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In this contribution, we have examined a composition dependent self aggregated structural modification

of a catanionic mixture of the surface active ionic liquid (IL) 1-butyl-3-methylimidazolium octyl sulphate

and a cationic gemini surfactant (14-5-14) in aqueous medium. We have observed that the hydrodynamic

diameter of the aggregates increases with increasing IL concentration and microscopic evidence (HRTEM,

FESEM, and LCSM) shows the formation of vesicle like aggregates (Dh E 200 nm) at XIL = 0.5. The steady

state fluorescence anisotropy of the membrane binding probe DPH shows a micelle to vesicle transition at

this composition. The viscosity of the solution shows a peak at XIL = 0.3, indicating the formation of a worm

like micelle as an intermediate of the micelle to vesicle transition. The rotational dynamics shows a stiffer

surfactant packing in the vesicles compared to the micelles, whereas, the solvation dynamics measurements

indicate a higher abundance of bound type water in the vascular medium compared to that for the micelle.

The formed vesicles also show stability towards temperature and biomolecules, which can be used for

respective applications.

1. Introduction

Self-assembly is a spontaneous process of organization of
components from disordered to ordered states,1,2 which leads
to a plethora of applications.3,4 Precise regulation and full
control of the assembling process is a prerequisite for most
of such applications.5 Ion-pair amphiphiles (IPA) or catanionic
amphiphiles, which often mimic lipid membranes, have been
demonstrated to form diverse structures with distinct features.
Microscopic interactions between two oppositely charged
amphiphiles could modulate the phase behavior and yield a
variety of aggregate morphologies such as spheres, rods, disks,
ribbons, bilayers, vesicles etc.6–10 However, most of the catanionic
mixtures precipitate out at equimolar compositions, which limits
their application. Appropriate selection of catanionic pairs can

improve their compatibility. Such assemblies are not conducive to
effective packing, leading to weak interactions, and the proper
choice of such a catanionic pair could minimize precipitation and
tailor microstructures over a wide composition range.

Gemini surfactants (GSs) have received much attention due
to the unique properties they exhibit over their conventional
counterparts,11 such as low critical micellization concentration
(CMC), high surface activity, low Kraft temperature, high deter-
gency, high solubilization and high surface wetting capability.12–16

GSs contain two hydrophilic head groups and two hydrophobic
tails, which are covalently connected by a spacer to their head
groups. This class of surfactants finds application in many areas
like drug delivery,17 gene transfection,18 skin and body care
products,19 oil recovery,20 preparation of nano-materials,21 anti-
microbial and antifungal activity22 etc. ILs are molten salts that
consist of a low symmetry organic cation and an inorganic/organic
anion held together via weak electrostatic interactions exhibiting a
low melting point, high viscosity and thermal stability.23,24 Certain
ILs also exhibit surface activity (SAILs)15 as they can form aggre-
gates in aqueous25 and non-aqueous media.26 Furthermore, their
physical and chemical properties can be fine-tuned by the
proper selection of the cation and anion constituents for specific
applications.27,28 Reports are available on the formation of
catanionic vesicles by the combination of ILs and oppositely
charged surfactants or ILs.29–33 Working on the mixture of CTAB
and SAILs (bmim-octylSO4), Comelles et al.34 and Ghosh et al.29
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identified morphological changes and synergistic interactions in
solutions. However, such investigations mostly pertain to self-
aggregation and reports on the microstructure of ILs in the
presence of self-associating molecules are still sparse; systematic
and planned studies providing better revelations are demanded.

In this present work, we have studied self-assembled aggregates
in aqueous solution formed by the mixing of model cationic
and anionic compounds, viz., cationic GS (pentamethylene-1,4-
bis(dimethyltetradecylammoniumbromide)) (14-5-14) and anionic
SAIL 1-butyl-3-methylimidazolium octyl sulphate [C4mim][C8SO4].
We notice a phase transition of micelle to mixed micelle to vesicle
structures as a function of IL composition. The formation of
aggregates has been examined using turbidity, steady-state aniso-
tropy, DLS, viscosity, and microscopy measurements (HRTEM,
FESEM, LCSM). The changes in the microenvironment (e.g. system
rigidity and hydrophobic interaction) during the micelle to vesicle
transition have been exemplified by the rotational relaxation
dynamics of the C-153 (coumarin-153) molecule and solvation
dynamics using time resolved fluorescence measurements. C-153
is a well-studied solvation probe35 as it has a very small dipole
moment in the ground state that increases markedly upon excita-
tion and it shows a time dependent Stokes shift. We also studied
the interaction between the formed vesicles and a model protein
bovine serum albumin (BSA), which would lead to potential
application of such vesicles in real life.

