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The  aggregation  behavior  of 2-(2-
decenyl) succinic  acid  in  alkaline
aqueous  media  was studied.
The  surfactant  have  high  tendency  to
self-assembly  forming  small  spheri-
cal micelles.
The  double  bond  in the  lateral  chain
seems to  be the  responsible  of  the
unusual  aggregation  behavior.
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a  b  s  t  r  a  c  t

The  aggregation  behavior  of 2-(2-decenyl)  succinic  acid  (C10SA)  in  alkaline  aqueous  media  was  exten-
sively  studied  and  found  interesting  properties.  The  CMC  (critical  micelle  concentration)  is  lower  than
expected  for  a compound  with  two  carboxylate  groups  and  an  alkenyl  chain  of 10–12  carbon  atoms.  We
identified  that  among  the  factors  that  affect  the  CMC,  the double  bond  and  the  arrangement  of the  car-
eywords:
lkenyl succinic acid
icelles

bonyl  group  play  a crucial  role.  They  favor  an ease  packing  of  the  head  group  of  the  surfactant  resulting  in
a reduction  of  their  mutual  repulsion  in the  micelle.  This  particular  conformation  influences  the  solubi-
lization/aggregation  behavior  and  is  responsible  of the  high  tendency  to  self-assembly  forming  micelles
of  spherical  shape  and  small  size.  An  important  feature  of  C10SA  molecules  is  their  ability  to  orient  the
carboxyl  groups  in  a way  that  allow  them  been  packed  in the  aggregates  and  this  property  may  be of
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1. Introduction

Alkenyl succinic anhydrides (ASA) are widely used in different

areas, including additives for lubricants, intermediates in organic
chemistry, corrosion inhibitors and paper sizing agents [1–3]. In
the paper industry, oil-in-water (o/w) emulsions of ASA, are usu-
ally employed to impart water resistance to paper and paperboard
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control of the sample compartment.
Scheme 1. Structure of surfactants used in this work.

ince they confer hydrophobicity to cellulose fibers [3]. However,
uring the sizing process, ASA are in contact with water and are
ydrolyzed to form CnSA (Scheme 1); the calcium or magnesium
alts of CnSA cannot be effectively distributed over paper surfaces
nd form tacky deposits on papermaking equipment. Alternatives
o solve this problem leads to the search of new methods to stabilize
he emulsions formed with ASA [4–6].

In spite of the technological and economic importance of CnSA
n the paper industry and the knowledge that it behaves as a sur-
actant, there have been, to the best of our knowledge, only a few
tudies regarding the physicochemical properties of the aggregates
f CnSA in water. It has been reported [7,8] that the aqueous solu-
ions of the acid form of C14SA and dipotassium salt of C12SA can
orm vesicles and small particles with diameters less than 7 �m (in
queous solutions at pH 5–6). In our laboratory, we  observed that
12SA can self-associate (in buffer phosphate at pH = 7) at a very

ow concentration of surfactant (0.4 mM)  [9]. This indicates that
12SA have a highly associative behavior, which is rather surpris-

ng in view of the double hydrophilic head and the relatively short
ail. On the other hand, research have been performed using CnSA
or studies of adhesion interactions [10] and a saturated derivative
f C18SA was used in nucleation and control of the inorganic crystal
rowth in Langmuir experiments [11,12].

Since a key feature of CnSA is their ability to undergo self-
ssembly in water, a process in which factors such as surfactant
olecular structure, surfactant concentration, and temperature

ictate the type of aggregates formed; the aim of this work was  to
escribe the aggregation behavior of disodium salt of 2-(2-decenyl)
uccinic acid C10SA (n = 10, Scheme 1) in alkaline aqueous media.
he understanding of the physical chemical mechanism of aggre-
ation and particularly the structural factors responsible for its
urfactant efficiency despite its relatively short hydrophobic tail
nd a big hydrophilic head, will be important for the design of new
aterials.

