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Phase behavior of didodecyl and dioctadecydimethylammonium bromide (DDAB and DODAB)
in water was studied using X-ray techniques, differential scanning calorimetry and deuterium
nuclear magnetic resonance measurements. Both surfactants self-assemble into lamellar liquid
crystalline, either L, (fluid) and Ly (gel), phases. The gel-to-fluid phase transition temperature
(T,) in DDAB lamellae was found to be higher than that observed for its vesicles, due to the
formation of a stabilized gel phase. In addition, the lamellar phases formed by both amphiphiles
differ in their swelling degree and bilayer thickness. DODAB in water formed rather thin bilayers,
if compared with the length of the tails, suggesting effective chain interdigitation. These bilayers
also presented higher swelling degree than those formed by the shorter-chain homologue DDAB.
We propose that these structural properties are strongly influenced by the electrostatic repulsive
forces acting on the system.
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Introduction

Surfactants are amphiphilic molecules with hydrophilic
and hydrophobic parts composing its chemical structure.
When dispersed in water, these molecules can spontaneously
form molecular organized aggregates, such as micelles,
vesicles and liquid crystalline phases.!* The unique
properties of these systems have generated extensive
research interest. They possess biological relevance
in membrane formation, for example, as well as the
well-known industrial applications.’”

The knowledge of structure of bilayers is important
for our understanding of functioning of biological
membranes and may be improved by the investigation
of the structural properties of bilayers from natural or
synthetic amphiphiles.® Because double-tailed surfactants
are especially useful to mimic membranes and vesicles such
as biological membranes, the understanding of the phase
properties of these surfactants was always of great interest.’

Dioctadecyldimethylammonium bromide (DODAB) is
a synthetic double-tailed cationic surfactant and has found
widely use in fundamental studies in colloid and membrane
science because of its well-known vesicle-forming
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properties.*'® When dispersed in water, DODAB molecules
can self-assemble into aggregates such as vesicles, at very
low concentrations, and lamellar liquid crystalline phases,
at higher concentrations.''? These lamellar phases can be
described as a set of bilayers separated by aqueous layers,
forming a one-dimensional network. For this surfactant in
water, two main types of lamellar phases are described,
hereafter named L, (fluid) and L (gel) phases, which differ
in the order state of their alkyl chains, the former being
less ordered.'?

Didodecyldimethylammonium bromide (DDAB) is
another double-tailed surfactant, which also possesses
great scientific interest. A number of studies have reported
the phase diagrams of the binary DDAB/water system,
where the presence of multilayer vesicles was verified
at very low surfactant concentrations and three different
lamellar phases were clearly identified at low and high
concentrations, respectively, in this case differing on their
degrees of swelling and the order of the chains in the
bilayers.!*!8

Because these amphiphiles dispersions can be used
as biomembrane models® and have wide applications in
fields such as sensors' and drug delivery systems,?® many
efforts have been made to understand their phase behavior
and phase transitions mechanisms. As discussed below,
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there are many studies involving their phase behavior,
but a more direct comparison on the effect of their alkyl
chain length on the structures of the lamellae was not
reported yet.

During the formation of lamellar phases, structural
changes can occur in the bilayers under certain conditions,
so that the surfactant molecules forming bilayers eventually
reorganize themselves to form other types of molecular
aggregates with particular structures. One of these peculiar
structures is the interdigitated lamellar phase, that is
characterized by thinner bilayers due to the interpenetration
of the carbon chains of one monolayer with those of the
opposing layer.?"> The phenomenon of interdigitation was
also described for some of the dialkyldimethylammonium
bromides,?*?” but a more clear explanation for this
phenomenon is still lacking.

Another change that can occur in the structure of the
bilayers composing a lamellar phase is in the variation
of the repeat distance of bilayers upon hydration.?>?® The
swelling degree of lamellae is an important parameter to
be analyzed, because it can provide information about the
(de)stabilization forces acting on the bilayers. Relatively
few studies in the literature'>?® focused on the different
swelling behavior for the lamellar phases formed by
the dialkyldimethylammonium bromides surfactants,
depending on the alkyl chain length, however, to our
knowledge, the causes for this remain unclear.