2. Materials

1,5-Dibromo butane, N,N-dimethyltetradecyl amine, pyrene
(Py), coumarin-153 (C-153), and 1,6-diphenyl-1,3,5-hexatriene
(DPH) were purchased from Aldrich and used without any
further purification. The IL 1-butyl-3-methylimidazolium octyl
sulfate [C4mim][C8SO4] (Z95%, HPLC) was obtained from
Sigma-Aldrich and used after drying under vacuum at 30 1C
for 12 h to remove the moisture. The cationic gemini surfactant
(GS) pentamethylene-1,5-bis(tetradecyldi-methylammonium
bromide) (14-5-14) was synthesized by refluxing 1,5-dibromo
butane with N,N-dimethyltetradecylamine in dry ethanol for
48 h. Then, the solvent was evaporated and the product was
recrystallized several times in an ethanol–acetone mixture.36

The structure of the gemini surfactant was confirmed by
1H-NMR spectroscopy: yield 13.8 g, 20 mmol, 90%. 1H-NMR
(CDCl3, 300 MHZ), d (ppm): 0.85–0.88 (terminal CH3, 6H),
1.20–1.25 (CH3-CH2-(CH2)10, 40H and 2H from middle CH2 of
spacer), 1.36 (CH3-CH2, 4H), 1.76 (CH3-CH2-(CH2)10-CH2-CH2-
N+Me2-CH2-CH2, 8H), 3.26–3.33 (–CH2-N+Me2-CH2–, 8H), 3.78
(CH3 gr attached to the N atom, 12H). The purity of the GS was
further confirmed by the absence of a minimum in the surface
tension (g) vs. log[surfactant] plot, presented in Fig. S1 (ESI†).

3. Methods
3.1. Turbidity measurement

Turbidity measurement was done by measuring the trans-
mittance of the mixtures using a SHIMADZU, UV-1601 (Japan)

spectrophotometer at room temperature using a quartz cuvette
of 1 cm path length. IL (50 mM) was mixed with the GS (50 mM)
to prepare mixtures at different mole fractions. The percentage
of transmittance (%T) of the surfactant solution was measured
at 400 nm since both the GS and the IL solutions do not absorb
at this wavelength. Turbidity was calculated using the relation
t = 100 � %T. All the measurements were performed at room
temperature.

3.2. Tensiometry

A Krüss (Germany) tensiometer was used for surface tension
measurements by the ring detachment method. A concentrated
solution of GS and mixtures of GS and IL were used in a
thermostated aqueous solution with a Hamilton microsyringe
taking measurements 5 min after addition and thorough mix-
ing and temperature equilibration. Duplicate measurements
were used to check reproducibility. The accuracy of measure-
ments was 0.1 mN m�1. Surface tension (g) vs. log[surfactant]
was used to get the CMC from the breaks in the plot.

3.3. Dynamic light scattering (DLS) measurement

DLS measurements were carried out in a Zetasizer nano ZS
(Malvern, UK). All experimental solutions were filtered 2–3 times
through membrane filters to remove larger particles. The mean
values of triplicate experimental results are reported. The zeta
potential (z) of aqueous GS and GS/IL mixtures at different XIL

values was determined in the same instrument using a dip cell.

3.4. Viscosity and density measurement

Viscosity and density of the 50 mM IL and GS solution and their
mixtures at different XIL values were determined using an
automated micro viscometer (AVMn) and a density meter
(model DSA5000) from Anton Paar (Austria).

3.5. Microscopic characterization of vesicles

The morphology of the self-assembled aggregates was visua-
lized by high resolution transmission electron microscopy
(HRTEM), scanning electron microscopy (SEM), and laser
confocal scanning microscopy (LCSM). For HRTEM, MODEL:
JEOL-JEM-2100 operating at an accelerating voltage of 100 kV.
10 ml of surfactant solution was dropped onto a 300-mesh size
carbon-coated copper grid and allowed to stand for 2 min
followed by staining with 0.5 wt% aqueous uranyl acetate. The
specimens were kept in desiccators overnight before measurement.

High-resolution field emission scanning electron micro-
scopy (FESEM, Model QUANTA FEG 250) was used in this
study. A drop of the sample solution was placed on a silicon
wafer and left to air dry. After that, the specimens were kept in
desiccators overnight before measurement.