. Experimental section

.1. Materials

The 2-(2-decenyl) succinic acid and 2-(2-hexadecenyl) suc-
inic acid (C10SA and C16SA in Scheme 1) were obtained from
asic hydrolysis of the corresponding alkenyl succinic anhydride
repared as reported previously [2,9]. 0.7 g of alkenyl succinic
nhydride (3 mmol) was dissolved with 300 mL  of NaOH 0.02 M
6 mmol) and stirred for 12 h. After that time, HCl was added to
cidify to pH ≈ 3 producing a white emulsion. The crude product
as allowed to cool at 8 ◦C for 12 h and a white product was col-

ected by filtration. The solid was washed three times with distilled
ater and afterwards freeze-dried (yield: 90%). Titration of a solu-

ion of CnSA prepared in water with NaOH, using phenolphthalein

s an indicator, gave a good agreement with the theoretical quanti-
ies expected. The structure of the product was confirmed by NMR
nd FT-IR. NMR  spectra show the presence of two  rotational iso-
ers (Scheme S1, Supplementary information). The proton (Fig. S1,
chem. Eng. Aspects 507 (2016) 134–140 135

Supplementary information) and carbon (Fig. S2, Supplementary
information) peaks were assigned using 2D COSY and HSQC-DEPT
experiments respectively. The existence of rotamers was demon-
strated by changing NMR  solvents [13,14]. The 1H NMR  spectra in
CDCl3, and DMSO-d6 (Fig. S3, Supplementary information) shows
the tendency of Hd and Hd′ signals to coalesce with increasing sol-
vent polarity. In addition, 2D NOESY (1H-1H) experiments showed
strong NOE effects (through-space 1H-1H interactions), due the
close proximity of the succinic moiety to the double bond region
(Fig. S4, Supplementary information).

Acid C10SA: 1H NMR, � in ppm (400.16 MHz, CDCl3): 0.90 (t,
3H), 1.28 (s, 10H), 2.02 (q, 2H), 2.24 (m,  1H), 2.40–2.60 (m, 2H),
2.56 (m,  1H); 2.89 (broad, 1H), 5.33–5.53 (m,  2H). 13C-NMR, � in
ppm, (100.63 MHz, CDCl3): (mixtures of rotamers) 14.08 (methyl
carbon), 22.64; 29.08; 29.12; 29.32; 31.81; 32.46; 34.55; 34.79;
41.24 (methylene carbons and succinic moiety); 124.47; 125.04;
133.81; 134.93 (double bond carbons); 178.59; 180.82 (carboxylic
acid groups). FT-IR (KBr, �max/cm−1): 1687(strong, C O carboxylic
acid), 965 (strong, C C disubstituted trans).

Acid C16SA: 1H NMR, � in ppm (400.16 MHz, CDCl3): 0.88 (t,
3H), 1.25 (s, 22H), 1.98 (q, 2H), 2.22 (m,  1H), 2.41–2.55 (m,  2H),
2.66 (m,  1H); 2.88 (broad, 1H), 5.27–5.55 (m,  2H). 13C-NMR, � in
ppm, (100.63 MHz, CDCl3): (mixtures of rotamers) 14.11 (methyl
carbon), 22.69; 29.16; 29.36; 29.49; 29.62, 29.67, 29.69, 31.93;
41.26 (methylene carbons and succinic moiety); 124.43; 125.01;
134.45; 134.97 (double bond carbons); 178.71; 180.95 (carboxylic
acid groups).

FT-IR (KBr, �max/cm−1): 1692 (strong, C O carboxylic acid), 968
(strong, C C disubstituted trans).

