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Interaction of Sodium Ions with Cationic Surfactant Interfaces
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Introduction

Background : The stability of colloidal systems is determined
by a delicate interplay of various intermolecular forces. Su-
pramolecular microstructures, long-range ordered liquid
crystals, and also some simple biological systems are often
used as models that reflect the role of different intermolecu-
lar forces in stabilization processes and in the evolution of
microstructure. For more than half a century the Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory[1,2] has under-
pinned the intuition of colloid scientists on these forces. The
apparent successes of DLVO theory derive from its simplici-
ty, which allows the extraction of the essential physics of the
problem of lyophobic colloid stability. Its starting point is
the ansatz that colloidal particle interactions (stability or co-
agulation of dispersions) is determined by the balance of
two separate forces: double-layer repulsion and van der
Waals attraction. However, the two forces are intimately
coupled, and the separation of forces is an invalid approxi-
mation.[3] This limits the applicability of the theory to low
electrolyte concentrations (1110�3 to 5110�2

m). In particu-
lar, it loses its predictive ability for numerous colloidal phe-
nomena that are dominated by the problem of ion specifici-

ty, or Hofmeister effects. This problem, extant for more
than a century, is one for which, indeed, the original DLVO
theory did not claim any competence. Moreover, the further
approximations are that: 1) the solvent is a bulk continuum,
unperturbed by an electrolyte; 2) no profile of surface-in-
duced solvent order (hydration) exists at an idealized inter-
face; and, especially, 3) no perturbation of this hydration
occurs due to interaction with adsorbed hydrated ions. (The
first and third assumptions remain open. The second is justi-
fied thermodynamically by the theorem that for the evalua-
tion of free energies, it is sufficient that the distribution
function, that is, the profile of order, is correct only to
zeroth approximation).

Theoretical developments have treated the electrostatic
double-layer interactions by a nonlinear theory of electro-
lytes. The second kind of (nonelectrostatic, NES) forces
have been handled by the linear theory of Lifshitz that in
principle deals with all many-body quantum mechanical
fluctuation forces. This procedure in which one force is
treated by a nonlinear theory and the others by a linear
theory violates both the Gibbs adsorption equation and the
gauge condition on the electromagnetic field.[3,4] Conse-
quently, it can be shown that specific ion effects are missed.
The term “specific ion effects” then disguises the fact that
there has been no encompassing theory of systems involving
aqueous electrolytes except in the limit of extreme dilution
(the situation has been reviewed recently[5]). The problem is
endemic and occurs not just for colloidal interactions, but
also for the Born energies of transfer, correlation free ener-
gies of electrolytes (Debye–H>ckel theory), and interfacial
tensions. When the defects are remedied by treating both
kinds of forces at the same level in a consistent nonlinear
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theory, specific ion effects do show up, apparently predicta-
bly.[6] Co- and counterion specificity manifests itself in a va-
riety of processes too numerous to list here. They range
from bacterial growth,[7] enzymatic activity,[8,9] to self-assem-
bly of surfactants,[10,11] to hydrophobic chromatography,[12]

and the effects can usually be ordered (at least at a qualita-
tive level) within the well-known Hofmeister series.[13] The
series is often reversed and depends on surface or substrate,
and buffer type, a fact alone that implicates the NES forces.

While progress has been made by working just at the
level of continuum solvent approximation, the major source
of the effects is still debated. This is not surprising, for the
extension of theory just discussed includes neither bulk salt
and surface-induced water structure, nor effects of dissolved
gas.[14, 15]

To extend DLVO theory and account for ion specificity,
two parallel lines of thought have been followed, which ap-
parently sit in apposition and opposition to each other. One
assigns to ionic hydration the entire responsibility for and
carriage of the ion-specific effects.[16,17] The other insists on
the fact that ions near an interface must experience a poten-
tial due to (NES) dispersion forces in concert with the clas-
sical electrostatic potential.[3,6] Basically, the first approach
ascribes ion specificity to ionic influence on water structure,
and the other to relative ionic affinity to interfaces. Both ef-
fects are certainly operative. The question is which domi-
nates? The first approach is more complicated, as hydrated
ion–ion interactions or hydrated ion–surface interactions
necessarily involve more, or less, overlap of hydration shells,
which leads to the concept of “hard” and “soft” ions, which
itself goes back to the “civilized” model of electrolytes of
Stokes.[18] Although the second focuses on surface–ion inter-
actions via forces not included in conventional theory, the
NES ionic and solvent frequency-dependent dielectric sus-
ceptibilities (as exemplified by excess polarizabilities) play a
role in both theories. The (self) interaction of a bare ion
with water in the presence of its neighbors and/or an inter-
face via NES interactions[19–21] gives rise to strong or weak
hydration and the characterization of ions as kosmotropic or
chaotropic. These hydrated or “dressed” ions then experi-
ence further specific NES dispersion potentials directly with
an interface, and with its profile of hydration. The two appa-
rently different approaches are consistent, and the second in
fact include at least part of the first. Which effect dominates
in a particular case is a matter of dispute.[22, 23] This fact ren-
ders somewhat ambiguous the attribution of experimental
results to one approach (bulk effects), as opposed to the
other (surface effects). An emblematic example is the fol-
lowing: Dialkyldimethylammonium bromide (DDAB)/water
(W)/hydrocarbon mixtures show a large reverse (water-in-
oil) microemulsion region,[24–26] whereas changing the
DDAB counterion to sulfate (DDAS) results in a normal
(oil-in-water) microemulsion.[10,11] Titration of the DDAS/
water/hydrocarbon microemulsion with a solution of NaBr
induces a transition back to the reverse-phase system. Sur-
prisingly, the change in curvature occurs at a mole fraction
of bromide of 0.4.[11] Typical counterion (sulfate) concentra-