An inverted confocal/two-photon excitation fluorescence
microscope (Zeiss-LSM 510 META Carl Zeiss, Jena, Germany)
was used in this study. Nile Red was used as the fluorescent
probe to visualize the formed ensembles and we added 1 mM
Nile Red during the preparation of vesicles. The excitation wave
length used was 543 nm. 10 mL of the sample solution contain-
ing Nile Red was placed under a cover slide on the microscope
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to prepare the specimen. Repeat experiments were done to
check reproducibility.

3.6. Steady state fluorescence study

Steady state fluorescence measurements were made using a
Perkin Elmer LS55 (USA) fluorescence spectrophotometer with
an attachment of Fluorescence Peltier System PTP-1 using a
glass cell of 1 cm path length. C-153, pyrene and DPH (fixed
concentration B 1.2 mM) were used as fluorescence probes to
investigate the polarity as well as the viscosity of the micro-
environment of these self-assemblies. The excitation wave-
length of C-153, DPH and pyrene is 436 nm, 355 nm and
335 nm, respectively. Steady state fluorescence anisotropy (rss)
measurements of DPH were taken with a polarization filter
having the ‘‘L-format’’ configuration of the same instrument.
The anisotropy relation is expressed as:

rss ¼
IVV � GIVHð Þ
IVV þ 2GIVHð Þ (1)

where IVV and IVH are the vertically and horizontally polarized
emission intensities, respectively, resulting from vertically
polarized excitation of the probe and G = IVV/IVH. Anisotropy
values were averaged over an integration time of 20 s. The
anisotropy values of the probe in micellar and vesicular media
as presented in this work are the mean value of three individual
determinations. The tryptophan (Trp) fluorescence of BSA has
been collected using 290 nm as the excitation wavelength.

3.7. Time resolved fluorescence measurement

Time resolved fluorescence decays were measured using a time
correlated single photon counting instrument from Edinburgh
Instruments, U. K. Excitation of C-153 was carried out using
a diode laser from PioQuant having a central wavelength of
409 nm and instrument response function of 80 ps.37 For time
resolved fluorescence anisotropy r(t) measurements, emission
polarization was adjusted to be parallel or perpendicular to the
polarization of the excitation pulse. Anisotropy is defined as

rðtÞ ¼
IkðtÞ � GI?ðtÞ
� �

IkðtÞ þ 2GI?ðtÞ
� � (2)

where I8(t) and I>(t) are the time dependent parallel and
perpendicular fluorescence intensity, G has been calculated
from long term tail matching. All the time resolved fluorescence
decays have been collected at the probe emission maximum
wavelength.

4. Results and discussion
4.1. Optical behavior of the mixed solution

GS (14-5-14) forms micelles at B0.15 mM concentration in
aqueous medium at 298 K.38 The gradual addition of IL to this
micellar solution changes its optical appearance. The phase
behavior of the mixtures in the aqueous solution was observed
by visual assessment and the optical micrographs are shown in
the inset of Fig. S2 (ESI†). The observed turbidity was quantified
by measuring the optical density at 400 nm. At XIL = 0.4, the

solution becomes translucent, which continues up to XIL = 0.5,
beyond which it becomes turbid, leading to phase separation
upon standing (presented in Fig. S3, ESI†). The emergence of
translucency often indicates the possible existence of mixed
aggregates, most importantly ‘‘vesicles’’.29 This conclusion is
further supported by fluorescence anisotropy, hydrodynamic
diameter, zeta potential, viscosity, and microscopy (HRTEM,
FESEM, and LCSM) measurements as discussed later.

4.2. Formation of micelles and vesicles in solution

Critical micelle concentration (CMC), hydrodynamic diameter
(Dh), and zeta potential (f). Both the GS and IL individually form
micelles and mixed micelles in combination in solution. The
tensiometric manifestation of CMC at different compositions is
presented in Fig. S1 (ESI†). The CMC of the IL39 is B200 times
higher than that of GS, but their mixtures show a lower value
of CMC compared to the individual components. Such an
observation clearly suggests the cosurfactant behavior of the
investigated IL and GS, which is in contrast with the observed
CMC for the mixture of nonionic surfactant TX-100 and IL
reported by Behera et al.40 Tensiometric results show that at
XIL = 0.1 and 0.2, the CMCs are 0.107 and 0.089 mM, respec-
tively. After that, the viscosity of the mixed solution increases at
the studied concentration, which signifies structural changes
on mixing. The size distribution profile at different XIL values in
the IL/GS mixtures is shown in Fig. 1(a). The hydrodynamic
diameter of an IL micelle is B3.0 nm.29 As IL is introduced into
the GS micellar solution, Dh gradually increases from 3 nm
(at XIL = 0.0) to 190 nm (at XIL = 0.5). In an earlier study,
Moughton et al.41 reported a temperature induced micelle to
vesicle transition in which the vesicle size is estimated to be
B200 nm. It, therefore, can be concluded that the observed
increase in size up to B190 nm is mainly due to the formation
of vesicle structures. To provide direct support for the forma-
tion of large vesicle like structures, we performed microscopy
(HRTEM, FESEM, and LCSM) measurements with XIL = 0.5
mixtures (Fig. 2). Those micrographs clearly indicate the
formation of a spherical vesicle and a bilayer region. The
average size of the formed vesicle is found to be 100–200 nm,
which exactly corroborates the size obtained from DLS
measurements.