Saturated acid C10SA was obtained by reduction of the corre-
sponding alkenyl succinic anhydride with catalytic hydrogenation
with Pd/C as catalyst in dioxane (PH2 = 40 psi, 8 h). The suspen-
sion was  filtered, dried under reduced pressure and the white
solid product was recrystallized twice from boiling water. Yield:
40% 1H NMR, � in ppm, (400.16 MHz, CDCl3): 0.92 (t, 3H), 1.30 (s,
16H), 1.48–1.55 (broad, 2H), 2.35 (d, 1H), 2.49–2.54 (m,  1H), 2.64
(broad, 1H). 13C-NMR, � in ppm, (100.63 MHz, CDCl3): (mixtures
of rotamers) 14.40 (methyl carbon), 22.54; 26.81; 29.14; 29.29;
29.33, 29.41, 29.42, 31.74; 31.78; 36.13; 41.14 (methylene carbons
and succinic moiety); 173.60; 176.45 (carboxylic acid groups). FT-IR
(KBr, �max/cm−1): 1693(strong, C O carboxylic acid).

2.2. Instruments

A Jasco FP 777 and a Shimadzu Multispect 1501 apparatus
were used for spectrofluorimetric and spectrophotometric anal-
yses repectively. Diffusion-Ordered NMR Spectroscopy (DOSY)
experiments were carried out on a Bruker Avance II 400 NMR
instrument. Surface tensions were measured by the ring method
using a Du Noüy ring tensiometer (Cole Parmer Surface Tensiomat
21). Dynamic light scattering measurements were made using
Beckman-Coulter Delsa (nanosizer DELSA NANOC).

2.3. General procedures

Unless otherwise mentioned, the aqueous solutions were pre-
pared using buffer Na2CO3/NaHCO3, ionic strength of 0.2 M and pH
10.6 using ultrapure water obtained from a Millipore apparatus.
An external bath at (25.0 ± 0.1) ◦C was used for the temperature
In experiments using molecular probes, the procedure was
as follows: a stock solution of the probe was prepared in
Na2CO3/NaHCO3 buffer and the acid form of C10SA was dissolved
with an aliquot of this solution, the combination of adequate
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Fig. 1. Surface tension versus log [C10SA]. The cross point is at 1 mM.  pH = 10.6,
buffer Na2CO3/NaHCO3.

Table 1
Values of different micellar parameters determined for C10SA.

CMC  (mM)  �cmc (mN/m) 106.�max (mol/m2) Amin (nm2) RH (nm)

1.1 a 41.8 a 4.71d 0.35 d,e 0.4f

0.4b,c 0.9 g

CMC: critical micelle concentration. �cmc: surface tension corresponding to CMC.
� : maximum surface excess. A : surface area at the air water interface. R :
36 O.F. Silva et al. / Colloids and Surfaces A: P

olumes of the two stock solutions provided the desired concen-
rations of all the components

.4. Critical micelle concentration (CMC) determined by
olubilization of Sudan Black

The CMC  measurement by solubilization of Sudan Black was
erformed by adding a low amount of solid dye to solutions of vari-
us concentrations of C10SA in buffer. The experiments were done
ith excess of Sudan Black in each sample (the dye was  not com-

letely solubilized), the solutions were placed in a shaker for 24 h
nd allowed to equilibrate.

.5. Surface tension measurements

The surface tension (ST) of the solutions was measured and the
eadings were taken in triplicate to check for the reproducibility,
nd the averaged values were used for the graphs.

.6. Dynamic light scattering (DLS)

The apparent hydrodynamic diameters of the micelles were
etermined at a fixed surfactant concentration of 5 mM tenfold
bove the CMC. The samples were filtered, prior to use, three times
ith 0.45 �m PTFE membrane to remove dust or particles. At the

cattering angle of 165◦, multiple samples and thirty independent
ize measurements were made for each sample, the polydisper-
ity index of the experiments was always below 0.2. The apparent
ydrodynamic diameter values reported using the CONTIN algo-
ithm were weighted by intensity, volume and/or number and no
ifferences were observed between them. DLS experiments show
hat the standard deviation of the data, using different samples, was
ess than 10% and the resolution was 0.6 nm.