tions are around 1m. Such a result clearly indicates a
marked preference of bromide for the interface with respect
to sulfate. From an electrostatic point of view this is, of
course, plainly absurd. The divalent sulfate ion ought to be
the clear winner in a competition for the charged surface
with the univalent bromide ion. This behavior can be attrib-
uted to the stronger attractive NES interaction between bro-
mide and the interface, as determined by its higher polariza-
bility. Although dispersion forces must be called into ques-
tion, there are no evident reasons (experimental results) to
argue against the fact that preference of bromide for the
charged surface could also be due to its chaotropic behavior
(sulfate is a kosmotropic ion). Therefore, in such an example
both proposed theories hold. (Earlier preliminary studies of
coion and counterion effects in this system revealed some
extraordinary changes in the phase diagrams[27]).

The specific problem : We recently observed that the
DDAB/water/n-decane ternary system may provide an ideal
system to explore ion-specific (Hofmeister) effects.[28] Un-
usually, for the present system, dissolved gas is not a prob-
lem. Salt (counterion) concentrations are on the order of
molar throughout, and gas solubility drops to essentially
zero at 1m. The effect of adding various salts on the large
microemulsion region which dominates the phase diagram
was investigated. The DDAB/salt molar ratio was always
kept so small that, in terms of electrostatic interactions, the
added salt was expected to make only a minor contribution.
It was shown that such a small addition of salt did not
induce significant changes in the microscopic molecular pa-
rameters, such as chemical shifts, relaxation times, and self-
diffusion coefficients measured by NMR techniques. On the
other hand, dramatic (and salt-concentration-dependent) ef-
fects were ascertained at a macroscopic level: the thermody-
namically stable microemulsion (at a given surfactant-to-oil
ratio) became an emulsion or a clear two-phase system at
much lower water content than in the absence of any salt.
Similar effects were previously observed as a result of the
addition of minute amounts of NaBr and Na2SO4 to the
DDAB/water/n-dodecane system.[29] Surprisingly, the major
effects could be ascribed to minute amounts of added cati-
ons, here coions, while the anion (counterion) effects
seemed to be negligible.

Herein the focus is on the interactions that strongly affect
the phase behavior in the microemulsion region and on the
role played by the sodium cation in the stability of these
positively charged interfaces. A detailed investigation was
performed by 2H and 23Na NMR techniques on selected
samples in the thermodynamically stable microemulsion and
lamellar phases when small amounts of NaBr were added.
Then, different sodium salts and bromide salts were investi-
gated for their effects on the DDAB/W swollen lamellar
phase.
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Results and Discussion

The microemulsion phase : It is known that DDAB/water/n-
alkane microemulsions show a bicontinuous microstructure
at low water content. With changing component ratios the
microstructure gradually disconnects to form water-in-oil
spherical droplets, either at high water and low surfactant
content or at very high oil content.[24,25, 30,31] Figure 1 shows
the region of existence of the isotropic microemulsion

phase, in the presence and in the absence of NaBr, in the
DDAB/2H2O (D)/n-decane (DEC) ternary phase diagram,
at 25 8C. The phase boundaries are slightly different from
those previously reported due to the use of deuterated
water. In Figure 1 the water dilution lines investigated
through conductivity are also shown along with the composi-
tion of the two microemulsion samples (see below).

Independent of the presence of NaBr, both microemul-
sions evolve to a water-in-oil disconnected domain with in-
creasing water content. In the presence of NaBr a two-phase
system forms at much lower water content than without salt
(cf. Figure 1). Phase separation begins when the bicontinu-
ous water network starts to disconnect, as indicated by a de-
crease in conductivity.

It seemed interesting to investigate microstructural fea-
tures in the microemulsions in the proximity of phase sepa-
ration by NMR measurements. Two compositions along the
oil dilution lines at water/surfactant (w/s) mass ratios of 30/
70 and 40/60 with oil contents of 32.4 (me1) and 21.4 wt%
(me2), respectively, were chosen. Table 1 lists the experimen-
tal NMR results along with some calculated parameters for
me1 and me2 in the absence and in the presence of added
NaBr in the aqueous phase. A DDAB/Na=125 molar ratio
was used. A 0.04m solution of NaBr in 2H2O was used as
reference for 23Na and 2H NMR data.

2H NMR data: water dynamics : The 2H spin–lattice (R1) and
spin–spin (R2) relaxation rates show that water dynamics
always occur within the extreme narrowing limit since R1�
R2. Only the reorientational correlation time becomes

Figure 1. The DDAB/D/DEC ternary phase diagram. L2 phase region
boundaries in the presence (darkest area) and in the absence of NaBr
are depicted along with the water dilution lines investigated by conduc-
tivity. Filled symbols indicate the percolation transition from conducting
to nonconducting samples. Empty symbols indicate the composition of
the two microemulsion samples investigated by NMR spectroscopy (see
text).

Table 1. Experimental NMR data at 25 8C (R1,2= spin–lattice (1) and spin–spin (2) relaxation rates in s�1; D= self-diffusion coefficient in m2s�1) and cal-
culated parameters (t=correlation times in s; happ=calculated viscosity in cP). Composition: me1 (DDAB/D/DEC=47.3/20.3/32.4), me2 (DDAB/D/
DEC=47.1/31.5/21.4). Molar ratio DDAB/Na=125.

