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1 Introduction

Micelles and vesicles are different types of self-assemblies;"* the
mutual transition between them exhibits importance in various
fields such as demulsification in oil recovery,® material sepa-
ration,*® and drug delivery and release.®” Usually this transition
is induced by changing external conditions, including light,"
pH,"* CO,,”™ temperature,”™ or introducing additives like
hydrophobic amphiphiles'®* and inorganic salts**** etc.
Amongst these measures, most attention has been devoted to
temperature due to its convenience in controlling and
reversing, which makes the transition easily cycled or sus-
pended on demand.

The temperature-induced transition is commonly achieved
using mixing surfactant systems, for example, cationic/anionic,
zwitterionic/anionic, and cationic/cationic mixed systems.
Huang et al.*>" first reported a temperature-induced micelle-
tovesicle transition (MVT) in a cationic (dodecyl-
triethylammonium bromide)/anionic (sodium dodecyl sulfate)
surfactant system, and it was observed that the transition from
cylindrical micelles to vesicles was accompanied by an increase
in turbidity of the solution with increasing temperature. Wang
et al.”® reported effects of temperature on the transition of
aggregates in a mixed system of ammonium gemini surfactant
C1,C4(OH),C;,Br, with anionic amino acid monomeric surfac-
tant C;,Glu. A series of transition of surfactant aggregates was
observed upon increasing the temperature, e.g. from small
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1 Electronic supplementary information (ESI) available: The 'HNMR, negative
staining TEM, and surface tension results obtained for 14-MA-14 aqueous
solutions. See DOI: 10.1039/c7ra02319g
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surfactant concentration or the DA14/MA ratio. This reversible system, which has both low material costs
and convenience, has potential applications in household and industry fields.

spherical micelles to large vesicles, from vesicles to solid spher-
ical aggregates and further to larger irregular aggregates, as well
as from entangled wormlike micelles to branched wormlike
micelles. These temperature-triggered transitions of surfactant
aggregates can be elucidated on the basis of temperature-
induced variations in dehydration, electrostatic interaction,
hydrogen bond of the headgroups and hydrophobic interactions
between the hydrocarbon chains. This suggests that surfactants
with multiple binding sites may possess improved regulation
ability and temperature sensitivity. It is predicted that the
temperature-induced MVT is in general easily achieved for
cationic/anionic mixed surfactant systems due to relatively
stronger molecular interactions and larger micelle aggregation
numbers. In addition, temperature-induced MVT has also been
observed for other mixed surfactant systems. For example, Li
et al.* described a temperature-induced MVT in cationic/cationic
mixed surfactant systems, dodecyltrimethylammonium chloride/
didodecyldimethylammonium bromide. By means of the
geometric rule, they explained that the transformation of the
organized assemblies with temperature is a result of the variation
of average headgroup area. They also reported temperature and
pH dual responsive self-assembly transitions, or transitions from
vesicle to micelle (VMT) and from micelle to vesicle, in aqueous
solutions of a zwitterionic (dodecyl sulfobetaine)/anionic
(sodium bis(2-ethylhexyl) sulfosuccinate) mixed system.**

It is already known that gemini surfactants, which possess
double hydrocarbon chains and double headgroups connected
by a spacer group, could display richer aggregation behavior
than conventional surfactants.”*® With the advantage of
avoiding complicated synthetic and purification procedures
compared with the conventional gemini surfactants through
covalent bonds, another kind of gemini surfactants formed by
non-covalent bonds (pseudogemini surfactants) have been
widely reported by the groups of R. K. Thomas,*” Y. Feng,****

This journal is © The Royal Society of Chemistry 2017
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and Y. Wang.**** This strategy has been proposed in several very
comprehensive reviews by X. Zhang® and Y. Wang.** In con-
structing the pseudogemini surfactant by non-covalent bonds,
as reported in the aforementioned literature, the building
blocks focus mainly on interacting with single-chain surfactants
or gemini surfactants and bola-type connecting molecules
containing double or multiple binding sites, without cumber-
some organic synthesis and complicated purification. However,
in most cases the pseudogemini surfactants contain excess
small counterions, introduced by the cationic and/or anionic
surfactants, and excess inorganic salt. Therefore, it is necessary
to find a method for preparing salt-free pseudogemini surfac-
tants and reveal their solution behavior. Dong et al.’>* observed
a micelle to vesicle transition in an aqueous solution of N,N'-
dialkyl-N,N'-di(ethyl-2-pyrrolidone)ethylenediamine, and the
transition was influenced by pH and concentration. Zheng
et al*#?® have designed a pseudogemini surfactant by
combining anionic surfactant, sodium dodecyl benzene sulfo-
nate (SDBS or DS), with small cationic spacers, [mim-C,-mim]
Br, and [mpy-C,-mpy|Br,, and observed rich lamellar struc-
tures, such as unilamellar and multilamellar vesicles, planar
bilayers, and lamellar liquid crystals. Nevertheless, to the best of
our knowledge, no work has been reported for such a structural
transition induced by temperature in single surfactant systems
without the use of an additive.