.7. Diffusion-ordered NMR  spectroscopy (DOSY)

DOSY experiment was performed using a sample of
C10SA] = 5mM  in D2O and adjusting pD∼ 11 with NaOD. The
iffusion coefficient was calculated using Topspin 2.1 software.
he hydrodynamic radius (RH) was determined by the Stokes
instein equation [15].

.8. Monolayers experiments

Langmuir monolayers were obtained at room temperature by
preading 25 �L of a stock solution of the succinic acid on the
urface (80 cm2) of a 145 mM NaOH sub-phase (78 mL), after five
inutes the compression started, and the isotherms did not change

etween 3 and 15 min. A platinized-Pt sensing plate connected to
 surface pressure transducer was used to measure the surface
ressure. A high impedance millivolt meter connected to a surface

onizing Am electrode positioned 5 mm above the monolayer sur-
ace and to a miniature Ag/AgCl reference electrode submerged in
he aqueous sub-phase was used to measure surface (dipole) poten-
ial. All the surface pressure-molecular area isotherms reported
n this work correspond to those calculated with the measured
mount of amphiphile actually present at the interface. The lat-

er was determined by 1H-NMR using benzoic acid as the internal
tandard and taking the difference between the total amount used
nd the quantity directly measured in the sub-phase.

Monolayer compressibilities were obtained as reported previ-
usly [16].
max min H

hydrodynamic radius. Measured by: (a) surface tension, (b) fluorescence using
tryptamine, (c) UV–vis absorption using Sudan Black, (d) Gibbs adsorption equa-
tions, (e) Langmuir monolayers, (f) DOSY and (g) DLS experiments.

3. Results and discussion

3.1. Critical micelle concentration (CMC)

3.1.1. Surface tension method
Fig. 1 shows the plot of surface tension versus log [C10SA]. The

CMC  value and the surface tension corresponding to CMC (�cmc)
are determined from the breakpoint of the plot (Table 1). After the
breakpoint, there is a small decrease in � upon the C10SA addition
and this behavior was  also observed for other surfactants, but no
conclusive explanation can be offered [17,18].

3.1.2. Fluorimetric and absorption method
The fluorescence spectrum of a solution of tryptamine in buffer

did not change upon adding C10SA up to a certain value; then it
began to decrease (Fig. S5, Supplementary information). The corre-
sponding value of the abrupt change in slope was assigned to the
CMC = 0.4 mM (Table 1).

It should be noted that the aggregates of C10SA quenched the
fluorescence of the probe and a similar result was observed previ-
ously with other surfactant derived from C10SA [2]. This result was
explained considering that the carboxylate group of C10SA can form
hydrogen bonds with the amino group of tryptamine.

The determination of CMC  by solubilization of Sudan Black leads
to a CMC  value (Table 1) similar to that of the methods men-
tioned above. No changes in the absorption intensity at 625 nm
were observed up to CMC  for C10SA (Fig. S6 in the Supplementary
information) and the increase in the absorption intensity at 625 nm
occurred at 0.4 mM (CMC), indicating an increase in the amount of

the solubilized dye and the appearance/presence of micellar assem-
blies.

It should be noted that the differences in CMC  values obtained
from different techniques are usual, which generated the concept
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f CMC  as a “small region” instead of a single point [17]. Since the
MC  values reported in Table 1 are similar between them, a mean
alue, CMCaverage = 0.6 × 10−3 M can be calculated.

The CMC  values can be compared with those known for sodium
lkanoates, such as sodium decanoate [19], tetradecanoate [20] and
exadecanoate [20] which are 50, 1.5 and 0.55 mM respectively.
hese results are quite striking because the hydrocarbon chain of
10SA is relatively short and the carboxylate groups are expected
o form a large hydrophilic head group, both factors are expected
o reduce the tendency of the surfactant to aggregate [21].

