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Abstract

As the symbol of gemini surfactants, the spacer group connects two surfactant monomers and plays an important role in the self-
assembling of gemini surfactants. Recent attention has been paid to the effects of spacer nature and length in aqueous systems. In
this study, the aggregation behaviours of quaternary ammonium gemini surfactants 12-s-12 with different spacer length (s =2, 3,
4,5,6,8, 10, 12) have been investigated in the protic ionic liquid EAN. The micellization behaviour was characterized by surface
tension measurement. With the help of small-angle X-ray scattering (SAXS), the size and shape of aggregates were verified. The
spacer length effect could be reflected by the changes in the micellization and phase behaviours of 12-s-12/EAN systems. The
critical packing parameter of gemini molecules would decrease monotonically with the spacer length, which is supported by
SAXS results. Due to the charge screening effect of EAN, the aggregation behaviours of 12-5-12 would be mainly influenced by
spacer length. Our results would be the important supplement to the spacer length effect of gemini surfactants in the nonaqueous

systems.
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Introduction

The gemini surfactant is composed of two single-chain surfac-
tants connected by a spacer at or near the headgroups [1, 2]. The
structure could be modulated in the tail, spacer, headgroup and
counterion. The spacer is not only the symbol to differentiate
the gemini and single-chain surfactants, but also plays an
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important role in the aggregation behaviour of the gemini sur-
factant [3]. The spacer could avoid the separation of
headgroups, especially in ionic surfactants, overcoming the
electrostatic repulsive interactions. The connected monomers
would endow the gemini surfactants with stronger hydrophobic
interactions and then better physiochemical properties. Due to
its unique molecular structure, the gemini surfactant displays
fabulous physiochemical properties, such as low critical micell-
ization concentration (CMC), high surface activity, low Kraft
temperature, and rich aggregation behaviours [2, 4].

The spacer length determines the distance between
headgroups and has influence on the geometry of the gemini
surfactant, resulting in the formation of aggregates of different
curvature. In the classical researches of Zana’s group, the be-
haviours of gemini surfactants 12-s-12 with the methylene
spacer were studied at the air/water interface and in the solu-
tions [5—8]. With the increase of the spacer length, the CMC
increases to maximum at s =6 and then decreases [7]. With
the help of Cryo-TEM, wormlike micelles are observed in the
12-2-12 and 12-3-12 solutions, spherical micelles in the 12-4-
12, 12-8-12 and 12-12-12 solutions while lamellar structure in
12-16-12 and 12-20-12 solutions [8]. From then on, numerous
studies have been carried out [9-20]. The structure of aggre-
gates varying from spherical to rodlike micelles formed by 12-
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s-12 has been confirmed by the small-angle neutron scattering
characterization [15]. The spacer length effect has also been
explored in the gemini surfactant with the pyrrolidinium
headgroup, the CMC of which also reaches a maximum
around s =4 [16]. The gemini surfactants 18-s-18(Et), com-
posed of ethylammonium headgroups and octadecyl alkyl
chains, would self-assemble into cylinder micelles with s =4
and into vesicles with s=6, 8, 10 [19]. Zheng’s group con-
structed the gemini supra-amphiphiles with different spacer
length [18]. The morphologies of aggregates could be tailored
form vesicles to planar lamellar structure with the increase of
spacer length.

Except for the spacer length, the nature of the spacer has
also an effect on the aggregation behaviours of gemini surfac-
tants. Since the emergence of gemini surfactants, the methy-
lene spacer, which is hydrophobic and flexible, has been well
studied [3]. When the spacer is decorated with the hydroxyl
groups, the gemini surfactants would behave stronger aggre-
gation ability due to the contribution of hydrogen bonding
[21-23]. The cationic and anionic gemini surfactants with
hydrophilic oligo(oxyetheylene) spacer chains were also syn-
thesized [24-26]. The aggregation behaviours of gemini sur-
factants with partially fluorinated spacer were studied by
Wang’s group [27]. The surfactants with spacer of low CF,
to CH, ratio disfavour aggregation while those with spacer of
high ratio favour aggregation. Despite of the flexible spacer,
more attention has been paid to the rigid spacer in recent years.
Zhao’s group has studied the aggregation behaviours of gem-
ini surfactants with rigid spacer chains. The spacer with the
azobenzene group would endow the surfactant to form the
photo responsive fluid [28]. With the two phenyl spacer, the
large network aggregate and wormlike micelle are formed
[29]. Gemini surfactants with other interesting spacer chains,
such as phenyl group [30, 31], adamantane group [32], pep-
tides [33, 34], have also been synthesized.