Parameter me1 me2 me1+NaBr me2+NaBr 0.04m NaBr

Deuterated water (D) data
R1 (

2H) 6.12�0.03 4.56�0.01 6.06�0.03 4.58�0.02 2.30�0.01
R2 (

2H) 6.17�0.02 4.65�0.06 6.03�0.04 4.62�0.03 2.30�0.02
DD ACHTUNGTRENNUNG(2.9�0.1)110�10

ACHTUNGTRENNUNG(3.5�0.1)110�10
ACHTUNGTRENNUNG(2.9�0.1)110�10

ACHTUNGTRENNUNG(3.2�0.1)110�10 (1.80�0.05)110�9

w/s 9.78 15.52 9.78 15.52
w/Na 1223 1940
happ(R)[a] 2.97 2.22 2.92 2.22 1.11
happ(D)[b] 2.37 1.96 2.37 2.15
Rcyl [O] 14 19 14 19

Surfactant (s) data
R1 (

14N) 32.4�0.2 27.6�0.2 31.8�0.2 27.5�0.2
R2 (

14N) 92.4�0.3 131.8�0.2 89.8�0.2 127.1�0.2
sD (1H) (1.37�0.07)110�11 (1.51�0.08)110�11 (1.53�0.08)110�11 (1.48�0.07)110�11

R2�R1 60.0 104.2 58.0 99.6
tslowc 2.5110�7 4.3110�7 2.4110�7 4.2110�7

Na+ data
R1 (

23Na) 35.3�0.5 26.6�0.3 20.65�0.08
R2 (

23Na) 47.8�0.7 34.4�0.5 20.64�0.08
NaD (23Na) ACHTUNGTRENNUNG(1.1�0.1)110�10

ACHTUNGTRENNUNG(1.2�0.1)110�10 (1.06�0.02)110�9

DRex 0.54 0.43
tslowc 3.1110�9 4.3110�9 7.34110�12

R2-R1 12.5 7.8
pBS

2
b 0.0038 0.0016

Rh [O] 1.9

[a] 1.11110�3
ACHTUNGTRENNUNG[(R1+R2)/2]/2.3, where h=1.11110�3 cP is the viscosity of D and 2.3 s�1 is the relaxation rate of D in the presence of 0.04m NaBr. [b] 1.111

10�3 [(6.2110�10)/DD], where DD=6.2110�10 m2 s�1 is the expected self-diffusion coefficient of D molecules that move freely in one direction.
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slower as a result of the limited amount of water in the
water domain of the microemulsions. Indeed w/s molar
ratios of 9.78 and 15.52 for me1 and me2, respectively, indi-
cate that most water molecules are water of hydration. It
has been suggested that bulk water occurs only for w/s>
15,[32] and therefore its apparent reorientational correlation
time increases from about 3 ps in pure water to 6–8 ps in the
microemulsions. This is confirmed also by the values of the
water self-diffusion coefficients DD. Whereas in the 0.04m
NaBr solution a DD value of 1.80110�9 m2s�1, very close to
that reported for pure deuterium oxide (1.87110�9 m2s�1), is
measured, values around (2.9–3.5)110�10 m2s�1 are meas-
ured in the microemulsions. This order of magnitude is typi-
cal of bicontinuous microemulsions in which interconnected
water domains exist and water self-diffusion is almost free
in one direction. In such case DD=DD8/3�6.2110�10 m2s�1

would be expected.[33] However, as observed in other bicon-
tinuous microemulsions, the measured DD value is smaller
due to the slowly diffusing water molecules in the hydration
shell of polar interfaces. Nevertheless, almost free diffusion
in one direction can be assumed. No restricted diffusion was
ascertained, since the measured self-diffusion coefficients do
not depend on the observation time D�d/3 (experiments
were performed with D varying in the range 40–200 ms).

Water molecules of hydration cause both an increase in
the relaxation rates and a decrease in the self-diffusion coef-
ficients. It can be inferred that the apparent viscosity of the
water domain increases with respect to the bulk. Indeed the
reorientational correlation time tc is linearly dependent on
viscosity h [Eq. (1)], where Rh is the hydrodynamic radius, k
the Boltzmann constant, and T the absolute temperature.
The self-diffusion coefficient shows an inverse dependence
on viscosity [Eq. (2)].

tc ¼
3phR3

h

kT
ð1Þ

D ¼ kT
6phRh

ð2Þ

Taking into consideration these two equations, a two- to
threefold increase of the microviscosity of the water domain
can be predicted. The apparent viscosities happ calculated
from relaxation data and from diffusion measurements are
reported in Table 1. Therefore, it can be assumed that in me1
with w/s=9.78 and in me2 with w/s=15.52 the viscosity in-
creases by a factor of 1.9 and 2.5, respectively. These data
are quite consistent with the dimensions of the water con-
duits that can be calculated for the approximation of a cylin-
drical shape[32] according to Equation (3), where Rcyl is the
radius of the cylindrical conduit, vw the volume of a water
molecule (30 O3), as the area per polar head group
(68 O2),[34,35] and Rs is a contribution due to the polar head
group (here Rs=5 O was used[32]). These data will be further
considered in the analysis of the effects of Na+ ions.

Rcyl ¼
2 vw
as

w
s
þ Rs ð3Þ

A general comment arises from these data. Water param-
eters are not affected by the presence of sodium. The main
effect is due to the different amounts of water in the two mi-
croemulsions. This influences the local microviscosity of the
water network and determines the different dynamics.