A great work has been done on identifying the factors that deter-
ine CMC  in aqueous solution, including the surfactant structure

hat plays a central role. In relation to the hydrophobic group, it
s known that when the carbon–carbon double bond is present,
MC  is higher than that of the corresponding saturated compound
21,22] which is contrary to the CMC  values reported here. Another
mportant factor that influences the CMC  is the headgroup area of
he surfactant; therefore, we calculated its value through the Gibbs
dsorption equation. Briefly, classical theory indicates that the
dded surfactant adsorbs to the air-water interface and decreases
he surface tension of water; at some point (i.e., CMC) micelles begin
o assemble and the addition of the surfactant molecules will lead
o the formation of micelles and no further decrease in surface ten-
ion occurs [23,24]. The theoretical analysis of soluble surfactant
dsorption at the interface has been described by Gibbs adsorption
qs. (1) and (2) [24],

max = − 1
2.303nRT

(
∂�

∂log[C10SA]

)
T

(1)

min = 1018

NA�max
(2)

here �max represents maximum surface excess in mol/m2,
 = 8.314 J mol−1 K−1, T = 298 K, � represents the surface tension

n mN/m,  NA is Avogadro’s number (6.02 × 1023 mol−1) and Amin is
he surface area at the air water interface in nm2. The parameter

 represents the number of species at the interface whose concen-
ration changes with surfactant concentration and in the presence
f an electrolyte with a common counterion (i.e., sufficient salt to
ake electrostatic effects unimportant) [24–26], the value of n is

aken to be unity [27].
It should be noted that, in the literature, there is some disagree-

ent as to when and how the Gibbs equation may  be safely used
o interpret surface tension data; this discrepancy is ascribed to
aturation at the interface. Menger et al. [28–30] explained that
he decrease in surface tension as observed in Fig. 1 results from
he type of cooperativity among amphiphilic ions or molecules;
hus the interface is not saturated. On the other hand, Bermúdez-
alguero et al. [31] argued that surface saturation must precede
icelle formation, suggesting that micelles form as a consequence

f surface saturation. Mukherjee et al. [17] stated that Gibbs equa-
ion is thermodynamically correct, and the discrepancy goes either
o the specificity of the system but not to the inadequacy of Gibbs
quation which can extend up to CMC. Alternatives methods to
he direct determination of surface excess at the air-water inter-
ace and thus the molecular area have been proposed, among them
eutron reflectivity (NR) [32–34] or surface pressure-area (� - A)

sotherms [33]. Accordingly, we used the value of the slope in the
inear region (extended up to CMC) as shown in Fig. 1 and Eqs.
1)–(2) to obtain surface excess at the CMC  (�max) and Amin respec-
ively (Table 1). The results obtained using the Gibbs methods were

aken as approximate values, as is widely discussed in the literature.

In addition, we performed a study of monolayers at the air/water
nterface to gain information on the molecular area determined by
angmuir balance. Although it would be preferable to make com-
arisons forming a monolayer using C10SA, that was not possible
Fig. 2. (A) Variation of surface pressure (solid line) and surface compressional mod-
ulus (dashed line) with molecular area for C16SA and (B) the variation of surface
potential (solid line) and perpendicular resultant dipole moment (dashed line) with
molecular area. The aqueous sub-phase is 0.15 M NaOH.

because C10SA is too water-soluble for Langmuir balance studies.
Indeed, we obtained stable monolayers at the air-water interphase
using C16SA (Scheme 1 for n = 16) with a chain sufficiently long to
form stable monolayers [35] on 0.15 M NaOH aqueous subphase.

The similarity between the molecular area values measured in
Langmuir monolayers with those determined by surface tension,
was also noted by others authors. For instance, Mukherjee et al.
[17] reported that the minimum area per molecule for octade-
cyltrimethylammonium bromide, determined by surface tension
measurement was similar to that obtained from Langmuir mono-
layer measurements. Besides, using the data reported by Nakahara
et al. [36] regarding the surface adsorption of sodium dodecyl sul-
fate (SDS); we observed that from the extrapolation to the abscissa
of the slope of the surface pressure-mean molecular area isotherm
(�-A) up to a surface pressure of 50 mN/m,  it is possible to obtain a
molecular area of 0.5 nm2 which matches the area reported in the
literature for SDS [24,37]. Nevertheless, this last comparison was
not mentioned in the article.

