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Abstract The thermal behavior for three homologous
series of cationic geminis surfactants of the type n-2-n,
alkanediyl-o,-bis(alkyldimethylammonium bromide), with
n =12, 14, 16, and 18, and sodium alkyl sulfates, SC,,S,
with m = 12, 14, and 16, is reported here. The cationic/
anionic molar ratio is kept at 1:2 (equicharged mixtures),
and salt is also present. Polarizing light microscopy and
differential scanning calorimetry show a stepwise fusion
for the mixtures with appearance of several mesophases
between the crystalline structures and the isotropic liquid.
A main endothermic transition is observed, associated with
partial chain melting and consequent loss of crystalline
order, followed by a transition to a smectic liquid crystal.
The phase transition thermodynamics is interpreted in
terms of an interplay between van der Waals chain—chain
interactions and ionic head group interactions.

Keywords Catanionic mixture - Mesophase -
Soft crystal - Smectic liquid crystal - Van der Waals
interactions - Electrostatic interactions - Birefringence

Introduction

It is well-known that certain classes of amphiphilic mole-
cules with long alkyl chains show a complex melting
behavior, forming thermotropic liquid crystals (TLCs)
prior to isotropization to the liquid phase [1-11]. TLCs are
intermediate structures between the crystalline solid and
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the isotropic liquid, with varying degrees of positional and
orientational ordering of the molecules. Both head group
chemistry and nature of hydrophobic moiety (e.g., alkyl
chain length, saturation, and branching) strongly influence
the sequence and structure of these mesophases.

The stabilization of TLCs of ionic surfactants and their
mixtures (including cationic/anionic mixtures) is largely
dictated by the ionic interactions of the head groups
(including counterions when present). Mesogenic surfac-
tants include metallic soaps with mono-, di- and tri-valent
counterions [1-4], alkylpyridines [5, 6], phosphorous
catanionic amphiphiles [7], and carbohydrate derivatives
[8—11]. For surfactants with the same hydrophobic moiety,
thermotropic mesophases may appear at very different
temperatures, for example, at ca. 100 °C for cationic al-
kylpyridines [5], at ca. 180 °C for cationic geminis [12],
and above 180 °C for phosphorous catanionic amphiphiles
[7], demonstrating the pivotal role of head group chemistry.
Hydrogen bonding at the head group level, in some cases,
is also considered as an important factor for mesophase
formation, as seen for carbohydrate surfactants [9] and
guanidinium alkylbenzensulfonates [4].

The effect of the hydrophobic moiety on the thermo-
tropic phase behavior is associated with the van der Waals
interactions involved in the hydrocarbon chain—chain
packing [2]. The magnitude of these interactions is much
smaller than the ionic ones, but its importance is demon-
strated by the fact that the clearing points increase with
increasing alkyl chain length [9, 10]. All the mesophases
composed by surfactant molecules involve some degree of
disorder of the long alkyl chains. Experimental data [4, 9,
10, 13-18], as well as Monte Carlo, molecular dynamics
calculations, and theoretical thermodynamic considerations
[19-23] have dealt with the type of chain disorder present
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in mesophases. Two types of disorder, comprising clusters
of chains with a kink defect or conformational distortions,
have been proposed [4, 13].

Considerable studies on mesogenic amphiphiles have
suggested that the chain length strongly affects the tem-
perature range and energy of formation of the mesophases
[4, 6, 9, 10, 18]. The thermal stability and transition
enthalpy usually increase with increasing chain length.
However, chain length not only impacts rearrangement and
disorder degree of the chains but also the packing of the
head groups [4]. Further, the number of alkyl chains has
strong influence on the type of formed mesophases; for
instance, single-chained carbohydrate derivatives form
smectic mesophases, while double-chained ones form
columnar hexagonal mesophases [11, 24, 25].

At low temperature, crystal-to-crystal transitions,
implying a rearrangement of the packing of alkyl chains,
often appear before crystal-to-mesophase transitions [9].
However, for most surfactants, the enthalpies and temper-
atures for transitions between crystalline forms are difficult
to be consistently determined due to a complex polymor-
phism in the solid state and the existence of metastable
forms [3, 9, 26-29]. The presence of trace water or
hydration water also has a large influence on the thermo-
tropic behavior of amphiphiles [3, 9, 29, 52].

