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ABSTRACT: The search for stable vesicular structures is a
long-standing topic of research because of the usefulness of
these structures and the scarcity of surfactant systems that
spontaneously form vesicles in true thermodynamic equili-
brium. We report the first experimental evidence of
spontaneous formation of vesicles for a pure cationic double
tail surfactant (didodecyldimethylammonium bromide,
DDAB) in a protic ionic liquid (ethylammonium nitrate,
EAN). Using small and ultra-small angle neutron scattering,
rheology and bright field microscopy, we identify the

coexistence of two vesicle containing phases in compositions ranging from 2 to 68 wt %. A low density highly viscous
solution containing giant vesicles (D ~ 30 ym) and a sponge (L) phase coexists with a dilute high density phase containing large
vesicles (D ~ 2.5 ym). Vesicles form spontaneously via different thermodynamic routes, with the same size distribution, which
strongly supports that they exist in a true thermodynamic equilibrium. The formation of equilibrium vesicles and the L; phase is
facilitated by ion exchange between the cationic surfactant and the ionic liquid, as well as the strength of the solvophobic eftect in

the protic ionic liquid.

B INTRODUCTION

Most vesicular structures are formed by the input of external
energy on a planar lamellar phase (e.g, by sonication' or
mechanical filtration®). The stability of these structures is
kinetically limited because the starting components (typically
phospholipids or dialkyldimethylammonium halides) are highly
insoluble, and therefore, the collapsed planar lamellar is the
equilibrium state of aggregation.”* The metastability of these
vesicles limits their usage as drug carriers, as microreactors or as
models for biological membranes.® Their size and distribution
depend on the specifics of their processing and can be difficult
to reproduce. Spontaneously formed equilibrium vesicles would
be greatly preferred for these applications. However, only few
reports of spontaneous vesicle formation on systems with a
single surfactant can be found in the extensive literature on
phospholipids and liposomes. Grillo and co-workers® reported
the existence of micelles and multilamellar vesicles in
didodecyldimethylammonium bromide (DDAB)/water solu-
tions at very low concentrations. They reported a critical
micellar concentration, cmc = 4.63 X 107> mmol/L (0.002 wt
%) and a critical vesicle concentration, cve = 7.34 X 107!
mmol/L (0.03 wt %). DDAB in water can also be induced to
form multilamellar vesicles by ultrasonication." However, to
date, there are no reports of spontaneous unilamellar vesicle
formation in the absence of a cosurfactant. Given the interest in
using ionic liquids as “green solvents”, developing a
spontaneous vesicle forming system in an ionic liquid is highly
desirable.

-4 ACS Publications  © 2012 American Chemical Society

20728

One route to achieve spontaneous formation of stable
vesicles is by mixing cationic and anionic surfactants (catanionic
surfa.ctants).s’7_12 For instance, spontaneous vesicle formation
was observed in the DDAB-containing catanionic mixtures:
sodium dodecylbenzene sulfonate (SDBS)/DDAB/H20'"'?
(in the DDAB-rich dilute region of the phase diagram), and
sodium dodecyl sulfate (SDS)/DDAB/H20° (in both DDAB-
rich and SDS-rich dilute regions). Evans and co-workers
showed that vesicles can also form spontaneously in aqueous
solutions when the bromide counterion in DDAB is substituted
by a more hydrophilic ion (e.g., OH™), which results in larger
surfactant headgroup area and increased spontaneous curva-
ture.'>'* A similar effect was reported by Murthy et al, in
mixtures of the ionic surfactant Aerosol OT and cholinergic
salts."

Ionic liquids are poorly coordinated salts with melting points
(mp) below 100 °C. Because of the protic nature and general
solvent properties (such as polarity), protic ionic liquids (PILs)
have greater similarity to water than aprotic ionic liquids (AIL).
For instance, ethylammonium nitrate (EAN, a PIL with mp =
14 °C) shares many properties with water including formation
of a three-dimensional hydrogen bond network.'®'” Thus, EAN
is suitable for use as self-assembly media where the self-
assembly is driven by solvophobic interactions. Recent studies
have reported self-assembly in EAN, including micellization®"?
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and liquid crystal formation.”*~>* The only previous report of

vesicle formation in ILs (where the IL acts as solvent) is of
dialkyldimethylammonium amphiphiles in (ether-containin%)
immidazolium-based AILs by Nakashima and Kimizuka.”?
Formation of stable vesicles has been observed in ternary
solutions, where an IL acts as cosurfactant.**">® Recently, Bai
and Lodge”” described spontaneous formation of poly-
(butadiene-b-ethylene oxide) block copolymer polymersomes
(polymer vesicles) in an hydrophobic aprotic immidazolium-
based IL. Vesicle formation in protic ionic liquids has not been
reported to date. In this article, we report that solutions of
DDAB in EAN spontaneously form thermodynamically stable
vesicles.