Given the researches on the spacer effect of gemini surfac-
tants in aqueous solutions, it is a wonder how the spacer af-
fects the aggregation behaviours in nonaquesous medium.
Zhao’s group has reported such effect of 12-5-12 in cyclohex-
ane with sodium hexanoate or sodium laurate [35]. With the
increase of spacer length, the reverse micellar phase trans-
forms to the reverse hexagonal phase and reverse vesicles.
We have also carried out studies of spacer length and nature
in ionic liquids [36, 37]. In ethanolammonium nitrate
(EOAN), the aggregates formed at higher concentrations
would change from the less curved lamellar phase to hexago-
nal phase and then to the highly curved micelles with the
increase of spacer length [36]. The hydroxyl group in the
spacer would endow the gemini surfactant 12-30H-12 with
a smaller critical micellization concentration and larger critical
packing parameter [37].

As ionic liquids consist of ions, the charge screening effect
in them is prominent [38, 39]. The spacer length effect could
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not be influenced by the electrostatic interactions of ionic
headgroups of gemini surfactants. Moreover, some interesting
aggregation behaviours would be observed in the “weak” self-
assembling media. As the continuation of our researches, the
aggregation behaviours of classical gemini surfactants 12-s-12
in protic ionic liquid ethylammonium nitrate (EAN) have been
studied, in which the spacer length effect would be explored in
wide surfactant concentrations, from the air/EAN interface to
the aggregates in the bulk. Our results would provide further
information on the relationship between structure and aggre-
gation behaviours of gemini surfactants in ionic liquids.

Experimental section
Materials

The Gemini surfactants 12-s-12 and ionic liquid EAN were
prepared according to our previous reports [36, 40]. 12-2-12
was synthesized by N, N, N’, N'-tetramethylethylenediamine
and excess 1-bromododecane (3 M equiv.) refluxing in etha-
nol for 48 h while 12-5s-12 (s> 3) by «, w-dibromoalkane, and
excess N, N-dimethyldodecylamine (3 M equiv.). The prod-
ucts were recrystallized by the ethyl acetate/ethanol mixture
for at least three times and then dried in the vacuum oven.
Their purity was verified by '"H NMR measurements
(Supporting Information).

Sample preparation and phase diagram mapping

All samples were prepared by mixing the 12-s-12 and EAN at
designed compositions (in weight percentage (%), thereinaf-
ter). These mixtures were homogenized by repeatedly mixing
and centrifugation. Then they were equilibrated for at least
1 month before further characterizations. The composition
interval was first selected as 5% for a rough phase mapping
and then 1% for the determination of the phase boundaries.
And the temperature interval was first selected as 10 °C and
then 2 °C.

Characterizations

Small-angle X-ray scattering The X-ray scattering measure-
ments were performed by a SAXSpace small-angle X-ray
scattering instrument (Anton Paar, Austria, Cu-Ko, A=
0.154 nm), equipped with a Kratky block collimation system
and a Mythen detector. The X-ray generator was operated at
40 kV and 50 mA. A standard temperature control unit (TCS
150/300) connected with the SAXSpace was used to control
the temperature at a desired value. The LLC samples were
transferred to the paste cell while solution samples to the stan-
dard quartz capillary with a diameter of 1 mm. The scattering
curves of solvents filled in the same capillary were recorded as
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the background. The solution data were corrected for back-
ground scattering of the capillary and solvent. The desmearing
process was done with SAXSquant software while the model
fitting of the Small-angle X-ray scattering (SAXS) curves with
SASfit software (version 0.94.7). The details of SAXS analy-
sis in micelles and LLCs are shown in Supporting
Information.

Polarized optical microscopy Photographs of samples were
taken by a DYP-990 polarized optical microscope (POM)
(Dianying, Shanghai China) with a DYE-400 thermal stage
(£ 1 °C) and a CMOS camera (DYS-1000).