Catanionic surfactants are a class of net neutral amphi-
philes obtained by equicharged mixing of cationic and
anionic surfactants with removal of the inorganic counter-
ions. Due to the strong head group electrostatic interac-
tions, both the charged amphiphiles act as counterions to
each other and the catanionic surfactant (ionic pair)
behaves as a single surfactant in some cases. The thermal
behavior of these amphiphiles is directly connected to head
group chemistry (charge density and volume) and overall
geometry (packing parameter) [4, 30-32]. These amphi-
philes represent a simple way to design new mesogenic
molecules, with the number and thermal stability of TLC
phases (typically smectic) depending strongly on the
degree of symmetry of the chain lengths [33, 34].

Investigations on the liquid crystal formation by cationic
gemini surfactants of the alkanediyl-o,w-bis(alkyldimethy-

Fig. 1 Chemical structures of .
alkyl sulfates, SC,,S, gemini Na
surfactants, n-2-n, and SO
catanionic mixtures,

n-2-nBr,-2SC,,S
C H

lammonium bromide) type, designated here as n-s-n, have
focused on lyotropic phases and their thermal behavior [35-37],
which strongly depends on the chain length and spacer length.
The crystalline structure and thermotropic properties of the
anhydrous surfactant have been addressed only in a few
reports[12, 38-42]. Geminis of the type n-2-n (with
n = 12,14,16,18) have been studied and show a main phase
transition at about 100 °C and TLC formation in a narrow
temperature range, changing weakly with chain length [12].
Catanionic mixtures of n-2-n and sodium dodecylsulfate (SDS)
exhibit mesophases formation for a more expanded tempera-
ture range than neat n-2-n geminis [12].

This study is a follow-up of the initial investigation of
thermotropic phase behavior of mixtures of n-2-n geminis
and SDS [12]. By expanding this study to other alkylsul-
fates, SC,,S, we gain deeper understanding on the meso-
morphic behavior of the mixtures and focus on effect of
chain length sum of the surfactants on phase structure and
transition thermodynamics.

Experimental
Materials

Gemini surfactants, n-2-n, were synthesized and purified
according to established methods [12, 43]. Sodium dodecyl-
sulfate (SDS, Sigma, >99%), Sodium tetradecylsulfate (STS,
Research Chemical Ltd, 99%), and sodium hexadecylsulfate
(SHS, Merck, 99%) were used without further purification.
The structures of n-2-n geminis and SC,,,S anionic surfactants
are shown in Fig. 1. The other organic solvents were regular
pro analysis grade products for chemistry research work.

Preparation of n-2-nBr,-2SC,,S mixtures

The equicharged catanionic mixtures were prepared from a
stock solution of gemini surfactant in a mixed chloroform/
methanol solvent and a stock solution of each SC,,S in
methanol. The molar ratio of gemini surfactant to SC,,S in

Br- Br~ Na" Br Br Na’
+ + B + + ~
(CHS)zNCHZCHzN(CH3)2 SO4 (CH3)2NCHZCH2N(CH3)2 SO4

m 2m+1 CnH2n+1 CnHZn +1 CmHZm +1 CnHZn +1 CnH2n+1 CmH2m+1
SC,S n-2-n n-2-nBr, 2SC,_S
m=12 SDS n=12 12-2-12 n=12 m=12
14 STS 14 14-2-14 14 14
16 SHS 16 16-2-16 16 16
18 18-2-18 18
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the final solution was 1:2. If there was any precipitate, the
ratio of chloroform and methanol was adjusted until the
precipitate disappeared. The solvent was slowly evaporated
at room temperature during about a week and at 50 °C for
another week and then vacuum-dried for 24 h. Considering
the presence of Na* and Br~ in the novel surfactant mix-
tures, we denote the formed compound as n-2-nBr,-2SC,,S,
with their structures shown in Fig. 1.

Differential scanning calorimetry

The curves were recorded with a differential scanning calo-
rimeter (DSC) from Setaram, modelDSC141, properly cali-
brated, for a temperature range of 20-200 °C. The scanning
rate was always 3K min~'. Every sample was scanned at
least three times, and all the enthalpy values shown in the text
are mean values with an uncertainty of £5%.

Polarizing light microscopy (PLM)

Observation of mesophases was performed with a Nikon
polarizing microscope (Optiphot-Pol model), with a cali-
brated heating stage from Linkam (model TH600). The
images were obtained with a Nikom Coolpix 995.

