
transverse cross-sectional area. The calculated numerical values
based on eq 4 were fitted to the observed data, and the optimum
radius of 25.2 Å for C16TACin rods was obtained, as listed in
Table 1. The fitting curve is illustrated in Figure 2. The
calculated radius was consistent with the theoretical molecular
length.
The hydrodynamic radius of rigid rod with lengthL and cross-

sectional radiusRt can be calculated from the equation22

When the rod radiusRt value of 25.2 Å calculated from SANS
analysis and the hydrodynamic radiusRH obtained from light
scattering were utilized, the rod lengths of 600 and 400 Å for
C16TACin and C16TAIn, respectively, were evaluated. Then,
the ratio ofL/2R was 8-12, indicating the formation of rods
with axial ratio of about 10 in aqueous solutions of hexadecyl-
trimethylammonium with aromatic counterion (C16TA+Ar-) (see
Figure 3). The numerical values are listed in Table 1. The
formation of rod with similar size was already reported for
aqueous CnTASal and C16PySal solutions.11-13

SANS for Aqueous C14TASal Solutions with and without
NaSal. Figures 4 and 5 show SANS intensitiesI(Q) as a
function of scattering vector amplitudeQ for aqueous C14TASal
solutions of different C14TASal concentrations. Scattering
intensities decreased monotonously with increasingQ at con-
centrations of 0.2 and 0.5× 10-2 g cm-3. Above 0.8× 10-2

g cm-3, intensities had maximum which shifted to higherQ
values with concentration. This indicates that the interaction
between assemblies increases. The NaSal concentration de-
pendence on SANS intensities is also given in Figure 4. The
maximum profile in SANS intensities diminished with adding
NaSal, and intensities decreased monotonously withQ for
solutions with 0.005 and 0.1 M NaSal, suggesting the decrease
in the interaction between assemblies, although intensities for
a solution with 1 M NaSal was very weak.
Supposing an isotropic ensemble of identical particles, the

SANS intensityI(Q) is approximated as17,18

whereP(Q) is the intraparticle structure factor which depends
on the particle geometry, andS(Q) is the interparticle structure

factor which is related to the interparticle interaction potential
through the radial distribution function. SinceS(Q) can be

QI(Q) ) πnpLAt
2 (F - Fs)

2[2j1(QRt)/QRt]
2

j1(QRt) ) [sin(QRt) - (QRt) cos(QRt)]/(QRt)
2 (4)

RH ) L[2 ln(L/Rt) - 0.19 - 8.24/ln(L/Rt) +

12/{ln(L/Rt)}
2]-1 (5)

I(Q) ) npP(Q) S(Q) ) I(Q)′ S(Q) (6)

Figure 2. SANS data for aqueous amphiphile solutions of 0.2× 10-2

g cm-3: (9) observed data; (s) calculated curves. Top, C12DAOIn;
middle, C12DAOSal; bottom, C16TACin.

Figure 3. Schematic models of supramolecular assembly structure of
amphiphiles with organic additives and counterions.
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approximated to be unity for dilute solutions, this term was left
out of consideration in the analysis described above. However,
it has a meaningful contribution for concentrated C14TASal
solutions above 0.8× 10-2 g cm-3. Then, for the rod structure,
I(Q) in eq 4 must be rewritten asI(Q)′ of eq 6.
The procedure explained now was applied to SANS data for

aqueous C14TASal solutions with and without NaSal as shown
in Figures 4 and 5. Evaluated cross-sectional radii of rods
were listed in Table 2. Since the supramolecular assembly in
a C14TASal solution of 0.8× 10-2 g cm-3 with 1 M NaSal
was confirmed to be spherical micelles from light scattering
experiment,13 the equation17,18

was used instead of eq 4, whereV ) 4πR3/3 andRare volume
and radius, respectively, of spherical micelles. The evaluated
radius was included in Table 2. Radii of rodlike and spherical
micelles were consistent with molecular length, almost inde-
pendent of C14TASal and NaSal concentrations.I′(Q) andS(Q)
curves for solutions of 2× 10-2, 4 × 10-2, and 6× 10-2 g
cm-3 are illustrated in Figure 5. WhileI′(Q) curves monoto-
nously decreased with increasingQ, S(Q) curves had maximum
and constricted to unity as expected.
The contribution of intermicellar correlation was reported for

aqueous solutions of sodium dodecyl sulfate (SDS),23 lithium
dodecyl sulfate (LDS),24 hexadecyltrimethylammonium chlo-
ride,25 and sodiump-(1-pentylheptyl)benzenesulfonate.26 How-
ever, the amphiphile concentrations where the intermicellar
correlation occurred were about 1 order higher in those systems
than in aqueous C14TASal solutions. The occurrence of
intermicellar correlation at concentrations comparable to those
for C14TASal was reported for aqueous solutions of C16PySal11

and sodium dodecyl-o-xylenesulfonate.27 The rod length and
the correlation increased with C16PySal concentration. The

intermicellar correlation was significant in the range of sodium
dodecyl-o-xylenesulfonate concentrations from 0.25 to 5 wt %.
The origin of the interparticle interaction for ionic particles

is mainly the electrostatic repulsion. According to the DLVO
theory, the electrostatic, repulsive interaction potential depends
on ionic strength of a solution and surface potential of particle.19