In this paper, we report studies on the structural
properties of the different lamellar phases obtained by
the self-assembly of DDAB and DODAB surfactants in
water by a combination of small-angle X-ray scattering
(SAXS), X-ray diffraction (XRD), differential scanning
calorimetry (DSC) and deuterium nuclear magnetic
resonance (*H NMR) techniques. Combining these results,
we produce a comprehensive set of structural information
on their lamellar phases such as repeating distances (degree
of swelling) and bilayer thicknesses, as well as the areas
per surfactant molecules at the different ordering states of
the bilayers.

Experimental
Chemicals

The surfactants DDAB and DODAB were purchased
from Sigma-Aldrich (USA) with purity of 99.5% and used
as received. NaCl, P.A., was bought from Synth (Brazil).
D,0, with purity of 99.9% in D atoms was received from
Sigma-Aldrich (USA). Deionized water with a resistivity
above 18.2 MQ cm, as obtained by a Milli-Q® system,
was used in all experiments.
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Sample preparation

Mixtures of surfactants in water, with concentrations
from 0.1 to 85.0% in weight, were obtained by weighing
the appropriate amounts of surfactants and mixing
with water by stirring during 30 minutes at the desired
temperature. Centrifugation at 5000 rpm was made, back
and forth, to remove bubbles and to homogenize the
samples, which were equilibrated for, at least, 30 days
in the formulation temperature before characterization.
The measurements, especially SAXS and DSC analyses,
were repeated after different times of sample preparation
(from 1 to 12 months) to ensure the equilibrium state of
the investigated systems.

Techniques

Small angle X-ray scattering (SAXS)

The measurements were performed at the SAXSI
beamline of the Brazilian Synchrotron National
Laboratory, LNLS, in Campinas, Brazil. The samples
were positioned in a cell with two flat mica windows
and a thermal bath was used for temperature control.
The wavelength of X-ray was 1.608 A and the used
sample-to-detector distance was around 0.6 m. The
obtained charge-coupled device (CCD) images were
integrated and treated with the software Fit2D.

X-ray diffraction (XRD)

Cu (K, = 1.5406 /0%) radiation was used to obtain
XRD data of samples at different temperatures in a
Shimadzu XRD-7000 diffractometer with a scan rate of
2 degree min'.

Differential scanning calorimetry (DSC)

The DSC measurements were performed in the
Microcal VP high sensitivity calorimeter (Microcal
Inc. Northampton, USA) equipped with 0.542 mL twin
total-fill cells. Scanning was performed at a heating
rate of 10 °C h'' from 10 to 80 °C, with null pre-scan,
producing fully reproducible results when comparing
consecutive runs. Transition enthalpies were obtained
by integrating the area under the thermograms along the
temperature range. The calorimetric analyses were made
in triplicate.

Deuterium nuclear magnetic resonance (°H NMR)

The NMR spectra were obtained for samples prepared
in water with the addition of 10% (v/v) of D,O in 5 mm
glass tubes in a Bruker DMX spectrometer operating at a
frequency of 500 MHz.
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Figure 1. (a) 2D SAXS patterns for 1.0 wt.% DDAB in water sample (top) and 0.1 wt.% DDAB in water sample (bottom); (b) SAXS profiles for the same
samples. Insets in (b) show the birefringence of the samples under crossed polarizers. All data were obtained at 25 °C.

Results
Phase behavior of DDAB and DODAB in water

The structures of the liquid crystals were first analyzed
by small angle X-ray scattering (SAXS) experiments.
Very dilute isotropic samples (0.1 wt.% DDAB in
water) showed a scattering intensity, I, monotonously
decreasing with increasing scattering vector, q. At higher
concentrations (above 1.0 wt.%), SAXS patterns display
correlation peaks due to the short-range positional order
of the formed surfactant bilayers. Typical X-ray scattering
patterns obtained from isotropic and anisotropic samples
prepared with DDAB are presented in Figures la and 1b.
The anisotropic character of the birefringent phase is visible
under crossed polarizers and, together with the presence
of Bragg reflections of 1, 2, 3, etc., proves the lamellar
nature of these liquid crystals. Other images of birefringent
samples observed under crossed polarizers are presented in
Figure S1 (Supplementary Information section).