B RESULTS AND DISCUSSION

Phase Behavior of DDAB/EAN Solutions. The phase
diagram of purified DDAB in dry EAN, mapped by visual
inspection of samples immersed in an oil bath, is shown in
Figure 1. Single transparent phases are observed in concen-
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Figure 1. Temperature—composition phase diagram of DDAB/EAN.
LP = lower phase, UP = upper phase, DM = dissolved monomers, LV
= large vesicles, GV = giant vesicles, and L; = sponge phase. Inset
picture: 30% DDAB/EAN solution showing the two separated macro-
phases. The dashed line marks the formation/destruction of both LV
and GV. Long arrows connecting circles depict three different routed
leading to LV formation (see Supporting Information).

tration ranges [DDAB] < 1.9 wt % and 68 wt % < [DDAB] <
80 wt %. These phases, identified as dissolved monomers and a
sponge (L;) phase, respectively, coexist in the range 1.9 wt % <
[DDAB] < 68 wt % (see inset in Figure 1). The upper phase
(UP) is more concentrated and hence has a higher viscosity
than the lower phase (LP) (the rheological responses of both
phases are discussed in the Supporting Information). It is
noteworthy that the phase boundaries are vertical, that is,
samples with compositions near 1.9 or 68 wt % do not mix or
phase separate by heating or cooling within the temperature
range studied. This indicates that the critical point (if there is

any) is at a temperature higher than 120 °C. This temperature
was not surpassed to avoid decomposition of EAN. The
vesicle/L; phase coexistence region shown in Figure 1 is
analogous to that observed by Segota and co-workers in the
ternary SDBS/DDAB/H,0 system.'"'* They observed vesicle
formation in the dilute DDAB-rich region and coexistence of
vesicles and a solid phase at molar ratios (ngpgs/nppag) ranging
from 0.05 to 0.5. The formation of the solid phase may be due
to the low solubility of DDAB in water. In contrast, the
enhanced DDAB solubility in EAN leads to the swollen L;
phase in concentrated DDAB/EAN solutions.

At compositions beyond 80 wt %, a birefringent lamellar (L,)
phase and an opaque solid phase were observed. The
characterization of the L; (sponge) and L, phases is reported
in a previous publication.”® The phase behavior of DDAB in
EAN is different to that observed for DDAB in water.**"*°
First, a lamellar phase (L,) in DDAB/EAN solutions is
observed only at very high compositions ((DDAB] > 80 wt %),
whereas in water, lamellar spherulites are found at concen-
trations as low as 0.5 wt % and a swollen L, phase at 3 wt %.
Second, a stable sponge (L;) phase forms in DDAB/EAN
solutions over a wide range of compositions (1.9 wt % <
[DDAB] < 80 wt %), whereas in water, the L, phase exist only
as a metastable state in very dilute aqueous solutions ([DDAB
< 3wt %)}

The two phases in samples within the coexistence region
were extracted using a separatory funnel and characterized
separately. The separated fractions are identified by their weight
% and the phase position (e.g., DE30LP and DE30UP are 30 wt
% DDAB/EAN lower and upper phases, respectively). The 1.8
wt % (DE2) and 68 wt % (DE68) solutions were also analyzed .
Vesicles are observed at room temperature, using bright field
microscopy (BFM), at concentrations [DDAB] < 68 wt %.
DDAB vesicles are spontaneously formed in EAN by direct
contact of the two components (see Supporting Information
for a movie showing spontaneous formation of vesicles). In
contrast, aqueous DDAB vesicles require the input of external
energy to form."* The vesicles (in all the phases) disappear
upon heating the solutions above 35 °C, and reform with a low
polydispersity (see Table 1 and Figure 2) after lowering the
temperature to T < 35 °C. The vesicle formation/dissolution is
indicated by the dashed line in Figure 1 (see Supporting
Information for movies showing the thermoreversible for-
mation of LV and GV). Large vesicles (LV, D ~ 2.8 um) form
in both DE2 and DE30LP, whereas giant vesicles (GV, D ~ 30
um) form in DE30UP and DE68, as indicated in the phase
diagram (Figure 1). The vesicles in all phases are stable (>1
week) under quiescent conditions. Vesicles similar to those
observed in the 30 wt % sample form across the entire range of
compositions in the two phase region, as documented in the
Supporting Information.