Zeta potential measurements (Fig. 1(a) inset) reveal that z of
the GS micellar solution is 39.9 mV, reflecting an overall
positive charge of the carriers. As IL is introduced into the
mixtures, z first decreases (up to XIL = 0.3) as negatively charged
IL partially neutralizes the positive charge of GS, which manifests
electrostatic interactions between the oppositely charged amphi-
philes. A sudden change in the zeta potential is observed at
XIL = 0.4–0.5. At this mole fraction, strong electrostatic interaction
between the head groups of the GS and IL prevails, and a different
self-assembled structure in the form of vesicles is formed, which
concomitantly reduces the lower zeta potential value.42,43 Thus,
adding more IL molecules into the mixed solutions leads to the
growth of the structural transition of aggregates because of a
further decrease in the surface charge density. There is a clear
correlation between the size and surface potential. It is also clear

https://doi.org/10.1039/c7sm02241g


that upon addition of the IL into the GS micellar solution, the
aggregates are formed with varying morphologies.

Viscosity measurements. The viscosity of the GS and IL
micellar solutions is comparable to that of water. We observe
a viscosity peak at XIL = 0.3 for the mixture (Fig. 1(b) and Table
S1, ESI†). Interestingly, we do not observe any noticeable
change in the density of the mixture with composition.
So, the observed change is clearly not related to the density,
which rather suggests the formation of worm-like or elongated
micelles, as previously demonstrated in mixtures of anionic
and cationic surfactants.44,45 At XIL = 0.3, optimized interaction
between the cationic (GS) and anionic (IL) surfactant head
groups causes the maximum reduction of the surface area in
the mixed micelles, which in turn induces micellar growth and
the formation of elongated or worm-like micelles exhibiting
the viscosity peak (evidence for the restricted dispersion of
ensembles in solution). At relatively higher IL concentration
(XIL 4 0.3), the cationic GS and octyl sulphate pack preferen-
tially to form bilayer geometries (vesicles) and thereby reduce
the viscosity. It is well-known that the mixing of cationic–
anionic surfactants can weaken electrostatic interaction among
the charged head groups, which promotes micellar growth and
finally causes the formation of wormlike micelles. Prior to
mixing, the GS and IL form micelles at the concentration used
here and the solution carries either net positive or negative
charge. At XIL B 0.1–0.2, the mixture still carries more net

positive charge. Upon addition of the oppositely charged IL
to the GS micellar solution, the electrostatic repulsion between
the head groups of the surfactant molecule decreases, enabling
the surfactant molecules to pack more tightly. So, in this
region, the formation of spherical micelles predominates and
the solutions are transparent having low viscosity (Fig. S2, ESI†
inset). At XIL B 0.3–0.4, the progressive abundance of IL in
the solution decreases the electrostatic repulsion between the
surfactant head groups considerably and the packing para-
meter increases. Therefore, the micelles grow in size and
entangle into networks forming a transparent but highly
viscous fluid that displays an ability to trap bubbles (Fig. S2, ESI†,
inset), which suggests the formation of wormlike micelles. At
XIL B 0.45–0.5, the net surface charges are small so the head
groups pack more tightly. The hydrophobic interaction between
the tails increases, which leads to the transition of worm like
micelles to vesicles with strong dehydration of the surfactant
and a subsequent decrease in the solution viscosity.

Microscopy studies. Direct evidence for vesicle formation of
the mixed GS and IL in solution was found using High resolution
transmission electron microscopy (HRTEM), Scanning electron
microscopy (SEM), and Laser Confocal Scanning Microscopy
(LCSM) measurements. Representative microscopic images for
the XIL = 0.5 mixed preparation are shown in Fig. 2(a)–(c).
Evidence in favor of the formation of small unilamellar vesicles
(SUVs) with aqueous cavities was found. Close scrutiny of the

Fig. 2 Microscopic evidence for vesicles: (a) HRTEM image; (b) FESEM image (inset: vesicles at high magnification); (c) LCSM micrograph of Nile Red
stained vesicles at XIL = 0.5 (inset: vesicles at high magnification).