By SAXS analyses, it was possible to characterize
these lamellar phases formed by the self-assembly of
the double tail surfactants in solution. As mentioned
above, the scattering pattern of a typical lamellar phase is
characterized by the reflections 1, 2, 3, etc.?® Two coexisting
phases are seen as two sets of reflections. In the DDAB/
water system, by the SAXS pattern, the birefringent phase
observed at concentrations below 40.0% of surfactant,
coexisting with isotropic solution, was identified as a
lamellar fluid phase named as L, phase. In concentrations
above 40.0% of DDAB in water, the SAXS curves showed
a sequence of scattering peaks that could be associated with
two different lamellar phases. As examples, Figures 2a and
2b show representative SAXS curves for the lamellar phases

formed by DDAB in water. The indexing of the peaks will
be described below.
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Figure 2. SAXS curves at 25 °C for (a) a diluted 5.0% DDAB in water
sample and (b) a sample prepared with 50.0% of surfactant with scattering
peaks indexed.
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These two coexisting lamellar phases were identified
as the L, (fluid) and L; (gel) phases. The main difference
between these two lamellar phases is the organization of
carbon chains in the bilayers. In the L, phase, the chains
are in fluid state, while in the Ly phase, they are in a
solid-like state, in this case, making the membranes more
rigid. As described elsewhere,” the fluid phase possesses
larger repeat distance of the bilayers (d), calculated from
the position of the first scattering peak in SAXS curves
using equation 1:

d=2n/q ey

where q is the scattering vector. By knowing that the fluid
phase possesses a higher repeat distance of bilayers and that
the scattering pattern for a lamellar phase corresponds to
peak ratios of 1, 2, 3, etc., we assumed the first and third
scattering peaks to be related to the fluid phase and the other
two peaks referring to the gel phase, as indexed in SAXS
pattern presented in Figure 2b.

Figures 3a and 3b show SAXS curves for a diluted and
concentrated sample prepared with DODAB in water, with
the Bragg peaks indexed. It was possible to identify the
presence of the lamellar L, fluid phase at concentrations
below 40.0% (also coexisting with isotropic solution) and
only the L, phase in the samples prepared with higher
concentrations of DODAB in water.

From the observation of SAXS curves, it can be noted
that for both DDAB and DODAB bilayers, the L, phase
displayed broader scattering peaks, if compared with
those of the L phase. This can be assigned to the greater
flexibility of the bilayers that form the fluid phase, reflecting
smaller degree of organization of carbon chains in that
phase, according to the Caillé theory for the scattering of
lamellar phases.?

The gel phase was also characterized by a diffraction
peak with distance (calculated by Bragg equation)
of 0.42 nm, described in literature as the correlation
distance among the carbon chains in the Ly phase.’® XRD
diffractograms for samples prepared with DDAB and
DODAB amphiphiles presenting the lamellar Ly phase
are shown in Figure 4.

Deuterium NMR spectra were also used qualitatively to
characterize the lamellar liquid crystals. This spectroscopic
technique has been largely used because in anisotropic
systems a doublet quadrupolar splitting can be observed
in the NMR spectra, which provides information about the
small orientational ordering of water within anisotropic
mesophases on account of interactions between water and
the polar headgroups of the surfactants or lipids composing
the bilayers.?!-2
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Figure 3. SAXS profiles at 25 °C for (a) 10.0%; (b) 50.0% DODAB
in water samples with indexed peaks of lamellar fluid and gel phases,
respectively.