Table 1. Parameters from BFM Analysis and from SANS Modeling for the DE2 and DE30LP at 25 °C*

BFM SANS
D, pe X 10° P X 10°
D, (£0.02) PDI @, x 10° (£0.02) (£0.02)
sample (um) PDI @, x 10° (um) (£0.02) (£0.01) (A (A™?) y . P
DE2 3.09 022 0.95 2.62 024 1.1 3.46 3.54 1.09 0.034 0.013
DE30LP 2.87 021 12 2.49 0.22 14 342 3.53 112 0.043 0.015

“Note: ®, from BFM was computed using 6 = 2.1 nm and ®, from SANS
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was obtained using the scale factor of the core-shell model fitting.
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Figure 2. Micrographs recorded at 25 °C (upper row) and vesicle
diameter distributions (lower row) for the lower phase (a and c) and
the upper phase (b and d) of 30 wt % DDAB/EAN solution.

D, pm

The core diameters, D, of more than 1500 vesicles in each
sample were measured from the BFM micrographs using
Image]. The diameter density distributions of DE30LP and
DE30UP are shown in Figure 2c,d. The vesicle mean diameter,
D,, and polydispersity (defined as PDI = 26/D,, where ¢” is the
variance of the distribution) of LVs and GVs are given in Table
1 and Table S2, respectively. To verify that the vesicles are a
true thermodynamic equilibrium state, rather than a kinetically
trapped system (as is the case of many vesicular systems®' %),
three different routes to the state of LV formation [25 °C, 1.8
wt %] are explored (see arrows connecting circles in Figure 1):
(1) Cooling from 65 to 25 °C, (2) heating from 2 to 25 °C, and
(3) diluting from a concentration of 70 wt % (corresponding to
single L, phase) to 1.8 wt %. The three routes lead to similar
vesicle size distributions, whereas no vesicles are observed at
any of the three initial states (i.e., [65 °C, 1.8 wt %], [2 °C, 1.8
wt %], and [2S °C, 70 wt %]), as discussed in the Supporting
Information.

Structural Analysis of the Large Vesicles. Figure 3
shows small and ultra-small angle neutron scattering (SANS
and USANS) data for the DE30LP sample at 25 and 80 °C. At
25 °C, strong scattering is observed at low q values
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Figure 3. SANS and USANS data for the DE30LP sample at 25 and
80 °C. The solid line is a fit to the Core Shell model (eq 1) with a
Schultz distribution.>*.

corresponding to vesicle shells (see Figure 2a). Negligible
scattering is observed from the sample at 80 °C, indicating that,
at this temperature, the DDAB molecules are in solution as
monomers. The dissolution of vesicles upon heating was also
observed by BFM (see Supporting Information for a movie
showing the thermoreversible formation of LV and GV). Nearly
identical scattering profiles are obtained from the DE2 sample.
Unfortunately, due to the low scattering cross section for the
USANS data at ¢ > S X 107" A7, these data are statistically
unsuitable to be considered in the fitting. Therefore, there is a
gap in g-range between SANS and USANS. However, no
additional features are expected to be observed in the gap
between S X 107* and 1 X 107> A", Scattering data from
DE30LP and DE2 samples are analyzed using the form factor
amplitude function based on core—shell structures with core
radius D./2 and shell thickness &>

F() = Z(p - p)lrjilx + 6) — j(x)]
q (1)

where the function j(x) = sin x — x cos x and x = gD./2. p; is
the scattering length density (SLD) of i (with ¢ = core, s =
shell, and m = medium). The scaled medium contrast, y = (p,,
— pJ)/(p. — p,), determines the relative proportion of the
scattering from the core and the shell. The polydispersity of the
vesicles is accounted by averaging the form factor with a Schultz
distribution.* Figure 3 shows the fit to the polydisperse core—
shell model for the DE30LP sample. A single set of parameters
(given in Table 1) was used to fit both SANS and USANS data.
The core diameter obtained by the fitting is slightly smaller to
that obtained by microscopy, while the polydispersity is
comparable.

The volume fraction of the shell is calculated from
microscopy with @ = A, where A, is the volume area
fraction of the shell obtained optically, and compared to the
value obtained from the fit to the core—shell model. These
values, shown in Table 1, agree to within ~15%, and are
noticeable small compared to the total surfactant volume
fraction, ~ 0.02 (see Supporting Information).