Fig. 1 (a) Representative plot of hydrodynamic diameter (Dh) and zeta potential (inset) at different mole fractions of IL. (b) Bulk viscosity of the mixed
systems vs. XIL at 298 K.
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size and shape of the microstructures reveals that the vesicles
are on the whole spherical, and their size range is 100–300 nm.
The sizes observed using DLS were relatively close to that from
microscopy studies. Presumably, the slight differences in sizes
due to the differences in the methods of sample preparation
might have led to a certain degree of vesicle shrinkage.

Steady state fluorescence anisotropy of DPH. The morphology
of amphiphile aggregates can be predicted from the micro-
environment studied by the fluorescence anisotropy of DPH,4,29,46

which is a well-known membrane binding probe and an efficient
reporter of the rigidity of self-assembled structures.47 The anisotropy
of DPH for different XIL values is presented in Fig. 3b. The results
demonstrate that initially, there occurs a modest increase of rss and
beyond XIL = 0.3, it increases sharply, indicating the IL induced
modification of the self-assembled structures of GS. It has been
reported that in spherical and rod-like micelles, DPH shows
rss r 0.14, while for bilayers and vesicles, rss Z 0.14.46 The rss

values of DPH in the GS and IL micelles are 0.103 and 0.089,
respectively, which are comparable to the anisotropy of DPH in
CTAB and SDS micelles in aqueous solution.47 At XIL = 0.3 and
0.4, the rss value of DPH is 0.134 and 0.14, respectively, and
these values reasonably corroborate the threshold of rod like
micelles.46,47 At XIL = 0.5, rss increases to 0.149, confirming the
formation of vesicles.

4.3. Microscopic properties of mixed aggregates

Steady-state fluorescence study. Normalized emission spectra
of C-153 at XIL = 0.0 to 0.5 are presented in Fig. 3(b). C-153 is a
well-known polarity sensitive probe, which shows an emission
maximum at 552 nm in water, whereas in cyclohexane, it is
significantly blue shifted to 460 nm.48 The emission maximum

of C-153 in the GS micellar solution appears at 530 nm
(labs

max = 436 nm). The emission maximum is red shifted com-
pared to cyclohexane, which suggests that the C-153 molecules
do not reside in the core of the micelle; also, it is blue shifted
compared to water, which suggests that it does not reside in the
bulk, preferably locating itself at the Stern layer.48,49 As the IL is
mixed with GS, the emission maximum gradually shifts towards
the blue region (522 nm for XIL = 0.5). This indicates that the
C-153 molecule experiences a more hydrophobic environment
with increasing IL concentration, which might be a consequence
of the IL induced micelle to vesicle transition. Roy et al.48 also
observed a blue shift in the steady state fluorescence peak when
lipid interacts with sugar using C-480 and C-153 probes.

Time-resolved fluorescence anisotropy measurements. To
get a better understanding of the local environment and rigidity
in these IL modified GS systems, we have carried out time
resolved fluorescence anisotropy (Fig. 3(c)). The anisotropy
decay transient of C-153 in water can be fitted with a single
exponential with a time constant of B100 ps.29 However, the
anisotropy decays in the self-assembled medium are more
complex and could only be fitted using a bi-exponential relaxation
model29,36,37,50–55 consisting of a fast (tfast) and a slow (tslow)
relaxation:

r(t) = r0[be�t/tslow + (1 � b)e�t/tfast] (3)

where r0 is the anisotropy at time zero and b is the pre-
exponential factor, which is informative of the relative contribution
of each associated time scale. Here, the fast component
originates due to the wobbling motion of the probe mole-
cule while the slow component corresponds to the lateral
diffusion of the probe at the interface and rotation of the

Fig. 3 (a) Steady state anisotropy of DPH in the IL–GS mixture as a function of XIL. (b) Steady state emission spectra of C-153 in different environments.
The inset shows the emission maximum as a function of XIL. (c) Average solvation time of C-153 as a function of XIL. The inset shows representative C(t)
curves. (d) Average rotational time constant of C-153 as a function of XIL. The inset shows representative decay curves.
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whole aggregates.52–54 The average rotational time scale (htri)
is given by the following equation:

htri = btslow + (1 � b)tfast (4)