In this way, the H,O NMR spectra obtained, at 25 °C,
for samples prepared with different amounts of DDAB in
water are presented in Figure 5. It is possible to note that,
at higher concentration of surfactant, sufficient to form the
lamellar liquid crystals, two doublets from quadrupolar
splitting are seen in the spectra, each one corresponding to
the lamellar phases coexisting in this range of concentration
at room temperature, in accordance with the SAXS data.
In the diluted sample case (1.0% of DDAB), only an
unresolved doublet peak can be observed in the spectrum,
indicating the small anisotropic orientation of the system in
this surfactant concentration. Similar behavior was obtained
in the DODAB/water system.

Upon increasing temperature, transformations between
these liquid crystalline phases are followed by changes in
molecular conformation and packing states.*® Generally,
below the gel-to-liquid crystalline phase transition (Lg-L,,)
temperature, T,,, the surfactant molecules in bilayers
present more solid-like alkyl chains with restricted
molecular motion. Above T, the surfactant molecules

m>
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Figure 4. XRD diffractograms for 50.0% DDAB and DODAB samples
with the L phase peak indexed. The data were obtained at 25 °C.
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Figure 5. >’H,0 NMR spectra for samples prepared with different amounts
of DDAB in water, followed by the addition of 10% (v/v) of D,0 and
homogeinization. The data were obtained at 25 °C.

are in the fluid liquid crystalline state, in which alkyl
chains conformational disorder predominates.’* DSC was
employed to determine the thermal phase behavior and
estimate changes in the alkyl chain order in lamellar phases
formed by DDAB and DODAB in water. Figure 6 shows the
DSC thermograms obtained for 50.0% surfactant samples,
showing an endothermic transition around 31 °C for DDAB
and 42 °C for DODAB bilayers in the lamellar phase.

By integrating the peaks in Figure 6, we can determine
the enthalpy change (AH) associated with the phase
transition. Table 1 shows the measured AH values of the
gel-to-liquid crystalline transition for DDAB and DODAB
bilayers, as well as other parameters obtained from the
DSC thermograms.

This transition was confirmed by XRD experiments
that showed the absence of characteristic Bragg peak of
the gel phase above the T,, (see Figure S2, Supplementary
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Temperature / °C
Figure 6. DSC thermograms for 50.0 wt.% DDAB and DODAB samples.
Table 1. Transition temperatures (T,,), peak width (AT,,,) and transition

enthalpies (AH), with standard deviation in parenthesis, for DDAB and
DODAB lamellae

Amphiphile T,/°C AT,,/°C  AH/ (kI mol')
DDAB* 31 5 5(1)
DODABY 42 0.6 45 (1)

“Didodecyldimethylammonium bromide (DDAB);
bdioctadecyldimethylammonium bromide (DODAB).

Information section) for DDAB and DODAB bilayers.
For DODAB bilayers, the gel to fluid phase transition
was represented by a narrow peak, which is characteristic
of a very cooperative process, where the amphiphilic
molecules present strong interactions and do not melt
independently.'®* This is in full agreement with previous
results reported elsewhere for DDAB and DODAB vesicles,
as well as for other amphiphiles.’** As a comparison, the
DSC thermograms of the gel-to-fluid phase transition in
DDAB and DODAB vesicles, showing the narrow peak
transition are presented in Supplementary Information
section (Figure S3), accompanied by the thermal parameters
obtained from the DSC data (Table S1). The vesicles used
in this study were prepared according to Feitosa ef al.*
In the case of DDAB bilayers, the characteristic phase
transition was not so cooperative, as can be noted by the
broader peak transition. This can be explained by the fact
that if a mixture of gel and fluid phases is composing the
bilayers, the transformation from this mixture to only the
fluid phase must involve a region with two coexisting
phases. Under these circumstances, heat capacity no
longer shows a distinct narrow peak at a given temperature;
instead, a melting process takes place over a temperature
range. Besides presenting coexistence of both lamellar
phases in a broader temperature range, the DDAB bilayers
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in lamellar form also presented higher T, values than that
observed in the vesicles of the same surfactant. This could
indicate the formation of a stabilized gel phase, as will be
discussed below.