It is not possible to fit the scattering data with the same SLD
value for the core and the medium. Considering the SLD values
for EAN and DDAB (ppay = 3.59 X 107 A™ and pppap =
—2.77 X 1077 A7), the reduced values of p_ and p,, (Table 1),
coupled with the fact that only ~0.1% of the surfactant is at the
vesicle shells, indicates that most of the surfactant is dissolved
or forming very small aggregates in both the core and the
medium. The local volume fraction of the core, ¢, and the
medium, ¢, are computed recognizing that the SLD is
proportional to the mass density, and shown in Table 1. The
observation that ¢, > ¢, could be due to a higher local
concentration near the vesicle shells induced by an adsorption/
desorption equilibrium. Alternatively, it may be due to shape
and size fluctuations, which are not taken into account in the
core—shell model used here. Complementary experiments (e.g.,
dynamic light scattering) are required to characterize these
fluctuations.>® The lowering of the SLD of the medium could
be explained by the presence of small aggregates. If we assume a
critical aggregation concentration (for the vesicle formation) 10
times higher in EAN than in water (cmc and cvc in water are
4.63 X 10~ mol/L and 7.34 X 10~* mol/L, respectively®), as
shown in ref 18 (for micelle formation), then the cvc in EAN
can be expected to be around 7 mmol/L (¢ ~ 3.4 X 1073). The
volume fraction of DDAB in the medium is ~4 times the value
of the estimated cvc, which could be explained if much smaller
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aggregates, such as micelles (not detected by BFM), coexist
with the vesicles. Unfortunately, due to the high incoherent
background of the system (~ 1 cm™"), SANS measurements are
not sensitive to the presence of micelles at such low
concentration. Surface tension measurements would help to
elucidate the formation and coexistence of micelles and vesicles,
as shown previously in the analogous aqueous system by Grillo
and co-workers.’

Structural Analysis of the Giant Vesicles and the
Sponge (L;) Phase. For the concentrated samples (DE30UP
and DE68), the shell of the giant vesicles (Figure 2b) is not
detected by SANS or by USANS, due to two reasons: (1) the
vesicle size is beyond the instrument size resolution, and (2)
given that § = 2.1 nm (see Supporting Information), the
surfactant in the shell represent just 0.01% of the total
surfactant. Consequently, no scattering was detected at low g-
values. However, a broad peak was observed at high g-values
(shown in Figure 4). These samples are optically isotropic (i.e.,
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Figure 4. SANS data of the DE30UP sample at 25 and 80 °C. Solid
lines are fits to the Teubner—Strey model®” The inset show a
schematic of the L; DDAB bilayer structure in EAN.

dark under cross-polarizing microscopy), suggesting that the
surfactant is forming a (sponge) L; phase.”® This hypothesis
was confirmed by fitting the SANS data with the Teubner—
Strey (TS) model:*” I(q) = [a, + 4> + &q*]™". The
composition-dependent coeflicients a,, ¢;, and ¢, can be used
to calculate the domain periodicity, d, and the correlation
length, &, which is a measure of the short-range order among
the domains (Table S2). The TS model fits well the scattering
data of the DE30UP (Figure 4) and DE68 samples at 25 and 80
°C, and the computed values of d (Table S2) are comparable to
the bilayer thickness (2.1 nm”®). The average thickness of the
EAN channels in the L; phase (see inset in Figure 4) and the
volume fraction are calculated with §gay = d — 6 and ®; = 6/4,

respectively, and reported in Table S2.

The mass balance on the 30 wt % sample (given in the
Supporting Information) indicate that this sample splits into
two phases with concentrations corresponding to the phase
boundaries (Figure 1). The swelling behavior of the L, phase at
higher compositions ([DDAB] > 68 wt %) is reported
elsewhere.”® The phase split indicates that the system reaches
a maximum swelling at [DDAB] ~68 wt %. That is, further
dilution at this concentration does not increase the values of
Opan in the sponge phase. Rather, the excess EAN forms a
second phase (the dilute LP phase), in equilibrium with the L,
phase. Notice that the peak intensity at 80 °C (Figure 4) is
lower than at 25 °C, indicating weaker correlation between
DDAB bilayers at high temperatures, which may be also related
to the formation/dissolution of the GVs.