All the bi-exponential anisotropy fitting parameters at
different XIL values have been tabulated in Table 1. Thehtri of
C-153 in aqueous IL medium (0.63 ns) is somewhat faster than
the rotation in the GS micellar environment (1.26 ns). Fig. 3(c)
shows that with the addition of IL into the GS micellar solution,
there occurs an increase in htri of C-153 inside the systems,
and the rotational decay of the solutions with XIL 4 0.3 does
not diminish to zero. The appearance of this notable offset in
the vesicular medium (Fig. 3(c)) can be explained only by the
incomplete rotation of vesicle bound probe within the experi-
mental window (of several ns); therefore, the mixed systems
clearly direct the reorganization of the self-assembly apart from
the aqueous GS and IL medium. It is interesting to note that
while the average timescale becomes slower with XIL, the
proportion of the slow component decreases with XIL, and a
similar trend was reported for C-153 when sugar was added to
DMPC vesicles.55 The tslow values of GS (Table 1) are in the
order of B2 ns indicating that the rotation of aggregates does
not contribute to the slow time scale. Therefore, the lateral
diffusion of C-153 is the major contributor towards tslow of
C-153 molecules that are mostly located near the hydrophobic
environment at the interface and it is noteworthy that tslow of
C-153 in micelles is 1.83 ns, which increases to 6.58 ns in
vesicular medium. Incorporation of the IL minimizes the
electrostatic repulsion between the surfactant heads and
enhances the hydrophobic interaction between tails, which
eventually retards the lateral diffusion of the probe. The change
in tfast with XIL is marginal; however, its contribution increases
drastically from 35% for micelles to 68% for vesicles. It is
interesting to note that we observe a maximum in the viscosity
peak at XIL = 0.3. Stokes–Debye–Einstein (SDE) hydrodynamic
theories predict that the rotational time constant of a probe will
be proportional to the viscosity (Z) and inversely proportional to
the temperature (T): trot p Z/T.56 At XIL = 0.3, the viscosity is 6
times higher compared to that at XIL = 0.4 (Fig. 1(b)), however, htri
of C-153 is smaller in the former, which apparently contradicts the
SDE prediction. It should be noticed here that SDE considers a
homogeneous continuum and Z represents the macroscopic
viscosity of the solvent, whereas tr is a manifestation of the
micro-viscosity experienced around the probe molecule, which

is lower than the bulk viscosity of the medium,57 indicating a
strong heterogeneity in the mixed micellar environment. Time
resolved fluorescence data show the formation of a catanionic
vesicle with stronger packing at the hydrophobic core making
lateral diffusion hindered whereas the interface fluidity remains
nearly unchanged. The rotational dynamics of the probe also
depends on the hydration of the interface, which is discussed in
the following section.

Solvation dynamics. Water plays a crucial role in the assembly
of these amphiphiles into larger structures or aggregates. The
dynamics of water present at self-assembly interfaces are more
complex due to multiple types of hydrogen bonding interactions at
the interface.58 Here, it is interesting how the hydration behavior
of these assemblies follows the micelle to vesicle transition. The
average solvation time of the C-153 molecule in water is relatively
fast and found to be 1 ps,59 while in the self-assembled systems,
it is one order of magnitude slower.29,37,39,48,50,55,60 The wave-
length dependent time resolved emission decays of C-153, i.e. a
faster decay at the blue end and a slower decay along with a rise
component at the red end, clearly indicate solvation of the
probe29,37,39,50,51,55,61,62 in the procedure, described elsewhere.29

The solvent correlation function C(t) is constructed from the TRES,
which is described as follows: in order to calculate the solvent
response surrounding the probe, we construct time resolved
emission spectra (TRES, Fig. S6, ESI†) according to

CðtÞ ¼ vðtÞ � vð1Þ
vð0Þ � vð1Þ (5)

where n(0), n(t), and n(N) are the peak frequency at time zero, t,
and infinity, respectively. The decays of C(t) are fitted by a
bi-exponential function:

C(t) = a1 exp�t/t1 + a2 exp�t/t2 (6)

where t1 andt2 denote the two solvation time scales with
amplitudes of a1 and a2, respectively. The bimodal distribution
of solvation dynamics is due to the coexistence of both ‘bound’
(hydrogen bonded at the interface) and ‘free’ water in the stern
layer35,58,63 and the average solvation time htsi is calculated as:
htsi = a1t1 + a2t2. htsi of C-153 as a function of XIL is presented
in Fig. 3(d) and the inset shows some representative plots of
C(t) vs. time. All the corresponding fitting parameters are
presented in Table 1. The ultrafast solvation of C-153 in bulk
solvent is unrecoverable in the TCSPC measurements, the loss
in the signal can be assessed by calculating the zero frequency