Structural properties of lamellar phases

The swelling of the lamellar phases formed by the self-
assembly of DDAB and DODAB and the bilayers thickness
were investigated. The swelling extent is represented as the
increasing in repeat distance of the bilayers (d) calculated
from the first scattering peak in SAXS curves using
equation 1, as described above. Figure 7 shows the repeat
distance of the bilayers formed by both of the surfactants
against the inverse of volumetric fraction of amphiphile
in the samples at 25 °C. Details on how the volumetric
fraction of surfactants in the samples were calculated,
based on the work of Montalvo et al.,*” are described in the
Supplementary Information section (Table S2).
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Figure 7. Swelling curves at 25 °C for DDAB and DODAB lamellae:
the repeat distance of bilayers (d) as a function of the inverse volumetric
fraction (®g') of surfactants in water.

This swelling behavior of DDAB lamellae upon dilution
is usually expected during the swelling of a lyotropic
lamellar phase. Once the maximum swelling is reached,
water can no longer be inserted into the interlamellar
space, the repeat distance remains constant and the excess
of water is expelled, leading to phase separation.’® This
observation can be noted in the diluted DDAB samples,
where it is possible to note the presence of a liquid
crystalline birefringent phase coexisting with isotropic
solution (Figure S1b).

Oppositely, in the same concentration range, the
DODAB lamellae swell continuously upon addition of
water. This behavior was already described for the lamellar
phases formed by some dialkyldimethylammonium
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bromides but the molecular origin of this phenomenon
has not been well studied.?® The non-ideal swelling can be
observed in a number of situations and is strongly correlated
with the (de)stabilizing forces acting on the bilayers.

The novelty of the present investigation comes from
the application of SAXS analyses to derive structural
information of these lamellae. The scattering vector, q,
is correlated to the bilayers thickness, dyc, and to the
volumetric fraction of surfactant in the samples, @,
according to the equation 2:

2n
q=—12, 2)
dyc
By replacing equation 2 into equation 1, it is possible
to correlate the repeat distance and the bilayer thickness
(equation 3):

d
d= i 3
o, ¥

This approximation, which has been employed in
different lamellar systems,?3>3* is valid taking into account
a system composed by two phases, water and oil, where the
aqueous phase represents the water molecules among the
bilayers and the polar headgroups of the surfactants and oil
represents only the carbon chains in the bilayers. As implied
above, this relationship only holds for a pure lamellar system
and formation of a pure aqueous phase due to saturation
of the lamellar phase with water leads to formation of a
macroscopic aqueous phase and to the deviation observed
for DDAB at higher dilution (as seen in Figure 7).

Assuming that, by the extrapolation of swelling curves
to 100.0% surfactant concentration it is possible to obtain
the bilayer thickness. DDAB bilayers were found to be
2.30 £ 0.04 nm in thickness, in accordance with previous
reports in literature.'** For DODAB bilayers, the thickness
found was 2.41 + 0.06 nm, thinner than estimated by
molecular dynamics.®

One could argue that this comparison is not valid,
because at 25 °C, DDAB bilayers exist as a mixture of
fluid and gel phases, while DODAB bilayers are only in
the gel phase in this temperature. Some measurements
were made in two different temperatures, 18 °C and
45 °C (safely below and above the T,, for both of the
systems). It was surely expected that these parameters
vary with temperature (for example, an increase in the
bilayer thickness) but the same trend was observed, that
is, a higher swelling and thinner bilayers for DODAB
amphiphile (Figures S4a and S4b in the Supplementary
Information section).
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Based on references 40 and 41 we estimated the cross-
sectional area per surfactant (ag) in the gel and fluid bilayers
formed by DDAB and DODAB amphiphiles in aqueous
solution. Details on how this parameter was calculated
are presented in the Supplementary Information section.
These data are presented in Table 2 and are in accordance
with previous reports in literature for bilayers formed by
these amphiphiles and other homologue-chain lipids. '3

Table 2. Area per surfactant (ag) estimated for DDAB and DODAB
bilayers in different states

Surfactant DDAB? DODAB®
Phase Gel Fluid Gel Fluid
as /A2 65 68 89 94

‘Didodecyldimethylammonium bromide (DDAB); *dioctadecyl-
dimethylammonium bromide (DODAB); “a,: area per surfactant.