In this study, we report temperature-triggered MVT and VMT
observed in the aqueous solution of a salt-free pseudogemini
surfactant, tetradecyldimethylamine (DA14), in combination
with maleic acid (MA) via non-covalent bonding, named as 14-
MA-14. The chemical structure of 14-MA-14 is shown in Scheme
1, which has been confirmed by "HNMR spectra (Fig. S1, ESIT).

The reversible MVT and VMT phenomena, which are
unusual for an individual surfactant solution, have been
confirmed by various experimental techniques such as
turbidity, dynamic light scattering (DLS), as well as cryo-
transmission electron microscopy (cryo-TEM).

2 Experimental
2.1 Materials and instrumentation

Tetradecyldimethylamine (DA14, =99%) was prepared from
tetradecanol and N,N-dimethylamine in the presence of a Cu-Ni
solid catalyst and distilled. Maleic acid (MA, 99.5%, Sipo
Chemical Co. Ltd, China) was used without further purification.
All solutions were prepared with ultrapure water (18.2 MQ cm).

"HNMR spectra were recorded on a Bruker AV400
NMR spectrometer at 400 MHz using CDCIl; as the solvent,
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Scheme 1 Chemical structure of the pseudogemini surfactant 14-
MA-14.
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Switzerland Bruker Company. The critical aggregation concen-
tration (CAC) of the surfactant solutions were recorded using
the optical contact angle tensiometer (OCA 40 micro, Data
physics, Germany), Beijing Dong Fang Defei Instrument
Company. Absorbance was recorded using UV-vis spectropho-
tometer (UV-2700) equipped with a Peltier electronic
temperature-controlling  device, Shimadzu Instrument
Company. DLS measurements were performed on a ALV/DLS/
SLS-5022F (HOSIC LIMITED, Germany). Cryo-TEM microscopy
analysis was also carried out (JEOL Model JEM-2100). Conduc-
tivity was obtained using a Toledo conductivity meter (FE30),
Mettler Toledo Shanghai Instrument Company.

2.2 General procedure for the pseudogemini surfactant
preparation

The surfactant 14-MA-14 results from a stoichiometric proton
transfer from the acid (MA) to the amine (DA14) in aqueous
media. The addition of DA14 to MA in an aqueous solution
under stirring was conducted at 25 °C with molar ratio of 2 : 1,
until a homogeneous solution was obtained. All prepared
solutions were stored for 24 h prior to the measurement. The
solid surfactant was obtained by evaporating it from its aqueous
solution with ethanol and then drying in a vacuum.

2.3 Characterization of pseudogemini surfactant (14-MA-14)

The structure of 14-MA-14 was confirmed by characterization
using "HNMR (Fig. S1, ESI{), white solid, "HNMR (400 MHz,
CDCl;, TMS): ¢ (ppm) 0.89 (t, 6H, 2(CH;-CH,-)), 1.26 (m, 44H,
2(CH;(CH,);,-CH,-)), 1.62 (m, 4H, 2(CH;-(CH,);,-CH,~CH,-N-)),
2.56 (s, 12H, 2(N(CHa),)), 2.67 (t, 4H, 2(CH3;~(CH,);;-CH,-
CH,-N)), 6.29 (m, 2H, 0OC-CH=CH-COO-).

2.4 UV-vis absorbance

The turbidity of the aqueous solution of 14-MA-14 at different
temperatures was estimated by measuring the absorbance of
the solution at 600 nm using a UV-vis spectrophotometer (UV-
2700), equipped with a Peltier electronic temperature-
controlling device.

2.5 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) was used to study the aggregate
size and size distribution of the 14-MA-14 aqueous solution. A
Nano ZS Zetasizer ALV/DLS/SLS-5022F (HOSIC LIMITED, Ger-
many) was employed to measure the size of the aggregates at 90°
scattering angle with a He-Ne laser (A = 632.8 nm). The 14-MA-
14 aqueous solutions prepared were filtered through a hydro-
philic PVDF membrane filter (0.22 pm) to remove possible dust
particles before measurement. To obtain the apparent hydro-
dynamic radius (Ry), the intensity autocorrelation functions
were analyzed using CONTIN. The results presented are aver-
ages of triplicate measurements.