14N and 1H NMR data: surfactant dynamics : Several previ-
ous papers[26,31,36] have demonstrated the sensitivity of 14N
NMR relaxation as a technique to investigate percolation
and microstructural transitions in DDAB systems. Indeed
the favorable location of nitrogen in the DDAB polar head
group and the intrinsic properties of the 14N nucleus (spin
I=1) makes it a readily available and sensitive probe to
monitor slow motions and fluctuations up to the microsec-
ond timescale. The two-step model approach[37] was used to
show that, from the difference between the R2 and R1 relax-
ation rates, the correlation time for the slow motion can be
obtained from Equation (4), where Sb is the order parameter
related to the bound site, c is the quadrupolar coupling con-
stant of the 14N nucleus, and the various J(w) are defined as
a function of the slow correlation time related to the
“bound” species tslowc [Eq. (5)].

R2�R1 ¼
�
9p2

40

�
ðSbcÞ2½JSð0Þ þ JSðwNÞ�2 JSð2wNÞ	

�
�
9p2

40

�
ðSbcÞ2JSð0Þ

ð4Þ

JðwÞ ¼ 2 tslowc

1þ w2ðtslowc Þ2
ð5Þ

In Equation (4), the product cSb can be obtained from the
14N quadrupolar splittings measured in the La phase, by as-
suming the fraction of the observed nucleus in the bound
state pb=1 [Eq. (6)].

Dnq ¼
3
4
pBSbc ð6Þ

The value of cSb here used is 10.4 kHz, as previously ob-
served.[26]

The difference DR=R2�R1 in Equation (4) is mainly af-
fected by slow geometry-dependent motions, since the con-
tribution associated with local fast motions, which are inde-
pendent of the interfacial geometry, is subtracted. These
slow motions involve surfactant lateral diffusion along the
curved interface and reorientation of the interface itself.
The calculated tslowc are very similar to those determined pre-
viously in percolating DDAB/water/DEC microemulsions.[31]

A slight dependence on the composition is observed for
tslowc . It increases with increasing w/s. More remarkably, it in-
creases with decreasing oil volume fraction from fo=0.40 in
me1 to 0.28 in me2. The state of bicontinuous microemulsions
is further confirmed by the self-diffusion coefficients deter-
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mined by 1H NMR PGSTE experiments. Minimal differen-
ces were observed in the two microemulsions.

In summary, the dynamics of the surfactant interface, ex-
actly as for the water dynamics, is not affected by the pres-
ence of Na+ and Br� ions in the polar domain.

23Na NMR data: Na+ ion dynamics : The 23Na nucleus has a
spin quantum number of I=3/2 and the treatment of relaxa-
tion data of systems outside the extreme narrowing limit, as
in the present case (R1¼6 R2), is less straightforward than for
spin I=1, as for the 14N nucleus. Moreover, here Na+ ions
are not the counterions of a charged interface, so that strong
binding cannot be expected. What must be picked up from
23Na NMR relaxation and diffusion is essentially a weak
coion interaction. Both R1 and R2 relaxation decays were
suitably fitted by single exponential functions. Here, two
simplified equations that allow estimates of the slow correla-
tion time tslowc and the product pbS

2
b between the Na+ bound

fraction pb and the order parameter Sb were used. A de-
tailed description of the theory underlying the 23Na NMR
multiexponential relaxation in the slow motion regime is re-
ported elsewhere.[30,32,38]

Assume that 23Na NMR relaxation measured in the bulk
reference 0.04m NaBr solution (R1�R2=20.65 s�1) repre-
sents the free-ion relaxation contribution Rfree, from which a
correlation time tc=7.34 ps can be calculated by introducing
c=665.8 kHz[38] and using Equation (7), where the asymme-
try parameter h2/3 was neglected, as is usually done in sym-
metric environments. Now assume a simple two-site model.
We can define as “bound ions” those located near to a
slowly moving interface, close enough to experience an in-
teraction. To get information on the dynamics an estimate
of the slow correlation time of the “bound” species can be
obtained by calculating the excess relaxation rates R1ex and
R2ex from the Equations (8).

R1 ¼ R2 ¼ Rfree ¼
�
2p2

5

�
c2tc ð7Þ

R1ex ¼ R1�Rfree and R2ex ¼ R2�Rfree ð8Þ

These represent a measure of the involvement of Na+

ions in the aggregation phenomena. Then all the unknown
parameters that occur in the relaxation equations can be ne-
glected if the ratio between the excess relaxation rates R1ex

and R2ex is considered [Eq. (9)].

DRex ¼
R1ex

R2ex
¼ ½0:2 JðwÞ þ 0:8 Jð2wÞ	

½0:3 Jð0Þ þ 0:5 JðwÞ þ 0:2 Jð2wÞ	 ð9Þ

By using Equations (4), (8), and (9) correlation times of
3.1 and 4.3 ns were estimated for me1 and me2, respectively,
in the presence of NaBr. These correlation times are consis-
tent with the observation, at our experimental field strength
of 7 T (1/w�4 ns), of a single exponential decay for both R1

and R2. Now introducing the calculated tslowc values into
Equation (10),[30, 32,38] and assuming again c=665.8 kHz

gives the parameters pbS
2
b=0.0038 for me1 and 0.0016 for

me2. Order parameters are usually quite small in the sym-
metric and isotropic environments that occur in a microe-
mulsion. For instance, a value of pbS

2
b=0.028 was found for

Na+ counterions in a sodium dodecylsulfate micellar solu-
tion (5 wt% SDS in water).[38] Considering that in this rela-
tion the order parameter appears as a square, this is a strik-
ing result. It can be inferred that a significant fraction of
Na+ ions closely experiences the presence of the DDAB
cationic interface.