As expected, the area occupied by the surfactants in
the bilayers are greater in the fluid phase, once in this
state, the molecular mobility predominates, unlike the gel
phase, in which the surfactant molecules are more densely
packed forming rigid bilayers.** Although both surfactants
possess the same polar headgroup (a quaternary ammonium
cation), the cross-sectional area (which takes into account
the hydrophilic group) occupied by the amphiphiles is
greater in the DODAB bilayers. This intriguing fact will
be discussed below.

Discussion

The phase behavior of DDAB in water has been studied
earlier as a function of concentration of the amphiphile
in solution.'*'33! In these previous studies, a contrasting
difference with the present results was the attribution of the
coexistence, at room temperature, of a swollen and another
collapsed lamellar fluid phase (also denoted as L, and L,,”
phases). In this study, as already described above, we have
found, at 25 °C, the swollen L, phase coexisting with the
L; phase (this last confirmed by XRD data, in addition to
SAXS results), instead of a collapsed lamellar fluid phase.

In most of the cases involving lamellar phases based
on surfactants in water, the coexistence of two fluid
phases, L, and L,”, are common to be found due to
specific interactions between headgroups, which affect
the short-range repulsive force that controls the swelling
of the concentrated lamellar phase.'® The coexistence of
gel and fluid lamellar phases have been found in mixtures
of different lipids or surfactants.***? This is attributed to
the formation of domains of each amphiphile along the
bilayers, each one fusing on their characteristic T,,.

J. Braz. Chem. Soc.

The reason for this discrepancy is not clear at this stage.
Apparently, purity of amphiphiles used in both studies is
similar and, in the present study, significant care was taken
to ensure sample equilibration, by repeatedly analyzing
samples at intervals between 1 and 12 months, with the
same SAXS and DSC results. Equilibration could be an
issue for highly viscous samples and systems out-of-
equilibrium may lead to erroneous results.

Although these previous studies have characterized
the lamellar phases formed by DDAB in water by X-ray
techniques, very few calorimetric studies were made to
accurately determine the transition temperature of the gel
to fluid phase.

The main difference is in the temperature ascribed
to T,, which was used as ca. 16 °C elsewhere!” and was
located around 31 °C from the present DSC results. A T,
of 16 °C was found in vesicles* but not for the lamellar
phases formed by DDAB, as described above. In addition
to the gel and fluid phases, the bilayers may present a
subgel or a coagel phase depending on the sample history,
concentration and presence of additives.**

This coagel phase has been observed for concentrated
amphiphlic samples, corresponding to poorly hydrated
gel bilayers, and results from a loss of interlamellar
water, accompanied by a partial dehydration of the polar
headgroups and a further ordering of the alkyl chains."!
This coagel phase presents a characteristic endothermic
peak associated with the gel-to-fluid phase transition at
temperatures higher than the typical T,,.* The increase in
the phase transition temperature suggests that the higher
concentration of bromide counterions, arising from less
water available, may stabilize the gel phase by shielding
the polar ammonium headgroups.

Indeed, the adsorption of negative species onto positively
charged bilayers induces an increase in the transition
temperature,*¢ as observed for DDAB lamellae. From this
explanation, we propose that DDAB bilayers are less charged
than DODAB bilayers, due to the adsorption of bromide
counterions in the positive surface of membranes. This is an
important point that will be discussed further later.

Despite the thermal phase behavior of DODAB vesicles
being extensively investigated,**35434 the liquid-crystalline
phases formed at higher concentrations of the surfactant
have been less well studied. Schulz and co-workers!'?
presented a phase diagram for the DODAB/water system,
also indicating the presence of two different lamellar phases,
as described here. However, an accurate investigation of
the structural properties of the lamellar phases, and their
correct identification were not achieved in their study.