Surface tension measurement A tensiometer QBZY-2
(Fangrui, Shanghai China) was used with a Wilhelmy plati-
num plate to measure surface tension at 25 °C. The plate was
cleaned well and heated briefly with an alcohol burner until it
glowed red before each measurement. All measurements were
repeated at least twice until the values were reproducible.

Results and discussion

These gemini surfactants (12-s-12) have the same headgroups,
alkyl chains, and counterions. The only difference lies in the
spacer length (2 <s<12). Hence, the difference in the aggre-
gation behaviours must result from the spacer length.

Micellization of 12-s-12 in EAN

To study the adsorption behaviour at the air/EAN and micell-
ization behaviour in EAN, the surface tension measurements
were carried out at 25 °C. As for the high Krafft point of 12-6-
12 in EAN, such measurement was not involved. The surface
tension results of 12-s-12 (s =2, 3,4, 5, 8, 10, 12) are shown in
Fig. 1. The surface tension () decreases with the increase of
surfactant concentration (C) and then kept almost constant,
which are typical of surfactants. The critical micellization con-
centration (CMC) of 12-s-12 could be obtained from the
breakpoint in these curves. It is noticeable the CMC values
are around 10 mM, much larger than those in water [5]. This is
due the weaker solvophobic interactions in EAN. Another
important thing is that the CMC values of 12-s-12 keep de-
creasing with the increase of spacer length (Fig. 2). As has
been reported in the m-s-m type gemini surfactants with var-
ious headgroups, the CMC values would generally reach a
maximum around the moderate spacer length (s=5~6) [2,
5, 16]. The electrostatic interaction between headgroups may
hinder the micelle formation. Due to the charge screening
effect in EAN, the spacer could provide extra solvophobic
interaction along with the alkyl chains, promoting the forma-
tion of micelles. Thus, 12-s-12 with the longer spacer has the
smaller CMC.

12-2-12
12-3-12
12-4-12
12-5-12
12-8-12
12-10-12
12-12-12

v I mN/m

10 100
C/mM

Fig. 1 The surface tension curves of 12-s-12 in EAN at 25 °C. The curves
are vertically offset for clarity

-

The surface parameters such as the effectiveness of ~ re-
duction (Ilcpie), the surface excess of surfactant (17,,4), the
minimum area per surfactant molecule (A,,;,) adsorbed at the
air/IL interface, and the standard Gibbs free energy of micell-
ization (AG,,) could be calculated according to the equations
(S1-S4) and listed in Table 1. The surface activity of surfac-
tants could be reflected by I1cpc. It is suggested that gemini
surfactants with moderate spacer have better surface since
Iy arrives at a maximum. The AG,, becomes larger with
the increase of spacer length, for stronger solvophobic inter-
actions of gemini surfactants. The most impressing parameter
1S Apin- As shown in Fig. 2, the A,,;, slightly varies from 0.806
to 1.06 nm® in EAN and goes through a minimum at s = 4. As
reported in 12-s-12/water systems, the A,,;, reaches a maxi-
mum around s =10~ 12 [2, 7]. It is suggested that the spacer
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o ° °
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Fig. 2 Variation of surface parameters with spacer length
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Table 1 Surface Properties of 12-

s-12 in EAN at 25 °C 12-5-12 CMC/ Yemc/ Henme!/ 1 o/ imol/ Amin/ AG/K/
mM mN m™! mN m ! m? nm’ mol
12-2-12 19.1 323 16.3 1.56 1.06 —15.8
12-3-12 12.9 335 15.1 1.89 0.887 -16.8
12-4-12 9.16 31.6 17.0 2.06 0.808 -17.6
12-5-12 7.07 313 17.3 2.02 0.824 —183
12-8-12 6.54 333 15.3 1.68 0.990 —18.4
12-10-12 6.09 34.2 144 1.57 1.06 —18.6
12-12-12  3.54 35.7 12.9 1.59 1.05 —20.0

would take the folded conformation, which is caused by the
hydrophobic interactions between spacer and alkyl chains,
while electrostatic interaction between headgroups prevents
the molecules from getting close. In EAN, the electrostatic
interaction could be neglected. The spacer group would be
more flexible with the increase of CH, groups. Thus, the
Anin decreases initially as the spacer takes the folded confor-
mation and then increases for longer spacer takes larger area.