Results and discussion
Thermotropic phase behavior of n-2-nBr,.2SC,,S

In a previous study, we have shown that both cationic
gemini surfactants, n-2-n, per se, and their equicharged
mixtures with SDS are mesogenic, exhibiting TLC phases
at high temperature [12]. For neat n-2-n, the main endo-
thermic peak occurs sharply at 97.3, 101.9, 106.5, and
108.4 °C, for n = 12, 14, 16, and 18, respectively, and is
related to the disruption of crystalline structure and chain
melting. This chain melting temperature increases weakly
with chain length. For the equicharge mixtures with SDS,
the thermotropic behavior is similar to that of corre-
sponding neat n-2-n, showing the phase sequence solid
crystal-soft crystal-LC-isotropic liquid [12].

SDS, STS, and SHS have the same head group, but
increasing chain lengths. One can presume similar
thermotropic behavior and investigate the effect of chain
length sum on the thermal behavior. The curves of
n-2-nBr,-2SC,,S (combinations of n = 12, 14, 16, and 18
and m = 12, 14, and 16) are shown in Fig. 2, where the
results for n-2-nBr,-2SDS here obtained are consistent with
those previously reported [12]. At about 100 °C, all the
catanionic mixtures show a main endothermic peak and
below that one or more peaks corresponding to phase
transitions between crystalline states.
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Fig. 2 DSC curves for: (a) n-2-nBr,-2SDS; (b) n-2-nBry-2STS;
(¢) n-2-nBr,-2SHS

Here, it is difficult to discern the details of solid—solid
transitions due to polymorphism [9, 32, 34]. Polymorphism
depends on the history of the sample, such as temperature
history. It is well-known that after fusion less crystal-to-
crystal transitions appear for the sample. However, even
processing heating below the main temperature peak may
cause changes in phase behavior. Figure 3a shows a curve
with a heating—cooling-reheating cycle between 25 and
135 °C for 12-2-12Br,-2SDS, for the same sample. For the
first heating, the curve shows five peaks at 54.7, 83.8, 98,
110.4, and 119 °C, respectively. On cooling, an exothermic
broad peak appears between 98 and 104 °C, corresponding
to the last two peaks of the heating, and suggesting that the
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two phase transitions are reversible. Upon reheating, the
peaks at 54.7 °C and at 98 °C disappear. The peak area at
83.8 °C decreases, while the one at 104 °C increases.
Therefore, one can say that the first three solid—solid
transitions are irreversible, whereas the last peaks, with
~1 °C shift to higher temperature, are reversible; the peak
at 105 °C is the main peak.

For other catanionic mixtures, similar effects are
observed. For comparison, all the samples are stored at
40 °C. If the sample is reheated after melting, the curve
does not show any Cr—Cr transition, but only one broad
peak, as shown in Fig. 3b, seemingly indicating a uniform
crystalline structure. Concomitantly with the melting, the
crystal composition changes (incongruent melting), as will
be discussed below. We also note that the n-2-n component
decomposes at high temperature, above 200 °C, so that all
the curves have been recorded below this temperature.

Let us now turn to what happens around the main peak.
Below the transition temperature, the sample is a crystal,
as exemplified in Fig. 4a. When the temperature goes over
the main peak, the sample initially loses birefringence
(Fig. 4b). If one presses the cover slip, a weak and diffuse
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Fig. 3 DSC curves for (a) 12-2-12Br,-2SDS and (b) 16-2-
16Br,-2SHS, for a heating—cooling-reheating cycle
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Fig. 4 PLM textures of the catanionic mixtures: (a) solid state from
room temperature to the main peak temperature; (b) non-birefringent
state of unperturbed mesophase MI, following the main peak;
(c) birerfringent state of MI after applied shear

birefringence different from that of the solid crystals
appears and the sample shows a paste-like consistency.
These results imply that around this temperature the
crystalline structure collapses, giving rise to a “soft”
mesophase. This mesophase, designated here as MI differs
both from the solid due to its high viscosity (rather than
elasticity) under applied shear on the cover slip, and from
the following mesophase (MII), due to its ill-defined,
weakly birefringent texture, and lack of fluidity.

MI appears both on the heating and cooling traces. It is
difficult to unambiguously assign it, but it is clear that this is
a mesophase with still some high degree of order. We
tentatively ascribe it to a soft crystal phase based on com-
bined PLM and DSC evidence [44—48]. We cannot rule out
an ordered (hexatic) smectic phase, but this is much less
likely since no characteristic birefringent texture (either on
heating or cooling) is observed [44—48]. The main peak is
sometimes followed by small endothermic peak or peaks, or
is accompanied with a “shoulder” for higher temperature.
As the temperature is gradually raised, MI becomes more
fluid-like state without incurring on a phase transition.