Laughlin ez al.”’ presented a phase diagram for DODAC
(dioctadecyldimethylammonium chloride) in water that



Vol. 27, No. 2, 2016

indicates the presence of two lamellar phases, a fluid one
coexisting with isotropic water and another ordered gel
phase, similar to what has been attributed in the present
report. It is important to reemphasize that the phase
transition temperature for DODAB bilayers in lamellar
phases was the same as that described for its vesicles,
agreeing with our previous hypothesis that the DODAB
bilayers are less shielded by the counterions.

For DODAB, the bilayer thickness was 2.41 +0.06 nm,
much smaller than the length predicted for one extended
octadecyl chain, around 2.42 nm, according to Tanford’s
equation.”® Three possibilities to explain this difference
may be taken into account: (7) the alkyl chains are not fully
extended in the gel phase; (i) the alkyl chains are tilted or
(iii) the chains are interdigitated.

The first possibility, that the alkyl chains are not fully
extended, was supported by the fact that DODAB alkyl
chains can be stretched only in the subgel phase.* This
phase is obtained by cooling the bilayers below 15 °C,
resulting in a further stretching, increase in packing of the
alkyl chains and presents a characteristic pre-transition
peak at 36 °C in the thermograms.+

Although taking into account that the alkyl chains of
DODAB bilayers are not fully extended in the gel phase,
this still does not explain the thin bilayer obtained in this
study, because in the literature thicker bilayers have been
already described for subgel phase of DODAB.3*4¢ It was
also hypothesized that the alkyl chains could be tilted in
the bilayers but the tilting angle of the alkyl chains would
have to be too shallow (around 7 degrees) to account to
such a small thickness, so we discarded this possibility.

Therefore, these results suggest that the alkyl chains of
DODAB molecules should be interdigitated in the bilayers.
When interdigitation occurs, the hydrocarbon chains of
the amphiphilic molecules in a monolayer constituting a
bilayer extend beyond the region of the bilayer midplane
and, as a result, interpenetrate into the other opposing
monolayer. The resulting structure is characterized by a
small membrane thickness, if compared with a common
membrane, where the hydrophobic thickness is typically
smaller than, but not too far from, twice the length of the
hydrophobic tails of the surfactant.*>>

As discussed above, we hypothesized that DODAB
bilayers are more positively charged than those formed by
DDAB molecules. To our knowledge, information about the
degree of dissociation for the dialkyldimethylammonium
surfactants and its aggregates in water are still lacking.
Nevertheless, earlier reports revealed that there is a higher
surface charge density for DODAB bilayers if compared
with those formed by DDAB.?”*!52 This means that there
should be a lower amount of bromide counterions bound to
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DODAB ammonium headgroups in the aggregates.

The larger area per headgroup displayed by DODAB
in the bilayers (Table 2) also indicated that, in this case,
the ammonium polar headgroups are less counterbalanced
by the bromide counterions, possessing a higher effective
area due to the net positive charge. This could cause greater
electrostatic repulsion, increasing average distance among
the headgroups. Although the ion-membrane interaction is
still under investigation and discussion in different systems
due to the complexity of overall balance forces involved, the
present data are encouraging for future work on this topic.

Therefore, at low temperatures, because close contacts
between the positively charged ammonium headgroups
are unfavorable, the alkyl chains of DODAB are forced to
interdigitate in order to condense the tail groups while keeping
the neighboring headgroups apart.*>° The phenomenon of
interdigitation, caused by electrostatic repulsion, could
explain the thinner bilayers formed by the eighteen-each-
chain carbon atoms surfactant, closer to the expected length
for only one stretched octadecyl chain. Because DDAB
bilayers possess headgroups more shielded by the bromide
counterions, repulsion is lower and interdigitation of tails is
less necessary, oppositely to DODAB.