2.6 Cryogenic transmission electron microscopy (TEM)

Cryogenic Transmission Electron Microscopy (Cryo-TEM)
observation was carried out with a transmission electron

RSC Adv., 2017, 7, 26440-26445 | 26441
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microscopy (JEOL Model JEM-2100). For obtaining the cryo-
TEM images, two 14-MA-14 (DA14/MA = 2: 1) aqueous solu-
tion samples were prepared in a controlled environment veri-
fication system (CEVS) at 25 °C and 33 °C, respectively. Then, 4
uL sample solution was coated onto a TEM copper grid, and two
pieces of filter papers were employed to blot the grid for about 4
seconds to form a thin film. The grid was then quickly plunged
into a reservoir of liquid nitrogen (—165 °C) and kept in liquid
nitrogen until being observed. After transferring the grid to
a cryogenic sample holder (Gatan 626) and putting the holder
into a JEOL JEM-1400 Plus TEM (120 kV) instrument at about
—174 °C, the nanostructures were imaged.

2.7 Conductivity-temperature relation

Conductometry experiments were carried out with a (Mettler-
Toledo, FE30) conductometer using a cell of cell constant =
0.01 cm™'. All measurements were taken in a double-walled
glass container at 25-40 °C maintained by a DC-2006 circu-
lating bath with an accuracy of £0.1 °C. After being stirred for 2
minutes and balanced for 5 minutes, the conductivity was
recorded. Reproducibility of results was checked from three
repeat experiments.

2.8 Phase behaviour

Partial ternary phase diagrams were examined by preparing
a series of surfactant solutions at different concentrations in the
molar ratio of DA14/MA from 1.2 to 2, and then these solutions
in 100 mL volumetric flasks were left into a low-constant
temperature bath (DC-2006) to equilibrate for 2 days. The
temperature was thermostated to within 0.2 °C at 25, 35, and
45 °C, respectively. The phase behaviour was confirmed by the
UV-vis method.

3 Results and discussion

3.1 Tumvr and micelle-vesicle transition characterization

The turbidity of the aqueous solution of 14-MA-14 (DA14/MA =
2 : 1) at different temperatures was estimated by measuring the
absorbance of the solution at 600 nm using a UV-vis spectro-
photometer (UV-2700) equipped with a Peltier electronic
temperature-controlling device. The concentration of 14-MA-14
(DA14/MA = 2 :1) in the solution is fixed at 0.7 mM, a little
higher than the critical aggregation concentration (CAC) of the
pseudogemini surfactant (0.56 mM, 25 °C, Fig. S2, ESIf). The
results are shown in Fig. 1. It is seen that the absorbance of the
solution stays very low (<0.01, colorless clear solution) below
32 °C, but increases almost linearly with increasing temperature
beyond 32 °C (>0.01, turbid and slightly bluish solution). After
this point, the absorbance increases continually with increasing
temperature, reaching about 0.1 at 42 °C, which however,
decreases to original value on cooling the solution, and the
values are almost reversible at temperature between 20 °C and
42 °C. The break point in the absorbance curve thus gives
a temperature (32 °C) indicating that the state of aggregation
has been changed into another state in the solution, which is
consistent with the direct visual observation of the change in
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Fig. 1 Absorbance at 600 nm and photographs of 14-MA-14 (DA14/
MA = 2 : 1, 0.7 mM) aqueous solution as a function of temperature.

turbidity. In this study, this temperature is defined as the
temperature of self-assembly transition from micelle to vesicle
(Tamvyr) or from vesicle to micelle (Tyyr), and the Tyyr OF Typr of
14-MA-14 solution is confirmed by the UV-vis spectroscopy
method.

To confirm the morphology of the aggregates in the 14-MA-
14 system, two 14-MA-14 (DA14/MA = 2 :1, 0.7 mM) aqueous
solution samples were prepared at 25 °C (<Tyyr or Tymt) and
33 °C (>Tyvr or Tymr), and cryo-TEM and negative staining TEM
images were obtained, which are shown in Fig. 2 and S3 (ESI{),
respectively. Clearly, the aggregates shown in Fig. 2a (25 °C) are
mostly spherical micelles with diameters of about 10 nm,
whereas in Fig. 2b and S31 (both 33 °C) vesicles with diameters
of about 100 nm can be distinctly identified. It can then be
concluded that in the 14-MA-14 (DA14/MA = 2 : 1) increasing
temperature of the aqueous solution triggers a micelle-to-

Fig. 2 Cryo-TEM images of 14-MA-14 (DA14/MA = 2 :1) aqueous
solutions of 0.7 mM at 25 °C (a) and 33 °C (b).