General phase behaviours

The phase behaviours of 12-s-12 in EAN could divided into
three categories according to the spacer length.

Short spacer The aggregation behaviours of 12-2-12 and 12-3-
12 in EAN have been reported in our previous studies [37, 40].
For better understanding of spacer length effect, the phase
behaviours are described briefly here with corresponding
phase diagrams shown in Fig. 3a and b. The isotropic micellar
phases (L) are observed in a wide concentration range com-
pared to those in aqueous systems, resulting from the relative-
ly weaker solvophobic interactions in EAN [41]. At the high
surfactant concentrations, the reverse hexagonal LLC phases
(H») are formed instead of the normal hexagonal (H;) or la-
mellar (L) lyotropic liquid crystal (LLC) phases in water.

Medium spacer For the medium spacer (s=4, 5, 6, 8), the
phase behaviours of 12-s-12 have some changes at low con-
centrations. As shown in Fig. 3c—f, the two coexisting phases
(TPs), which is also regarded as coacervation, appear before
the L, and H, phases [42]. The two coexisting phases have
been observed in the 12-30H-12/EAN and 12-s-12/EOAN
systems [36, 37]. It was suggested that the interactions be-
tween surfactants and charge screening effect of ILs would
be necessary for such phase separation. In the 12-s-12/EAN
systems, the phase separation takes place just above CMC as
observed during the surface tension measurements. The inter-
face of the up and low phases could be observed by naked
eyes. With the increase of the concentration, the volume per-
centage of the upper phase becomes larger. Finally, two
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phases transform into one phase. Both of two phases are
consisting of micelles as confirmed by the SAXS, freeze frac-
ture TEM, and other characterizations. The only difference is
that the number of micelles in the up phase is much larger than
that in the low phase. Such an interesting phenomenon would
be reported in another work.
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Fig. 3 Phase diagrams of 12-s-12/EAN binary systems. L, the micellar
phase; H,, the reverse hexagonal phase; TPs, the two coexisting phases
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Long spacer When the spacer length reaches 10 and 12, the
phase behaviours become much simpler with only micelles
formed in the whole concentration range. This is similar with
what is observed in water and EOAN [6, 36]. The coexisting
two phases appear at low concentrations and transform into
the micellar phases at high concentrations. No trace of LLC is
detected even at the 90% surfactant concentration.

Phase behaviours of 12-s-12 in EAN

We would take the 12-4-12/EAN system as an example to
provide the detailed information of phase behaviours. The
two coexisting phases disappeared and transformed into the
micellar phase above 40% 12-4-12 concentration. Such micel-
lar solutions are clear, transparent, and viscous, which are dark
under POM, corresponding to the isotropic phases. The SAXS
characterization was carried out to determine the size and
shape of the micelles. As shown in Fig. 4, the strong correla-
tion peak at the medium ¢ range illustrates strong interactions
between aggregates. The ellipsoid form factor and hard sphere
structure factor were used to resolve the SAXS results, with
parameters shown in Table S1. The micelle is prolate, with the
equal semi-axis (@) 0.99 nm and the principle semi-axis (b)
1.53 nm. Such parameters correspond to the core of micelles,
for the similar scattering length density of surfactant headgoup
and EAN. The distance between micelles (3.16 nm) could be
evaluated by twice of the hard sphere repulsion radius Rys.
Such small distance corresponds to the densely packing of
micelles at a rather high surfactant concentration.

The insert ellipsoid image illustrates the shape of micelles.
Open circles for experimental data and lines for fitting results.
a, the equal semi-axis; b, the principle semi-axis; €, the axis
ratio.

Compared to the L; phases, the viscoelasticity of the LLC
phases increases dramatically, which could hold their weight

b=1.53 nm
c=1.53

M |
1 1
g/ nm
Fig.4 The SAXS curve of micelles in the 60% 12-4-12/EAN solution at
25°C

in the inverted vial test. The POM images in Fig. Sa—c show
fan-like texture, indicating the formation of the LLC hexago-
nal phase. The texture becomes more and more regular with
the increase of concentration. The SAXS curves show two
obvious peaks, the g values of which follow a 1:2 ratio, cor-
responding to 1st and 3rd peaks of the hexagonal phases. The
2nd peak could be observed in the SAXS curve at the 80% 12-
4-12 concentration. The certification of the H, phase is
discussed in the previous report, detailed structure information
of which could be calculated from the SAXS results [40].