Characterization of samples formulated above the
transition temperature to the fluid phase confirmed this
hypothesis (Figure 8) as can be noted by the increase of
bilayers thickness. This observation can be explained by
the fact that, at higher temperatures (above the T,,), thermal
energy imparts greater mobility to the surfactant molecules,
making the carbon chains of the surfactant occupy a greater
lateral space.
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Figure 8. Repeat distance of bilayers (d) against the inverse of volumetric

fraction of surfactant (®3') DODAB at 25 and 45 °C; dy represents the
bilayer thickness.

This increment in the molecular mobility can be noted
by the increase in the area per surfactant in the bilayers
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in the fluid state (data presented in Table 2). This greater
space may be sufficient to maintain the charged polar
headgroups apart, reducing the repulsion among them.*
If the repulsive forces between the charged ammonium
headgroups decrease, interdigitation is less pronounced
and there should be an increase in the bilayer thickness.

Stability of lamellar phases can be described as a
balance between repulsive and attractive forces involving
the bilayers. The total interaction energy per unit area can be
approximated to the sum of the electrostatic (repulsive), Van
der Waals (attractive) and hydration (attractive and repulsive)
forces.”>?* A lamellar phase cannot be stable if there is no
repulsive force acting between two bilayers because the
coalescence interaction is attractive. The electrostatic and
hydration (short-ranged) forces between charged bilayers
are in most cases responsible for the repulsion.>

When equilibrium between the attractive and repulsive
forces is reached, the repeat distance among the bilayers
reaches its maximum value upon dilution. This is what
happens with DDAB bilayers. A greater swelling is, however,
possible if ionized groups are incorporated into the bilayers.
Due to repulsion forces between these electric double-layers,
the swelling capacity of the lamellar system is greatly
increased. It corresponds to what has been experimentally
observed for the DODAB bilayers in the lamellar phase.

The characterization of samples formulated with added
NaCl (1.0 wt.%) confirmed the hypothesis of the influence
of the electrostatic repulsion in the swelling behavior of
DODAB lamellae, as well as in the bilayer thickness,
as shown in Figure 9. As described elsewhere,’*>* the
chloride counterions shield some of the cationic surfactant
headgroups, decreasing the repulsion between them.
Therefore, it is less necessary to the tails assume the
interdigitated form.
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Figure 9. Repeat distance of bilayers (d) against the inverse of volumetric
fraction of surfactants (®;') DDAB and DODAB in the presence of salt
(1.0% of NaCl). All data were obtained at room temperature.
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This fact can be seen by the increase in the bilayer
thickness formed by DODAB in the presence of salt
(2.55 £0.05 nm against 2.41 + 0.06 nm in pure surfactant/
water system). In addition, in the presence of salt, the
repulsion among the bilayers also decreases, hence the
lower swelling observed from the smaller repeat distances.

Conclusions

Both of the investigated surfactants self-assemble,
in water, into lamellar liquid crystalline phases, whose
structural properties, such as swelling and bilayers
thickness, can vary with the alkyl chain length and can
be strongly influenced by electrostatic forces acting at the
bilayers. For DODAB lamellae, as a result of higher degree
of counterion dissociation, there is a considerable repulsion
between headgroups, forcing the tails to interdigitate
and, thus, keeping polar groups apart, resulting in thinner
bilayers. The electrostatic repulsion among the bilayers,
contributes to larger interlayer spaces and, as a result, a
considerable swelling. The increase in the phase transition
temperature from gel to the fluid phase in the DDAB
bilayers suggests that the bromide counterions, from the
surfactant dissociation, may stabilize the gel phase by
shielding the polar ammonium headgroups.

The knowledge of structural bilayer behavior is
fundamental to design lamellar materials with improved
properties and functions, due the enormous research in the
core of various applications of DDAB and DODAB lamellae.
Thus, the information obtained in the present study provides
grounds for a better understanding of the ion-membrane
interactions, as well as the overall balance of electrostatic
forces acting on the bilayers, producing data that are
encouraging for future work, for example, on the elucidation
of the dynamic processes involved in the biomembranes
formation and their functioning, topic in which the double-
tailed surfactants possess large applications.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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