R2�R1 ¼ pBS
2

�
2p2

5

�
c2½0:3 Jð0Þ þ 0:3 JðwÞ�0:6 Jð2wÞ	 ð10Þ

It might be argued that Na+ ions are forced to reside
close to the cationic interface as a result of the size of the
water domain (cf. cylinder radii of 14 and 19 O) and the ab-
sence of real bulk water molecules (w/s�15). We do not be-
lieve this to be the case. This assertion can be demonstrated
as follows. A hydrodynamic radius Rh of 1.9 O (the Pauling
ionic radius is 0.95 O[39]) can be calculated from Equa-
tion (2) by using the sodium self-diffusion coefficient NaD=

1.06110�9 m2 s�1. Such a hydrodynamic radius must be inter-
preted as the radius of a sphere constituted by the ion and
its tightly bound water molecules that move with the diffus-
ing ion. The Rh value of sodium calculated here is in excel-
lent agreement with those already reported (1.8 O).[40] The
values of DNa decrease by one order of magnitude in the mi-
croemulsions. However, this, as in the case of water diffu-
sion, is likely to be due to the increase in microviscosity.
Indeed, if Rh=1.9 O and the average apparent viscosity of
D reported in Table 1 are introduced into Equation (2), and
considering also that diffusion may occur in one direction
only, values of NaD=1.67110�10 m2s�1 for me1 and 1.521
10�10 m2s�1 for me2 can be predicted. These data are quite
close to those experimentally measured.

The main conclusion is clear: the interaction between
Na+ ions and the DDAB cationic interface exists, as proven
particularly by 23Na NMR relaxation. This is reasonable
since it is known that quadrupolar nuclei are very sensitive
to slow motion of the bound species. On the contrary, self-
diffusion coefficients are mainly determined by the hydrody-
namic radius, the dimension and the shape of the domain
over which the observed species can move, and finally by
the viscosity of the medium. The main objection to this con-
clusion resides in the absence of real bulk water. Therefore,
Na+ ions may be forced to be located close to interface, al-
though the number of water molecules per sodium ion is
very high (see w/Na in Table 1).

To go further, the effect of sodium salt addition was inves-
tigated in the lamellar phase of the DDAB/D binary system.

The lamellar phase : The phase diagram of the DDAB/D
binary system has been previously investigated[36,41,42] by op-
tical microscopy and 2H and 14N NMR spectroscopy. Two
types of lamellar phases occur. These are a swollen lamellar
phase La1 that coexists with liposomes and forms at high
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water content, and a compact lamellar phase La2 that forms
only for DDAB/D mass ratio higher than 80/20. In the
range of composition between 25 and 80 wt% DDAB the
two lamellar phases coexist over a wide two-phase region. A
critical upper consolute point was identified at about 80 8C
in the presence of deuterated water.[36] This critical point de-
creases to 72 8C when normal water is used.[42]

Several samples were prepared with the same molar ratio
DDAB/Na=125. Figure 2a shows the 23Na NMR spectrum

obtained with a mass ratio of DDAB/D=18/82. Here both
the central 23Na NMR signal and two satellites can clearly
be seen, with a quadrupolar splitting of Dnq�400 Hz. Re-
calling that the quadrupolar splitting [see Eqs.(6) and (11)]
for the lamellar phase is strictly related to the number of
nuclei located within a short distance (5–6 O) of the aniso-
tropically oriented interface,[32] this is again a striking result.
In this case w/s�105. This means that there are more than
13000 molecules of water per sodium ion. In the swollen la-
mellar phase a spacing of about 110 O has been ascer-
tained;[42] moreover, the lamellar packing coexists with a lip-
osome microstructure. The occurrence of significant lipo-
some organization is demonstrated by the 2H NMR spectra,
where, besides the doublet due to the quadrupolar splitting
of oriented D molecules, an isotropic signal is always seen.
Figure 2b shows the 2H NMR spectrum, which confirms the
coexistence of the two microstructures. Preliminary relaxa-
tion and self-diffusion measurements indicate the occur-
rence of two different environments (lamellar and liposome)
without exchange between them of both water and sodium
species. Although the amount of bulk water is quite large in
this La1 phase, a significant amount of sodium resides suffi-

ciently close to the DDAB cationic interface to experience
the lamellar anisotropic orientation in the magnetic field.

From previous investigations on DDAB with different
counterions, the preferential binding of bromide with re-
spect to other counterions has been demonstrated.[11,27,43]

Consequently, one possibility is that, on addition of NaBr,
the binding of bromide counterions increases and, for elec-
trostatic reasons, Na+ ions also come close to the interface.
To test this hypothesis, a number of other sodium salts were
examined. Table 2 shows the 23Na NMR quadrupolar split-

tings measured in the presence of NaF, NaCl, NaNO3,
NaClO4, and Na2SO4: very similar results were obtained.
This rules out an assignment of the effect to electrostatics
alone. It can be concluded that the anion is not important in
determining the attraction of the sodium cations to the
DDAB cationic interface.

However, at this stage, an obvious question arises. Is this
a specific property of the Na+ ion? Looking at the past liter-
ature an answer can be found: it is not necessary to have a
purely electrostatic interaction to attract a charged ion close
to an oriented interface. This was the case of 1-monocta-
noin/water lamellar phase in the presence of NaCl and CsCl
(also in the presence of NaCl and LiCl to evaluate competi-
tive binding),[44–46] for which 23Na Dnq in the range 4–12 kHz
and 133Cs Dnq in the range 70–400 Hz were measured. Since
the surfactant is a nonionic monoglyceride, it was suggested
that a major contribution to the splitting must arise from
distortions of the ionic hydration shell for ions entering the
oriented water layer (usually two water layers with a total
thickness of 4 O are considered). Later it was demonstrated
that when the chloride lyotropic series of monovalent cati-
ons Li+ , Na+ , K+ , Rb+ , and Cs+ is added to an anionic sur-
factant/water system different phase transitions were ob-
served.[47] This behavior was mainly ascribed to the different
hydration and different hydrated radii of the cations (see
Table 3). The radii reported in Table 3 correspond to those
first reported by Conway,[48] which differ from those calcu-
lated from the Stokes equation [e.g., Eq. (2)].