This journal is © The Royal Society of Chemistry 2017
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vesicle transition (MVT), which is a reversible process, or
a vesicle-to-micelle transition (VMT) can be triggered by
decreasing temperature.

To further explore the variation of the aggregate structure,
the size and size distribution of the aggregates in 14-MA-14
(DA14/MA = 2 : 1) aqueous solution of 0.7 mM were measured
by dynamic light scattering (DLS). The results are averages
of triplicate measurements, which are shown in Fig. 3. It is
seen that below Tyt (26-29 °C), with increasing temperature of
the 14-MA-14 solution, the average R, of the aggregates
increases from ~10 nm to ~100 nm, suggesting a transition of
aggregate structure from spherical micelles to vesicles.
However, beyond Tyt (33-42 °C), the R, remains unchanged
(100 nm) but with a narrower distribution, revealing that vesi-
cles are the main aggregates, and the self-assembly is in the
form of vesicles not micelles, which is consistent with the
results in UV-vis absorbance or direct visual observation of the
change in turbidity (Fig. 1).

3.2 Micelle-vesicle transition temperature

Further study indicates that the MVT temperature of the 14-MA-
14 aqueous solution is not constant but depends on both the
DA14/MA molar ratio and the pseudogemini surfactant
concentration.

Fig. 4 indicates that the MVT temperature of the 14-MA-14
system is strongly dependent on the DA14/MA molar ratio in
the aqueous solution. The system with 1.0 mM of the pseudo-
gemini surfactant (DA14/MA = 2 : 1) gives a MVT temperature
of 38 °C; however, on decreasing the DA14/MA molar ratio
(decreasing concentration of DA14 and with non-changing
concentration of MA Table S1 (ESI)t), the MVT temperature
increases, reaching 43 °C at a DA14/MA molar ratio of 1.2 : 1,
and the MVT phenomenon disappears when DA14/MA molar
ratio approaches 1 : 1. Herein no pseudogemini surfactants are
formed theoretically, which is favored to form vesicles. In other

fiR) o

0.0

Fig. 3 Hydrodynamic radii (Ry,) of aggregates and its distribution in 14-
MA-14 (DA14/MA = 2 : 1) aqueous solution of 0.7 mM as a function of
temperature.
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Fig.4 MVT temperature of the 14-MA-14 (1.0 mM) aqueous solutions
as a function of DA14/MA molar ratio.

words, only pseudogemini surfactants are formed, and micelles
to vesicles transition can be easily achieved in this system.
Similar results in prolonged sonication double-chained cationic
surfactant (didodecyldimethylammonium bromide) were also
observed by Evans.?”®

Fig. 5 shows that at fixed DA14/MA molar ratio (2 : 1), the
MVT temperature decreases significantly with decreasing
concentration of the pseudogemini surfactant in the solution.
For example, the MVT temperature decreases from 38 °C at
1.0 mM to 32 °C at 0.7 mM (Table S1 (ESI)t), this means that the
micelles-vesicles transition is induced by dilution at the
temperature range from 32 °C to 38 °C. A similar phenomenon
has been reported in the mixed surfactant systems containing
bile salts or block copolymers or hydrotropic mixtures, and
a bola-type supra-amphiphiles.**-**

As is already shown in Fig. 4 and 5, the MVT temperature can
be affected by either the total surfactant concentration or the
DA14/MA molar ratio, and clearly these two factors interact with
each other. To verify whether the DA14-MA-water system forms
vesicles or not, a partial determination of the ternary phase

40 }
% vesicles
535}
o
b
= )
53 | micelles
=
>
=
25 1L L
0.5 0.7 0.9 1.1
Concentration/mM