Table 1 Solvation dynamics and anisotropy decay parameters of C-153 in IL–GS mixtures with different mole fraction in aqueous medium at 298 K. The
data presented in the table have a fitting error o5%

System lmax (nm)

Rotational anisotropy Solvation dynamics

r0 tslow (ns) tfast (ns) htri (ns) t1 (ns) t2 (ns) htsoli (ns)

GS 530 0.32 1.93 (0.64) 0.22 (0.36) 1.31 0.16 (0.64) 1.17 (0.36) 0.53
IL 534 0.29 1.57 (0.29) 0.25 (0.71) 0.63 — — —
XIL = 0.1 529 0.32 2.22 (0.59) 0.25 (0.41) 1.42 0.16 (0.58) 1.00 (0.42) 0.52
XIL = 0.3 526 0.31 2.70 (0.57) 0.30 (0.43) 1.66 0.17 (0.58) 1.06 (0.42) 0.54
XIL = 0.35 525 0.31 2.75 (0.56) 0.30 (0.44) 1.68 — — —
XIL = 0.45 523 0.32 5.56 (0.42) 0.47 (0.58) 2.61 — — —
XIL = 0.5 522 0.33 6.21 (0.39) 0.42 (0.61) 2.68 0.14 (0.37) 1.00 (0.63) 0.67
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of the fluorescence maximum, np
em(0), using the formula estab-

lished by Fee and Maroncelli,64

n p
em(0) = n p

abs � [n np
abs � nnp

em] (7)

where n p
abs, n

np
abs and n np

em are the absorption peak of the
fluorophore (C-153) in polar solvent (vesicle/micelle medium),
the absorption peak in nonpolar solvent and the emission peak
in nonpolar solvent (cyclohexane), respectively. We estimate
B24% and 38% loss for the vesicular and micellar solution,
respectively, at 293 K. However, the present investigation is
focused on the dynamics of water at the interface and the slow
solvation reported from the TCSPC setup is more rational to
explain the dynamics. The average solvation htsi of C-153 in the
GS micellar solution is 0.53 ns consisting of a faster component
of 0.16 ns (64%) and a slower component of 1.17 ns (36%).
This timescale is in comparable agreement to that obtained
in a recent study using cationic GS.60 The solvation dynamics of
C-153 in the same aqueous IL has previously been studied by
Seth et al.39 and they reported a relatively faster average solva-
tion timescale (htsiB 0.2 ns). We observe that addition of IL to
GS drastically increases the contribution of the slow compo-
nent of C-153 solvation. At XIL = 0.5 (vesicular solution), htsi
increases to 0.67 ns (Fig. 2) consisting of the time constants of
0.14 ns (37%) and 1 ns (63%), which is comparable to the
solvation response of C-153 in [C4mim][C8SO4]–CTAB unilamellar
vesicles.29 However, in accordance with the anisotropy measure-
ments, we do not observe any inflation point at XIL = 0.3, wherein
the viscosity maximum occurs (Fig. 1(b)). The progressive
retardation of solvation dynamics indicates an abundance of
the proportion of bound water as the structure changes from
micelle to vesicle.

4.4. Stability of the formed vesicle

Our study thus confirms the formation of vesicular structures
in these mixed surfactant systems. We now investigate the
stability of such vesicles against external stimuli65 like tem-
perature, aging time and interaction with a model protein, BSA.
We measured the turbidity of the vesicular solution (XIL = 0.5)
in 5 day intervals for 30 days (Fig. S5, ESI†). We found that
turbidity slightly increases and beyond 15 days, it does not
change appreciably. The initial modest increase in the turbidity
could reflect the growth of the vesicles.43 To correlate these
findings, we measured the size of the vesicles after 30 days. We
found that after 30 days, the diameter of the vesicle increased
from 190 to 295 nm with the appearance of a small peak
at B40 nm (Fig. S5, ESI†). The increase in size is attributed
to inter vesicular fusion along with the formation of other
small aggregates.43

Temperature could also affect the size and shape of these
types of aggregates.41 Thermal stability of the formed vesicles
was investigated by measuring their micropolarity (I1/I3) and
fluorescence anisotropy (rss) using Pyrene and DPH probe,
respectively, as a function of temperature (Fig. S6, ESI†).
The intensity ratio (I1/I3) of the first vibronic band (I1, 374 nm)
to the third vibronic band (I3, 384 nm) of Pyrene is a measure of
the micropolarity in aggregates.66 At 25 1C, the I1/I3 ratio at XIL = 0.5

is 1.02, which marginally decreases to 0.97 as temperature is
increased to 65 1C, indicating the desired thermal stability of the
vesicles. The observed slight decrease could be due to some
possible temperature induced structural reorientation of the con-
stituent molecules in the bilayer. A similar trend also follows in the
steady state fluorescence anisotropy (rss) measurements as the
membrane bound hydrophobic probe DPH also experiences com-
parable environments at elevated temperatures. This confirms that
the mixed vesicle has a high thermal shelf-life and vesicle to vesicle
homogeneity irrespective of supramolecular organization.