In this context it seemed interesting to ascertain on our
DDAB/W La1 phase the effect of the bromide lyotropic
series of the same monovalent cations. Using the same
DDAB/cation molar ratio and the same procedures as
above, the various 7Li, 23Na, 39K, 87Rb, and 133Cs NMR spec-
tra were recorded. These nuclei have a spin quantum
number of I=3/2, with the exception of 133Cs (I=7/2). Very
different Dnq were measured for the different nuclei. Only

Figure 2. a) 23Na and b) 2H NMR spectra of a DDAB/D=18/82 La1

sample (DDAB/Na+ =125).

Table 2. 23Na NMR splittings at 25 8C for different sodium salts in the La1

phase of a sample with mass ratio DDAB/D=18/82. A molar ratio of
DDAB/Na=125 was used. The reproducibility is within �5%.

Sodium salt Dnq [Hz]

NaBr 410
NaF 390
NaCl 408
NaClO4 400
NaNO3 405
Na2SO4 400
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39K NMR spectra did not show any evidence of possible
quadrupolar splittings, probably due to the low sensitivity of
the nucleus itself accompanied by an unfavorably short
spin–spin relaxation time. Data are reported in Table 3
along with some nuclear parameters.

If in the case of the chloride lyotropic series and the
anionic surfactant some competitive effects specific to coun-
terion binding were evident,[47] then a direct comparison
among the Dnobsq values cannot be sustained. Indeed, Equa-
tion (6) can be rewritten in its more general form
[Eq. (11)],[44,49] where qLD is the angle between the magnetic
field and the director (the interface symmetry axis), qDMi the
angle between the director and the z axis of the coordinate
system at nuclear site i (the term in square brackets repre-
sents the order parameter of site i), pi the fraction of ions at
site i, and nQ the quadrupolar coupling constant. Many un-
known parameters occur in Equation (11). If the nuclear pa-
rameters that are known and do not depend on the site i are
grouped in the term F=3Q/ ACHTUNGTRENNUNG[2 I ACHTUNGTRENNUNG(2I�1)], where Q is the nu-
clear quadrupole moment (see Table 3), the following de-
creasing order of the quadrupolar splittings might be pre-
dicted: 87Rb> 23Na> 39K> 7Li> 133Cs. The Dnobsq values re-
ported in Table 3 confirm this trend only for the 87Rb and
23Na nuclei. However, this is not very surprising. The differ-
ent hydration, hydrated radius, and polarization of the vari-
ous cations may be important factors. On the other hand,
besides several recent papers,[5,20,50] it has been demonstrat-
ed that even coion adsorption may occur at weakly charged
membranes.[51] This was suggested to result in a number of
nonlinear phenomena due to nonuniformities in the fixed-
charge distribution (local defects).

Dnq ¼ jð3 cos2 qLD�1Þ
X

i

pinQ½0:5 ð3 cos2 qDMi�1Þ	 ð11Þ

Discussion and Conclusion

To recap the main findings:

1) Very small additions of NaBr to a microemulsion formed
by the system of cationic surfactant didodecyldimethy-
lammonium bromide, deuterated water, and decane
cause an impressive shrinkage of the region of existence
of this thermodynamically stable phase.

2) 14N, 2H, and 23Na NMR relaxation and self-diffusion in-
vestigations of DDAB, D, and Na+ ion indicate that
water and surfactant dynamics are not altered by the
presence of the added salt, and suggest that Na+ ions
closely approach the positively charged interface.

3) This point was thoroughly investigated in the lamellar
phase of the DDAB/D binary system. The NMR spec-
trum of this sample shows a quadrupolar splitting as a
result of the interaction of the 23Na quadrupole moment
with an anisotropically oriented interface. This interac-
tion is well recognized as a short-range property. There-
fore, without doubt, the inevitable conclusion is that Na+

ions reside in the proximity of the cationic interface
(within 5–6 O). Similar conclusions can be drawn for the
other monovalent cations, particularly for Rb+ ions. This
occurs despite the huge amount of bulk water in the la-
mellar phase.

4) A number of samples prepared using different sodium
salts demonstrate that attraction of the Na+ ion to the
interface is not anion specific.

How can such scarcely credible results be explained? A
simple effect of electrostatic interactions alone can be dis-
carded a priori. Calling into play “hydration” forces could
hardly be a solution to the problem. Indeed, if we think in
terms of hydrogen-bond weakening/enhancing ions, the
small, weakly polarizable, kosmotropic sodium ions should
be repelled from the interface. By so doing they can better
decrease the total free energy of the system in bulk water.
Moreover, this condition should be enhanced in our system
by the high charge density of the interface, which induces a
high ionic concentration at the interface[43] and a consequent
smaller dielectric constant than in the bulk. Therefore,
sodium ions should also be repelled toward the bulk via
image forces.