Fig. 5 MVT temperature of the 14-MA-14 (DA14/MA = 2 : 1) aqueous
solutions as a function of pseudogemini surfactant concentration.
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diagram at different temperatures, particularly the water-rich
region of the isotropic solution region (Wyater > 99%, concen-
tration is 0.5-2 mM), was made by changing the total surfactant
concentration and the DA14/MA molar ratio. In Fig. 6, the phase
diagram can be thought of as consisting of two parts: one is the
pseudogemini surfactant (14-MA-14, 2 : 1 molar ratio of DA14/
MA)-water-excess DA14 (right of phase diagram in Fig. 6),
which is a two-phase region and not transparent; the other is
the surfactant (a cationic surfactant with an organic counterion
after the proton transfer from MA to DA14 at a chemometrically
molar ratio of DA14/MA, left of phase diagram in Fig. 6)-water-
excess MA, which consists of only one one-phase region
including one-phase of surfactant monomer aqueous solution
(<CAC, no micelles and vesicles formation), one-phase micelles
or one-phase vesicles. From Fig. 6, the temperature-induced
reversible micelle-vesicle transition phenomenon appears at
DA14/MA molar ratio region from 2:1 to 1:1, and vesicles
region enlarges with increasing temperature, i.e. vesicles region
at 45 °C (more than Tyyr) is significantly larger than that at
35 °C (a little more than Tywr), while there is no vesicles region
at 25 °C (less than Tyyyr). At a constant DA14/MA molar ratio, the
temperature-induced reversible micelle-vesicle transition
phenomenon appears with decreasing concentration of the
pseudogemini surfactant in solution (>CAC); this means that
the micelles-vesicles transition could also be induced by dilu-
tion if the temperature is higher than Typyr.

3.3 Mechanism for MVT induced by temperature

According to the above results, how temperature drives the
morphological transitions of the aggregates in 14-MA-14
aqueous solutions can be understood by two respects. First,
14-MA-14 surfactant is combined by the strong attraction
between oppositely charged surfactant headgroups, and there-
fore, it also has nonionic character to the micelles. Heating
causes dehydration of headgroups and leads to the decrease in
the equilibrium area per molecule at the aggregates surface,
which promotes the formation of vesicles. Second, the “pseu-
dogemini” structure of 14-MA-14, the 2:1 stoichiometric
complex between DA14 and MA, is not as stable as that of a real
spacer in the gemini surfactant since the electrostatic attrac-
tions are a weaker physical force as compared to a chemical
bond. Thus, 14-MA-14 can dissociate to meet the different

0.08

-0.00
100.00

- 0.00 .
100.00 99.95
Water (%)

99,31 99.92 99.93 99.94 99.95 99.96 99.97 99.98 298 99.99
Water (%) Water (%)

Fig. 6 Part of phase diagram at 25, 35, 45 °C for the system DA14-
MA-water.
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of 0.7 mM as function of temperature.
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Scheme 2 Schematic of the micelles—vesicles transition induced by
temperature in the 14-MA-14 aqueous solutions.

curvatures of the self-assembly and there should be other
species coexisting in the solution (Fig. S4 (ESI)T). Upon heating,
the weak noncovalent electrostatic attractions will probably
decrease substantially, and a fraction of “pseudogemini”
surfactant will be destroyed.**® The desorbed DA14 from
destroyed “pseudogemini” surfactant will join to form the new
mixed micelles because of solubilization of DA14, and these
micelles will grow and transform into vesicles (Fig. S5 (ESI)T);
whilst the desorbed MA may tend into bulk aqueous solution,
the conductivity of the 14-MA-14 aqueous solution (0.7 mM,
DA14/MA = 2 : 1) will increase significantly with increase in the
temperature. The break point in Fig. 7 gives an MVT tempera-
ture (32 °C), and the pH of the 14-MA-14 aqueous solution also
decreases from 6.38 at 25 °C to 6.02 at 40 °C (Fig. S6 (ESI)t).

Therefore, such desorption, if it occurs, would increase the
tail volume and reduce the effective headgroup area according
to the concept of ‘critical packing’ parameter proposed by
Israelachvili,” thereby driving the micelles to aggregates of
lower curvatures specifically to vesicles. The schematic of the
temperature-induced micelles-vesicles transition in 14-MA-14
aqueous solutions is shown in Scheme 2.

4 Conclusion

In this study, the pseudogemini surfactant is constructed by
tetradecyldimethylamine (DA14) and maleic acid (MA) ata2:1
molar ratio of DA14/MA in aqueous solution via non-covalent

This journal is © The Royal Society of Chemistry 2017
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bonds, and temperature-induced reversible micelle-vesicle
transition is achieved in aqueous solution of this single pseu-
dogemini surfactant without any additive. The transition
temperature can be adjusted by changing either the total
surfactant concentration or the DA14/MA ratio in the range of
32 °C to 43 °C. This reversible system is a combination of low
cost materials and convenience, and has potential applications
in drug delivery and release systems.
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