Molecular Bases for Spontaneous Vesicle Formation.
Even though the vesicles form spontaneously, their large size
indicates that the bilayers are, on a molecular basis, effectively
planar. That is to say, the product of the maximum dimension
of the amphiphilic molecule, L, and the vesicle curvature, ¢, is
cL < 1, which defines large unilamelar vesicles in contrast to
small lamellar vesicles, for which cL ~ 1. For DDAB in water,
Evans and co-workers suggested that the formation of vesicles
(with diameters ~500 nm) upon replacing the counterion Br~
by OH™ in DDAB is a result of a reduction in the packing
parameter, p = v/agl. (where v is the surfactant tail volume, I is
the tail length, and 4, is the area of the headgroup), which
results in an increase in the spontaneous curvature.'>'* The
mechanism of aggregation of DDAB/EAN vesicles may be
analogous to that of DDA—OH vesicles,'¥* namely, the anion
NOj from EAN competes with the counterion Br~ (as
suggested by Graves and Drummond for the CTAB/EAN
system38). Note, however, that the DDAB vesicles in EAN are
substantially larger than those observed in water. The degree of
ion exchange (ie., the Br"/NOj ratio) in the palisade layer of
the bilayer can be different inside and outside of the vesicle
because the compositions of the medium is different inside and
outside, as demonstrated by SANS. This fact and the difference
in screening strength between Br~ and NOjJ allows a difference
in spontaneous curvature between the inside and outside of the
bilayer, which is required for spontaneous vesicle formation.”'?
On the other hand, the dynamic ion exchange facilitates the
minimization of the spontaneous curvature required for the L;
phase formation and, hence, explains its remarkable stability.

The weaker solvophobic effect in EAN as compared to water
(e.g., the critical micelle concentration of cetyltrimethylammo-
nium bromide in EAN is ten times larger than in water'®)
combined with the counterion exchange allows the amphiphilic
molecules to arrange into closed spherical bilayers, which is the
most favorable type of configuration for bilayers (because the
energetically and entropically unfavorable edges of planar
bilayers are eliminated at a finite, rather than infinite,
aggregation number®”). The high solubility of DDAB in EAN
is consistent with the fact that the bilayers contain only a small
fraction of the total surfactant, with the rest as monomers in
solution. It is well-known that for 1/2 < p < 1, the smallest
vesicle radius that may be formed without forcing the
headgroup area of the outer monolayer to exceed a, is given
by D. ~ 2I./(1 — p).*® Given that for the large DDAB/EAN
vesicles I./R ~ 107, it follows that p ~ 1, which implies that the
spontaneous curvature is reduced to minimize the free
energy.7’40

Finally, the Gibbs phase rule applied to this system admits
the possibility of 3-phase equilibrium. This might also explain
the measured composition difference between the vesicle
interior and exterior and may play a role in their formation.
Observations, over weeks, however, do not show evidence of
formation of a third macrophase. Indeed, vesicle formation is
shown to be path independent, and the vesicles formed for all
compositions in the two phase region.

B CONCLUSIONS

In summary, we report the first observations of spontaneous
vesicles formation in a protic ionic liquid. The DDAB/EAN
vesicles fulfill the three criteria for equilibrium vesicle phases,7
namely, (1) they are formed spontaneously upon dispersing dry
surfactant into EAN without mechanical or chemical
perturbation; (2) they do not aggregate with time, and (3)
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they spontaneously reform after reversing any physical or
chemical process to which they are exposed (e.g., temperature
jumps or changes in concentration). In addition, they form
identically independent of the path taken to reach the final
vesicle state. Further, spontaneous vesicles are found
throughout compositions in the two phase region. Additionally,
we observed a coexistence between the L; phase and giant
vesicles and a dilute phase containing large vesicles, which is
confirmed quantitatively by SANS analysis of the phases in
equilibrium. The spontaneity of formation and the stability of
both the vesicular and L; phases are due to a combination of
two effects: the weak solvophobic effect of EAN and the
dynamic (Br"—NO3) ion exchange at the exterior of the bilayer
membrane. Because of the very low solubility of DDAB in
water, both vesicular and the L; phase have only been observed
at very small concentrations in the analogous aqueous DDAB
solution.>* The ease of preparation of DDAB/EAN vesicles
and sponge phase provides many advantages for their potential
use as microreactors, microcarries or as templates for the
synthesis of mesoporous materials. This research suggests that,
given the great variety of possible amphiphile systems, many
more can potentially form vesicles. However, a series of
systematic studies on the solvophobic effect and the electro-
static interactions in these systems are necessary to fully
understand the spontaneous formation of ionic vesicles in ionic
liquids.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedure, complementary BFM analysis, mass
balance of DDAB/EAN solutions, structural analysis of GVs
and the L; phase, rheology of the L; phase and movies showing
spontaneous and thermoreversible formation of large and giant
vesicles. This material is available free of charge via the Internet

at http://pubs.acs.org.
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