On the contrary, some things seem to fall into place if
(NES) dispersion forces are taken into account. Depending
on the ion and on the interface the nonelectrostatic quan-
tum-mechanical Lifshitz dispersion potentials can be either
repulsive or attractive. Although less significant at low elec-
trolyte concentration, this potential can dominate when
electrostatic forces are screened. In our lamellar system the
DDAB concentration is 0.5m (well outside the expected val-
idity of DLVO theory) and a Debye length of less than 5 O
can be estimated. This is exactly the distance that the vari-
ous cations need to “feel” the interfacial anisotropic gradi-
ent field that allows quadrupolar splitting in the NMR spec-
trum. The circle is not quite closed. The membrane rigidity
in the “counterion-only” case of ionic charged interfaces is
peculiar and lies outside the intuition of normal double-
layer theory (e.g., a reverse phase of water/surfactant in oil
would collapse in a continuum solvent model and cannot
exist without hydration interactions between head
groups).[52–55] .

Therefore, even without invoking the NES or dispersion
forces that are certainly operative, the introduction of a
small amount of salt, as in our case, could give rise to a sin-

Table 3. Quadrupole moments of different monovalent cations and ob-
served quadrupolar splittings of the corresponding bromide salts added
(DDAB/cation molar ratio=125) to the DDAB/W (18/82) La phase.

Nucleus I jQ j
ACHTUNGTRENNUNG[fm2]

F Hydration
number[a]

Radius[a]

[O]
Dnobsq

[Hz]
7Li 3/2 4.01 2.00 7.4 3.8 10�0.5
23Na 3/2 10.4 5.20 6.5 3.6 400�4
39K 3/2 5.85 2.92 5.1 3.3 –
87Rb 3/2 13.35 6.675 4.7 3.3 2800�10
133Cs 7/2 0.343 0.024 4.3 3.3 14�0.5

[a] Data from ref. [50].
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gular perturbation in membrane rigidity. Where does that
bring us?

The salt-free case : One possible clue to events lies in consid-
eration of what is known about the microstructure of the
DDAB/water/alkane system without salt. The microstruc-
ture has been extensively explored both experimentally and
theoretically.[24–26,31,34,35] Essentially it comes about, and can
be predicted, from a combination of just two factors. These
are the (effectively) constant curvature of the surfactant in-
terface set by a balance of intermolecular forces due to
head-group repulsion, and hydrocarbon interactions. The
former are counterion-specific (principally hydration), and
the latter oil-specific, corresponding to the degree of oil
penetration. The second constraint is global packing, set by
volume fractions. Most remarkable of all, even the critical
exponents for the antipercolation threshold at constant
water-to-surfactant ratio emerge precisely.[31] The same con-
siderations appear to be quite general, and apply to systems
as apparently different as the CuAOT/water/isooctane
system.[56] However, the successes of the simple model of
disordered connected cylinders (DOC)[34,35] are not the
whole story. For example, the microstructure of the DDAB/
water/tetradecane system, which has no connection to the
oil corner in the ternary phase diagram,[26] is very different.
Its explanation is very much more subtle and requires a
complicated transition of a monolayer to a connected
random (nonbirefringent) bilayer structure.[57] This is one
clue, as the interface with a nonpenetrating oil such as tetra-
decane is much more fluid than either the DDAB system
with low alkanes or the CuAOT system. The transition from
connected conduits to disconnected droplets within the L2

phase is a consequence of global packing. But once the
global conditions that allow packing of such spheres are vio-
lated, the subsequent breaking of the microemulsion, with
increasing water content, to form a spontaneous emulsion
(of unknown structure) must be much more complicated.
Whatever its complicated structure is, it does involve multi-
lamellar bilayers or cylinders, again apparently nonbirefrin-
gent. Hence, a refolding of monolayers to form bilayers
must occur, just as for the tetradecane microemulsion
system. This is reasonable for high water content at which
the emulsion forms as the monolayer is confronted with an
increasing amount of bulk water, with a corresponding de-
crease in bending modulus.

The salt-containing case : If we compare the case with a
small amount of salt with the salt-free case, the boundary of
the emulsion region occurs at a water content that has noth-
ing to do with global packing, even though the microstruc-
ture is exactly as predicted by the DOC model within the
microemulsion region. As we cross this boundary, a two-
phase emulsion region forms, as for the salt-free case.

To explore this further, a biphasic sample of composition
DDAB/D(Na)/DEC=15/36/49 was left to stand at 25 8C for
one week to obtain gravitational separation of an upper iso-
tropic phase and a lower turbid phase. The extremely low

conductivity (<1 mScm�1) and a water self-diffusion coeffi-
cient of 2.1110�11 m2s�1 confirm the existence of a water-in-
oil microemulsion in the upper phase. Conversely, optical
microscopy (see Figure 3) strongly suggests an emulsionlike

constitution of the lower phase. Moreover, the observation
of an intense 23Na NMR signal in the turbid phase and a
very small signal in the isotropic solution implies that the
emulsion contains most of the Na+ ions. Therefore, most
Na+ ions have been expelled from the microemulsion phase
during the microstructural transition from a water continu-
ous network to water-in-oil droplets. The emulsion contains
the bulk of the ions and has a much larger area of surfactant
than the upper microemulsion phase. A reasonable conclu-
sion is then that the adsorbed sodium ions, at sufficient
water content, congregate and provide a sufficient source of
defects in the surfactant monolayer region that join conduits
to weaken the monolayer bending modulus. This allows a
preferred refolding of the conduits into bilayers and an
emulsion.

If this is correct then it leads on to the idea of nanocom-
partmentalization in such complicated systems that has al-
ready been foreshadowed in biological systems.