When the temperature rises nearly up to the onset of the
second mesophase, MII, birefringent mosaic textures that
gradually change to oily streaks [44] are seen for all the
mixtures, as shown in Fig. 5a. Then, the sample fluidifies,
and shows fan-shaped or focal conics textures, until an
isotropic liquid phase appears. Mesophase II is thus

Fig. 5 PLM textures of mesophase MII (smectic liquid crystal):
(a) mosaic, 12-2-12Br,-2STS at 185 °C upon heating; (b) fan-shaped,
16-2-16Br,-2SHS at 165 °C upon cooling; (¢) lancets, 12-2-12Br,-2SHS
at 145 °C upon cooling; (d) focal conics, 12-2-12Br,-2STS at 120 °C
upon cooling trace; (e) NaBr crystallites at 200 °C in 14-2-14Br,-2SHS
under normal light
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Table 1 PLM textures of smectic LC phases of n-2-nBr,-2SC,,S on heating and cooling runs

Heating Cooling
Mosaic Focal conics Fan-shaped Lancets Mosaic
n-2-nBr, n-2-nBr,

n-2-nBr,-2SC,,S 1n-2-nBr,-2SDS
12-2-12Br,-2STS

14-2-14Br,-2STS

n-2-uBr,-2SC,,S

14-2-14Br,-2STS
16-2-16Br,-2STS
12-2-12Br,-2SHS

1n-2-nBr,28C,,S

assigned to a disordered smectic LC phase (likely SmA)
[44-48].

Figure 5 and Table 1 demonstrate some typical PLM
textures in this study. It should be stated that both the
heating and cooling traces give rise to LC textures, albeit of
different type. The clearest way to observe the LC texture
(giving rise to fan-shaped and focal conics textures) is by
cooling the sample, either by rapidly heating to fully obtain
the isotropic liquid and then rapidly cooling down to below
190 °C; or by focusing on the coexisting LC plus isotropic
liquid and cooling it. Although fanlike shapes and mosaics
are common to all the catanionics, those with shorter chain
(m = 12 and 14) tend to form more focal conics.

Figure 5e shows a normal light microscope image of
14-2-14Br,-2SHS at 200 °C. If the microscope is switched
to polarized light, no birefringent texture is observed,
indicating that the observed crystallites (with very high
thermal stability) are NaBr. In fact, the inorganic salt
separates from the catanionic surfactant once this mixture
melts [12]. This phenomenon is very similar to the
incongruent melting observed for some solid mixtures that
form stoichiometric compounds [49]. One consequence of
this incongruent melting is that the DSC reheating traces
should be very different from the first heating trace, as
indeed seen in Fig. 3b.

Phase transition temperatures

As mentioned above, phase transitions between crystalline
phases strongly depend on the sample history and poly-
morphism [9, 12, 32, 34], so that a thorough discussion of the
results in this region is more difficult. Although, polymor-
phism also affects chain melting temperatures, the latter is
essentially dependent on the length of the alkyl chain, as the
transition should correlate with configuration and confor-
mation of the chains and much less to the long-range
crystalline order. On the basis of the results of DSC and
Langmuir air—water monolayers (the head group area is
equal to or smaller than the total area of four chains of
n-2-nBr,-2SDS) [50, 51], a smectic arrangement has been
proposed [12], in which the cationic and anionic groups are
alternatively arranged, and the repeating distance of hydro-
phobic moieties is composed of the sum of both the

surfactant chain lengths (Fig. 6). Accordingly, the temper-
ature of the main peak (Cr—MI), henceforth denoted by T,
should depend on the total length. For dioctadecyldimethy-
lammonium alkylsulfatecatanionics (without salt), similar
results have been obtained by DSC measurements [52].

Figure 7 shows that T, for n-2-nBr,-2SC,,S mixtures
increases roughly linearly with the m + n sum. Further-
more, the largest deviation between systems with the same
m + n, but different n and m is about 1.9 °C, and the largest
deviation to the linear fit is about 5 °C. The results do not
show any important effect of the difference m — n (the
“degree of asymmetry” of chain length) on 7}, so that we
can deduce that sliding of layers at the chain ends (proposed
in Fig. 6) is not likely to affect much this transition.