Fig. 2A shows the variation of surface pressure (solid line)
and surface compressional modulus (dashed line) with molecular
area. Fig. 2B depicts the variation of surface potential (solid line)
and the perpendicular resultant dipole moment, (�, dashed line)
with molecular area. Fig. 2A-B reveals a large variety of packing

states along the compression isotherm. The intermolecular orga-
nization adopted by C16SA implies a major reorganization of the
hydrophobic and hydrophilic moieties of C16SA molecules in the
films depending on the lateral surface pressure. Some of the fea-
tures are described as follows:
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During compression, at about 5 mN/m and molecular packing
ess than 50 Å2, the film goes into a condensed liquid state and
emains in a similar state, from a surface pressure of 5 mN/m to
8 mN/m approximately (about 50–30 Å2). This is evidenced by the
lateau values of the surface compressional modulus � (with val-
es between 17 and 27 mN/m)  which correspond to films having a
ather condensed liquid state. At 20 mN/m (28 Å2) approximately,

 change in the slope of � -molecular area isotherm occurs in a very
ondensed film (solid condensate state) which is clearly noticeable
y the further increase in the values of the surface compressional
odulus �.

The results demonstrated that resultant dipole moment re-
rientations and intermolecular organizations can be achieved by
16SA through the control of surface pressure at molecular packing
35 Å2 (at a surface pressure ∼16 mN/m)  and at the limiting mean
olecular area of about 18 Å2 (at the collapse pressure of 56 mN/m).

he limiting molecular area corresponds to the cross-sectional
rea of alkyl chain [23,16], and indicates that the monolayers
ave collapsed after the closest molecular packing. The average
olecular area at ∼35 Å2 is in agreement with the value found

n literature for a unique carboxylate group (the molecular area
or sodium dodecanote [24] and hexadecanoate [24] are 47 Å2 and
1 Å2 respectively) and also matches the molecular area deter-
ined by surface tension measurement (Amin = 35 Å2, Table 1).

Using a molecular modeling program [38], it was  possible to
stimate a possible conformation adopted by C10SA and its deriva-
ive that contains a saturated aliphatic chain (Scheme 2). In the
alculations a trans conformation was assumed for the two car-
oxylate groups since under basic experimental conditions that is
he favored one [39].

Regarding molecular conformation, one of the carboxylate
roups is in the proximity of the double bond, probably due to

 van der Waals radius smaller than that of a methylene group
40,41], which reduces the available area per surfactant molecule
t the surface. Therefore, the small CMC  observed for C10SA may
e attributed to the close molecular packing that is allowed by the
onformation of the polar head. A similar behavior was observed
n quaternary cationic surfactants where the planar pyridinium
erivates packed more easily than tetrahedral trimethylammo-
ium surfactants [21]. Indeed, a NMR  NOESY spectrum of a solution
f C10SA in D2O at pD ∼ 11 (Fig. S7, Supplementary information)
howed NOE effects, between the protons Hd,d′ and Hb,b′ indicating

 close proximity (less than 5 Å).
To have another experimental demonstration of the importance

f the double bond in the solution behavior of C10SA it would
e useful to have data for the saturated derivative, therefore we
ynthetized the compound but under the same experimental con-
itions, it was not possible to solubilize it even heating up to 80 ◦C.
his result is another significant probe that the double bond plays a
rucial role in the solubilization and packing of the C10SA molecules
n the micellar assemblies.