While the possibility that ions affect the structure of
water has been recently considered to be negligible,[58–61]

ion–water interactions certainly do exist, and the preference
of a charged ion for media of higher dielectric constant is
not in doubt. Nevertheless, here the delicate energy compe-
tition at a positively charged interface (that determines the
ion distribution near the surface) is won by NES dispersion
forces of quantum origin.

Considering the vast number of biological and nonbiologi-
cal systems in which charged soft interfaces are involved,
the implications are large. And the possibility that such phe-
nomena occur also in anionic or nonionic interfaces appears
much more than a remote.[44–46] There is much theoretical
work[19–21,50,62] from which this kind of phenomenon involv-

Figure 3. Light micrograph of the turbid lower phase of the DDAB/DNa/
DEC=15/36/49 sample recovered after gravitational separation.
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ing apparently counterintuitive coion adsorption at charged
interfaces can be inferred, but this study apparently provides
direct confirmation. Inclusion of dispersion forces into a
modified DLVO theory may well not be the only answer to
all phenomena outside the reach of standard theories, but it
appears to be a significant step in the right direction.

Materials and Methods

Didodecyldimethylammonium bromide (DDAB) and decane (DEC),
both with 98% grade of purity, were purchased from Fluka. Deuterated
water (D), with a purity of 99.9% was obtained from Cambridge Iso-
topes Laboratories, Inc. NaBr (purity 99.5%), NaCl (purity 99.5%), NaF
(purity 99%), NaNO3 (purity 99%), and Na2SO4 (purity 99%), were pur-
chased from Sigma-Aldrich; KBr (purity 99.5%), RbBr (purity 99%),
and CsCl (purity 99.5%) were obtained from Fluka; NaClO4 (purity
99%) was purchased from Acros Organics, and LiBr (purity 99%) from
Riedel-De-Haen. All reagents were used as received.

The region of existence of the reversed microemulsion region in the
DDAB/D/DEC phase diagram with and without the addition of NaBr
was explored by visual inspection or, where necessary, by measuring the
absorbance at 400 nm of the samples with a Varian Cary 50 UV/Vis spec-
trophotometer. NaBr was added such that in each point of the phase dia-
gram the DDAB/NaBr molar ratio was 125. (We emphasize: there is only
one perturbing coion per 125 dimethylammonium cationic head groups,
while counterion concentrations are essentially unperturbed). Phase
boundaries are reported with an accuracy of �2 wt%.

Conductivity measurements were performed along three different water
dilution lines (DDAB/DEC mass ratios of 60/40, 50/50, and 30/70) using
a Microprocessor Conductivity Meter from WTW.

Microemulsion samples for NMR analysis were prepared by mixing
DDAB, DEC, and D or, as appropriate, a solution of NaBr in deuterated
water (DNa) in a glass tube by using a vortex mixer. The binary samples
in the lamellar La1 phase (see below) were prepared by mixing DDAB
and D or DNa in a glass tube by means of a vortex mixer. All samples
were stored at 25 8C for at least one week prior to any NMR analyses.
2H, 7Li, 23Na, 39K, 87Rb, and 133Cs NMR experiments were performed on
a Bruker Avance 300 MHz (7.05 T) spectrometer at respective operating
frequencies of 46.072, 116.642, 79.390, 14.005, 98.204, and 39.365 MHz.
The spectrometer was equipped with a Bruker field-gradient probe
DIFF30 that can reach field gradients of up to 12.0 Tm�1. A standard
variable-temperature control unit with an accuracy of 0.5 8C was used.
Spin–lattice (R1) and spin–spin (R2) relaxation rates were obtained by
means of the usual inversion recovery (180–t–90–acquisition) and CPMG
(90–t–180–2t–180–4t–…–acquisition) acquisition sequences, respectively.
The spin–lattice relaxation rates R1 and the spin-spin relaxation rates R2

were obtained by a three- [for R1, Eq. (12)] and two-parameter [for R2,
Eq. (13)] nonlinear fitting of the partially relaxed NMR signal intensities
obtained at 14–18 different t values. The error in the measurements, as
judged by repeated measurements, is reported as standard deviation in
the Tables.

IðtÞ ¼ A�B expð�tR1Þ ð12Þ

IðtÞecho ¼ C expð�tR2Þ ð13Þ

Self-diffusion coefficients were obtained by means of the pulse field gra-
dient stimulated echo (PGSTE) sequence by varying the gradient
strength g while keeping the gradient pulse length d and the gradient
pulse intervals D constant. Data were fitted to the modified Stejskal–
Tanner equation for the PGSTE sequence [Eq. (14)][63,64]

Iðg,d,D,t1,TÞ ¼ I0 exp
��

�2
t1
T2

�
�
�

T
T1

��
exp

�
�Dg2g2d2

�
D� d

3

��
ð14Þ

where I and I0 are the echo intensity in the presence and in the absence
of the applied field gradient, respectively, g is the gyromagnetic ratio of
the investigated nucleus, t1 and T are the constant times between the first
and the second, and the second and the third 908 pulse, T1 and T2 the
spin–lattice and spin–spin relaxation times, and D is the self-diffusion co-
efficient.

Repeated measurements up to six months after sample preparation
showed no difference in the NMR parameters, while variations in the ap-
pearance of quadrupolar powder spectra (not in the quadrupolar split-
tings) were sometimes detected, most likely because of the equilibration
of the lamellar microdomains along the preferential orientation axis.[65]

All the NMR measurements were repeated at least five times. Errors are
reported in terms of standard deviation.

Optical micrographs were obtained through an optical microscope Zeiss
Axioplan 2.

All experimental measurements as well as the phase diagram determina-
tion were carried out at 25 8C.
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