Low ionic strength and high charge number increase the
interaction potential. In micellar solutions without additive salt,
ionic strength originates in free monomeric molecules, that is,
critical micelle concentration (cmc). The cmc for aqueous
C14TASal solution was as low as 1 mM,13 which was 1 order
of magnitude lower than that of regular ionic micelles such as
LDS micelles.24 As a result, low ionic strengths in aqueous

Figure 4. SANS data for aqueous C14TASal solutions. (top) Am-
phiphile concentration (10-2 g cm-3) dependence on solutions without
NaSal: (0) 0.2, (9) 0.5, (O) 0.8, (b) 1.3, (4) 2.0. (bottom) NaSal
concentrationCNaSal(M) dependence on solutions of 0.8× 10-2 g cm-3:
(0) 0, (9) 0.001, (2) 0.005, (4) 0.1, (O) 1.

I(Q) ) npV
2(F - Fs)

2[3j1(QR)/QR]
2 (7)

Figure 5. SANS data for aqueous C14TASal solutions. (top)I(Q) vs
Q; (middle)I′(Q) vsQ; (bottom)S(Q) vsQ. Amphiphile concentration
(10-2 g cm-3): ([) 2, (9) 4, (2) 6, (×) 10.
TABLE 2: Characteristics of Supramolecular Assemblies in
Aqueous C14TASal Solutions

CNaSal, M c, 10-2 g cm-3 Rt, Å R, Å

0 0.2 25.5
0.5 21.5
0.8 23.0
1.3 23.0
2.0 21.8
4.0 21.7
6.0 21.3
10.0 19.4

0 0.8 23.0
0.001 22.0
0.005 21.9
0.1 21.7
1 24.0
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C14TASal solutions induce the strong intermicellar correlation.
The positive surface charge on rodlike C14TASal micelles in
water was confirmed by electrophoretic mobility measurement.13

Then the surface potential of C14TASal micelles in water at 25
°C calculated from electrophoretic mobility 2.77× 10-4 cm2

V-1 s-1 is 53 mV. Since this value is comparable to values
for SDSmicelles,28 the electrostatic interaction potential between
C14TASal micelles is contributed from surface potential as well
as between spherical ionic micelles. Similar discussion is valid
for rodlike micelles of C16TASal, C16PySal, and sodium do-
decyl-o-xylenesulfonate. C16TASal micelles in water had a
lower cmc and higher electrophoretic mobility or surface poten-
tial than C14TASal micelles.12 For rodlike C16PySal micelles
with around 500 Å length, the cmc was as low as 0.15 mM,
although the degree of dissociation determined from conductivity
measurement was less than 10%.29 On the other hand, the cmc
of ellipsoidal micelles of sodium dodecyl-o-xylenesulfonate with
axial ratio less than 2 was 0.5-2.5 mM, depending on
temperature, and their fractional charge was 0.18-0.23.27
The intermicellar correlation was also observed for light

scattering of aqueous CnTASal solutions.12,13 The minimum
C14TASal or NaSal concentrations where the intermicellar
correlation occurred or vanished, respectively, were consistent
with those observed from SANS in the present work. The
intermicellar correlation disappeared at NaSal concentrations
above 5 and 1 mM for 20 mM C14TASal and 5 mM C16TASal
solutions, respecitvely. Bendedouch et al.24 reported the effect
of salt on the intermicellar correlation in aqueous LDS solutions.
Although the correlation diminished with addition of LiCl and
the effect depended on LDS concentration, salt concentration
necessary for vanishing intermicellar correlation was rather high
in comparison with that in aqueous CnTASal solutions. Even
1 M LiCl was not sufficient to screen completely the electrostatic
repulsion between micelles in 0.147 M LDS solutions. This
can be ascribed to the strong adsorption ability of salicylate
ions. The charge signs of C14TASal micelles were reversed at
0.1 M NaSal concentration by the penetration of salicylate ions
in micelles.13 This phenomenon has never observed by
inorganic counterions.
Aqueous CnTASal solutions as well as CnPySal solutions

displayed strong viscoelasticity and spinnability.6-10 The
characteristic rheological properties were stronger at higher
concentration but diminished with addition of NaSal above 2
and 5 mM for C14TASal and C16TASal micelles, respectively,
although a second maximum of rheological parameters appeared
at 0.1 M NaSal. The NaSal effect on rheology is indirectly
related to the effect for electrostatic interaction potential but
not directly, because repulsive interaction, in effect, is contrary
to rheology. Therefore, the specific, strong attractive interaction

must exist at extremely close intermicellar distances in aqueous
CnTASal solutions without or with less NaSal.
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