As shown in Table 2, the lattice parameter D, correspond-
ing to the distance between two centres of neighbouring cyl-
inders, increases with the 12-4-12 concentration. Such a trend
is consistent with what has been observed in the A, phases but
contrary to those in the H; phases [36, 40]. For other structure
parameters, the core radius of the solvent (R;) decreases for
the less solvent while the thickness of hydrocarbon domains
(d») increases since the alkyl chain intersects less. As the sur-
factant molecules pack more and more densely, the area per
molecule at the solvophilic/solvophobic interface (S5)
decreases.

As for the other gemini surfactants, the main difference in
the phase behaviour lies in the domains of various phases. The
L, and H, phases in these systems were also verified by POM
and SAXS characterizations. The SAXS curves of micelles
are shown in Fig. S1 with fitting results shown in Table S1.
At such high concentrations, the micelles are small in size and
prolate in shape. With the increase of spacer length, the mi-
cellar parameters keep similar. However, for long spacer (s =
10, 12), the micelle decreases in size and content.

As for the H, phase, the structure parameters of the H,
phases are calculated and shown in Fig. 6 and Table S2. The
comparison is done at different concentrations considering the
solubility of 12-s-12 in EAN. Given the conditions at the 70%
(Fig. 6a) and 75% (Fig. 6b) 12-s-12 concentrations, it could be
concluded that the lattice parameter D goes through a mini-
mum around s =3 with s ranging from 2 to 8. As the lattice
parameter is composed of the solvent core R, and solvophobic
thickness d,, the change of D is mainly caused by d> while the
R, varies little with the spacer length for the certain solvent
content. The initial increase in spacer length may favour the
intersection of alkyl chains while further increase would also
contribute to the solvophobic domain. Unlike A,,;, at the air/
EAN interface, the most important parameter S, monotonical-
ly increases with the spacer length, for the molecules would
adopt much denser packing at such higher concentrations,
which is in accordance with the condition of the H; and L,
phases in water [2, 6]. This means the 12-s-12 molecules
would occupy larger area at the solvophobic/solvophilic inter-
face for the longer spacer length. In EAN, the electrostatic
repulsion interactions between molecules are weakened and
the spacer penetrates into the solvophobic region, leading to
the slowly increasing S,.
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Fig. 5 POM images (a—c) and
SAXS curves (d) in the 12-4-12/
EAN system at 25 °C: a 70%; b
75%:, ¢ 80%.

Spacer length effect in EAN

For a better understanding of the spacer effect, the aggregation
behaviour of the monomer of gemini surfactant, dodecyl
trimethylammonium bromide (DTAB), was also investigated.
The behaviour at the surface was characterized by the surface
tension measurements with results shown in Fig. S3 and
Table S3. The CMC of DTAB (164 mM) is one order larger
than those of 12-s5-12, for the weaker solvophobic interactions
of single-chain surfactant. It is surprising to see that the A, of
DTAB (0.948 nm?) is comparable with those of 12-s-12, illus-
trating the densely packing of gemini surfactant. The phase
diagram of DTAB in EAN is shown in Fig. S4. As reported
by Evans and Varela, DTAB could self-assemble into micelles
at low concentrations [43, 44]. In this system, there is no phase
separation in the , phase. With the increase of DTAB concen-
tration, the hexagonal LLC is formed, which could be con-
firmed by the fan-like texture in Fig. S5. This hexagonal phase
could be indexed as the normal one (H;) for the single-chain
surfactant would generally self-assemble into aggregates of
positive curvature. The detailed parameter information of the
H, phase could be obtained from the SAXS characterization

Table 2  Structure parameters of H, phases in the 12-4-12/EAN system
at 25 °C

C/% D/nm Ry/nm d>/nm S,/nm>
70 3.39 0.94 1.51 0.802
75 341 0.86 1.69 0.680
80 3.50 0.79 1.92 0.556

@ Springer

(Fig. S5). As shown in Table S4, the area at the interface of
DTAB is smaller than that of 12-4-12. The aggregates formed
by surfactants could be explained by the critical packing param-
eter (CPP) theory, which is defined as CPP = V/gyl., where V is
the solvophobic volume of surfactants, aq is the effective
headgroup area, and /. is the effective chain length of the sur-
factant in its molten state [45]. The V and /. could be calculated
by the Tanford formula while a, estimated by S. As the gemini
surfactants are consisting of two surfactant monomers, the CPP
values of 12-s-12 would be much larger than that of DTAB
(Table S4), which accounts for the reverse LLC phase.