.2. Hydrodynamic radius, RH

A DOSY (Diffusion Ordered SpectroscopY) spectrum was col-
ected using a solution of [C10SA] = 5 mM (far above CMC) at pD∼11.
he DOSY spectrum (Fig. S8 in Supplementary information) is a 2-D
xperiment that shows proton chemical shifts in the horizontal axis
nd diffusion coefficients in the vertical axis. All the signals of C10SA
ppeared at a diffusion coefficient value of 0.55 × 10−10 m2/s, and

y using this value we calculated RH = 0.4 nm (Table 1). Dynamic

ight scattering (DLS) lead to a similar RH value, namely 0.9 nm
Table 1) calculated from the hydrodynamic diameter of C10SA
dapp = (1.8 ± 0.6) nm). The discrepancy in the value of RH obtained
y DOSY and DLS is expected considering the differences in the
Fig. 3. Change in fluorescence intensity of a solution of [pyrene] = (2 × 10−6 M)  and
[C10SA] = 4.7 × 10−3 M as a function of cetylpyridinium chloride (Q), �exc = 335 nm,
and �em = 392 nm.

techniques used [42], and the values of RH are comparable with
that reported for micelles of ammonium decanoate (RH = 1.6 nm)
[43].

3.3. Mean aggregation number

It is well known that the intensity ratio of a probe in the presence
(F) and absence (F0) of a quencher (Q) is related to the aggregation
number (nagg), the quencher concentration and the total concen-
tration of a given surfactant ([Det]), as shown by Eq. (3) [44].

LnF0
F = [Q].naag

[Det] − CMC
(3)

In this study, we used pyrene and cetylpyridinium chloride (Q)
as a donor and quencher of luminescence respectively [45]. The data
obtained (Fig. 3) were fitted to Eq. (3); from the slope of the plot
and using CMCaverage = 0.6 mM (mentioned above), nagg = (55 ± 5)
molecule/micelle was calculated. This value is in the order reported
for ionic surfactants containing a single long alkyl chain [21], and
comparable with the nagg values reported for micelles of sodium
[46] and ammonium [43] decanoate (38 and 54 molecules/micelle
respectively). As mentioned before, it seems to us that the arrange-
ments of carboxylate groups in the C10SA molecules (Scheme 2)
result in a decrease in their mutual steric and electronic repulsion
in the micelle, allowing a closer packing of the head groups.

3.4. Micellar structure and shape

To predict the shape of the aggregates, we  did not attempt to cal-
culate the molecular packing parameter [21,47] since we  were not
able to determine the length of the surfactant tail. Due to the dispo-
sition of carboxyl groups of C10SA (Scheme 2) the hydrophobic core
is difficult to define. The micellar structure of C10SA was estimated

from geometric constraints, assuming a spherical micelle with a
radius RH, made up of nagg molecules, surface area of the micelle, A
(A = Amin.nagg), is given by Eq (4).

Amin.nagg = 4.�.RH
2 (4)
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Scheme 2. Molecular model repres

Using Eq. (4) and the values for Amin and nagg (mentioned above),
 value for RH = 1.2 nm was calculated that is similar to the values
etermined by NMR  and DLS (Table 1), thus geometrical arguments
upport the case for a spherical micelle.

. Conclusions

The aggregation behavior of C10SA was extensively studied.
ts CMC  value is significantly lower than that of other surfactants
f similar hydrocarbon chains but containing only one carboxylic
roup in the polar head. Among the factors to affect the CMC, we
dentified the role of the double bond and arrangement of carboxyl
roups in the hydrophilic head. The arrangement of the carboxyl
roups plays a crucial role because it favors a better packing of the
eadgroup of the surfactant resulting in a reduction of their mutual
epulsion in the micelle. The presence of the double bond seems to
e very important to define the conformation, maintaining one of
he carboxylic moieties close to it. This conformation influences
he solubilization/aggregation behavior and is responsible in part
f the interesting characteristics found in this simple molecule, as

s the high tendency to self-assembly forming micelles of spherical
hape and small size.

The particular arrangement of the C10SA carboxyl groups was
onfirmed from the calculation of the molecular area of the head-
roup in Langmuir monolayer at the air/water interphase formed
y C16SA.
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