4.5. Interaction of the vesicles with BSA

BSA is a widely used globular carrier protein with a molecular
weight of 66 kDa and 585 amino acid residues.67 We investi-
gated the interactions of the formed vesicles with BSA using
steady-state fluorescence, DLS and zeta potential measure-
ments. The emission spectra of BSA in water (0.1% w/v) and
in the vesicular solution (50 mM; XIL = 0.5) are presented in
Fig. 4(a). The observed emission profile in aqueous BSA is
mainly due to the presence of tryptophan (Trp 134 and Trp 213)
and tyrosine (19 residues) residues in different domains.67 We
excited BSA at 290 nm in order to avoid excitation of the
tyrosine residues. We observed an emission maximum at
B354 nm,68 which gets blue shifted to 344 nm along with a
decrease in intensity in the presence of the vesicular solution.
This observation strongly suggests that BSA binds to the vesicle.
To confirm the interaction between BSA and the vesicle, we
performed DLS (Fig. 4(b–d)) and zeta potential measurements
of BSA in the absence and presence of the vesicles. The
hydrodynamic diameter of native BSA in pH 7.0 phosphate
buffer solution (PBS, 20 mM) is found to be 7.5 nm (Fig. 3b)
while the size of the vesicles in 20 mM PBS is similar to that
obtained in water. In the presence of BSA, the vesicle size slightly
decreases from 190 to 141 nm (Fig. 3d). This suggests a contraction
of the vesicle as a result of its interaction with BSA. Also, the zeta
potential value of the formed vesicle decreased from 20.8 to 12.3 mV
in the presence of BSA, which manifests the electrostatic interaction
between the formed vesicles and BSA. In order to understand the
microscopic changes in the vesicles in the presence of BSA, we
performed time resolved fluorescence experiments using DPH as
the probe (Fig. 4(c)). The presence of BSA causes a marginal
decrease of the rotational dynamics of DPH, which indicates an
ease in the rotational dynamics due to the somewhat loosely packed
vesicle in the existence of BSA. This observation also corroborates
with the contraction of the BSA bound vesicle.

The attachment of vesicles to proteins is a prerequisite for
the formed vesicles to be exploited as protein delivery vehicles.
A. kumar et al.67,69 showed the presence of hydrophobic as well
as electrostatic interactions of self-assembled systems with
BSA. Ignoring the slight contraction, the vesicles are found to
be more or less intact, suggesting that the interaction between
the surfactant moieties present in the vesicles is more dominant
compared to the vesicle–BSA interaction. Previously, Bajani et al.43

observed the disappearance of the vesicles in the presence of BSA.
In that context, the presently studied vesicle is a better candidate
for use as a protein delivery vehicle.
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5. Conclusion

We have designed a catanionic system where a micelle to vesicle
transition occurs because of the composition dependent self-
aggregation of the surface active IL 1-butyl-3-methylimidazolium
octyl sulfate and a cationic Gemini surfactant (14-5-14) in aqueous
medium. An increase in the turbidity of the solution indicates the
formation of vesicles. The steady state anisotropy of DPH shows the
modulation of interfacial rigidity with IL addition into the aqueous
GS micellar solution. Vesicle formation is fully characterized by DLS
measurement and HRTEM analysis and the phase transition from
micelle to vesicle is characterized by turbidity, anisotropy, steady
state and time resolved fluorescence studies. To get a better under-
standing of the heterogeneity of the studied system, we have
performed time resolved solvation measurement using C-153 as a
probe. The rotational relaxation time of the probe molecule C-153
gradually increases with increasing XIL and does not follow the
Stokes–Debye–Einstein hydrodynamic theory, which indicates a
strongly heterogeneous environment in the formed organised
assemblies. The main driving forces for the formation of this vesicle
are the electrostatic interaction between the ammonium group of GS
and the sulfate group of the IL and also the hydrophobic interaction
between the alkyl chains present in the GS and IL. The vesicles are
stable through time, temperature, and in biomolecular systems.
The vesicles bind to BSA strongly implementing their suitability as
protein delivery vesicles.
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