Based on the results above, it could be concluded that 12-s-
12 would adopt a smaller CPP with the increase of the spacer
length. It was also pointed by Boschkova that the CPP value
of 12-12-12 is smaller than that of 12-3-12 [46]. Such influ-
ence on the phase behaviours is manifested by the expansion
of the L, phase and vanishment of the H, phase. Actually, the
CMC of 12-s-12 decreases with the spacer length. Even
though 12-10-12 and 12-12-12 have stronger solvophobic in-
teraction than the others, they could not form the H, phase
even at high concentrations. Such spacer length effect could
also be reflected in the 12-8-12/EAN system. As shown in
Fig. 3 and Table S5, the critical concentration of the H, phase
is around 65% for 12-s-12/EAN systems (s =2 ~5) while in-
creases to 72% for the 12-8-12/EAN system. It is even more
difficult for 12-s-12 with long spacer to self-assemble into the
H, phase.

The phase behaviours of 12-5s-12 in aqueous systems have
been studied by Zana and Skoulios [4, 6]. As summarized in
Table S5, with the spacer length smaller than 8, similar phase
behaviours are observed: the L, H,, and L, phases are formed
successively. When the spacer length increases to 10 or 12, the
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Fig. 6 Variation in structure 40 1.0 4.0 1.0
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LLC phases disappear and only the L; phase remains.
Compared to aqueous system, both the micelle and LLC are
formed at higher concentrations in EAN. What’s more, such
critical concentrations vary less with spacer length in EAN.
For instance, the formation of LLC starts around 15% in the
12-2-12/water system while around 40% in the 12-8-12/water
system. The electrostatic interactions between headgroups in
water are so strong, which makes the increase of headgroup
area with spacer length more obvious. The CPP of gemini
surfactants decreases with the spacer for the larger headgroup,
leading to the expansion of the micellar phase. As reported in
our previous research, 12-2-12 has a larger CPP in EAN than
that in water, since the charge screening effect of EAN and its
possible participation into solvophobic region [40]. These ef-
fects would relieve the decrease of CPP with spacer length in
EAN, resulting in the smaller changes of phase behaviours.
This means the CPP of 12-s-12 takes fewer changes with
spacer length in EAN, suggesting that the spacer length effect
would be smaller in EAN compared to that in water.

Conclusion

The spacer length effect of cationic gemini surfactants has
been investigated in EAN. With the increase of spacer length,
the CMC increases monotonically for the stronger solvopho-
bic interaction of 12-s-12. Due to the charge screening effect
of EAN, the spacer would take the folded conformation, lead-
ing to a minimum of A ,;, at the air/EAN interface. The spacer
length also has influence on the phase behaviours of 12-s-12.
When the spacer is short (s =2, 3), the micellar phase and
reverse hexagonal LLC phase are formed. With the increase
of spacer length (4 <s<8), the micellar phase separates into
two coexisting micellar phases. Meanwhile, the reverse hex-
agonal LLC phase disappears when the spacer length reaches
10 and 12. The SAXS results have confirmed the CPP values
of 12-5-12 decrease with the spacer length, resulting in the
vanishment of the H, phase. Compared to their monomer
DTAB, the gemini surfactants have larger CPP values, leading
to the formation of the reverse aggregates. Compared with the
aqueous systems, the spacer length effect has smaller influ-
ence on phase behaviours in EAN, since the charge screening
effect of EAN and its possible participation into solvophobic

region would relieve the decrease of CPP with spacer length.
The unique aggregation behaviours of gemini surfactants in
EAN result from characteristics of surfactant structure and the
solvent, which would shed light on the self-assembly in non-
aqueous solutions.
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