The MI-MII peak and the MII-Iso peaks are always
weak, and sometimes very broad (Fig. 2). Therefore, there

Fig. 6 Possible alkyl chain arrangement of the smectic layers for the
n-2-nBr,-2SC,,S mixtures

120 -
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1001} ¢
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m+n

Fig. 7 Main peak temperature (Cr/MI transition) as a function of the
chain length sum, m + n, for n-2-nBr,-2SC,,S mixtures
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is a somewhat higher uncertainty in the phase transition
temperatures. However, the MII-Iso temperatures also
increase gradually with m + n increment.

Phase transition enthalpies

Figure 8a shows phase transition enthalpies versus gemini
chain length for neat Gemini and for the n-2-nBr,-2SC,,S
catanionic series. The main peak enthalpy (solid line), for the
Cr—MI transition, increases linearly as the n increases. The
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Fig. 8 Transition thermodynamic parameters versus chain length:
(a) Cr/MI transition enthalpy for n-2-nBr, and n-2-nBr,-2SC,,S
(points with solid lines), and MI/MII transition enthalpy for n-2-nBr,
(open stars and dashed line) and for n-2-nBr,-2SC,,S (lower points
with dotted line); (b) Cr/MI transition enthalpy versus chain length
sum, m + n, for n-2-nBr,-2SC,,S; (¢) Cr/MI transition entropy versus
m + n for n-2-nBr,-2SC,,S. In (b) and (c) lines are linear regression
fits excluding upper two points
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solid lines have nearly identical slopes, yielding a value of
1.8 kJ (mol CH2)7l for this transition. If the AH is plotted
versus chain length sum (Fig. 8b), a linear dependency with
the same slope is obtained. It can be concluded that this main
peak characterizes initial disruption of crystalline order
essentially by introduction of chain conformational disorder
(melting). From the relation AS,, = AH,/T, the obtained AS
values also increase linearly with increasing chain length
sum, m + n (Fig. 8c), with a slope 0of 9.8 J K~ !(mol CH,)™".
When compared to values of 3.8 kJ (mol CHZ)_1 for the
melting of n-alkanes [53] and even higher values, 7.5 kJ (mol
CH,) " 'for catanionic surfactants (without salt), we can also
infer that the chain melting is only partial for n-2-
nBr,-2SC,,S mixtures; this reinforces the assumption that MI
is a soft crystal, a phase still with some degree of long and
short range order [44]. The enthalpy plot of n-2-n shows a
different slope than the catanionic mixtures, possibly due to a
different crystalline structure and type of ionic interactions at
the head group level.

The AH values for the MI-to-MII and MII-to-Iso tran-
sitions are very small for the catanionic mixtures, typically
less than 10 kJ mol~" or even about 1 kJ mol ™! (Fig. 8a).
We note that the corresponding enthalpies of neat gemini
(open stars in Fig. 8a) are larger by a few to 20 times than
for the mixtures. The cationic geminis are mesogenic
molecules for a narrow temperature range, while the mix-
tures show thermotropic phases over a much broader tem-
perature range due to the higher ability to accommodate
chain disorder and to stronger ionic interactions. The pos-
sible existence of aggregates in the molten state of amphi-
philes has been suggested for some divalent and trivalent
metal soaps, where the carboxylate—metal interactions are
strong [3, 54]. One can also infer here from the very low
MIlI/Iso enthalpies that the isotropic liquid state of the ca-
tanionic mixtures may still retain some “structuring” due to
ionic correlations between the oppositely charged chains.

Conclusions

Calorimetric and microscopy studies show that the catan-
ionic mixtures formed by gemini and sodium alkylsulfate
surfactants, n-2-nBr,-2SC,,S, are mesogenic, giving rise to
a complex polymorphism in the solid phase and two main
types of mesophases, designated here as MI and MII. Both
temperature and enthalpy for the transition between crystal
and the first mesophase (presumably a soft crystal phase)
have a linear dependence with the total chain length of the
catanionic compound and suggest that a partial chain
melting takes place. The second mesophase is a disordered
smectic liquid crystal. Incongruent melting is found for
these mixtures, with solid sodium bromide separating at the
isotropization temperature of MII. For the mixtures, the
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mesophases appear for a more expanded temperature range
and at lower temperature than for the neat gemini surfac-
tants, due to the strong ionic interactions of the charged
head groups in the former.
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