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The effect of cationic chemical structure on the mesophase behavior, and self-assembly of catanionic
compounds is studied through a systematic structure variation of six cationic surfactants with anionic
sodium 4-(1-pentylheptyl)benzenesulfonate surfactant. A series of cationic surfactants are selected with
an increasing number of n-dodecyl chains on the same ammonium headgroup (from one to three), and
with an increasing number of ammonium headgroups (from two to four). Thermal and phase behavior of
the synthesized products were examined by thermogravimetry, polarizing microscopy, differential
scanning calorimetry, powder and grazing incidence X-ray diffraction, and molecular simulation. The
compounds are complexes of high thermal stability. Most of the thermotropic mesophases are smectic,
although the hexagonal mesophase is also observed. Introduction of the third dodecyl chain into the
cationic part leads to pronounced lower melting temperatures and eradicates mesomorphism, while the
addition of a fourth ammonium headgroup leads to a catanionic benzenesulfonate that decomposes
simultaneously under melting. Melting and crystallization temperatures show nonlinear dependence on
the total number of alkyl chains, and on the number of headgroups in the molecule. Molecular dynamics
simulation of the smectic phase points to separated hydrophilic and hydrophobic layers, favoring head-
to-head packing of antiparallel molecules. On the other hand, there are two ion pairs in the column
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1. Introduction

Surfactant molecules possess the ability to self-organize in the
process by which molecules spontaneously and reversibly,
without external stimuli, adopt a defined intermolecular
ordered arrangement. The strong tendency of two oppositely
charged surfactants to mix results in a range of self-associated
structures governed by electrostatic interactions, geometrical
packing, repulsive hydration forces, the attractive hydrophobic
interactions and entropic factors."* Most mixed cationic-
anionic surfactant systems, precipitate at equimolar concen-
trations, making uncharged complexes or ion-pair amphiphiles
that contain only parent surfactants, without inorganic
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cross-section of the hexagonal

LC phase of didodecyldimethylammonium-4-(1-pentylheptyl)-

counterions. Although considerable efforts have been made to
design and synthesize new types of catanionic materials, most
of them have been focused on their aqueous solutions, precip-
itate-solubility boundaries and characterization of their phys-
ico-chemical behavior. These were mostly examinations of
micellar and vesicular self-assembly,***** or of the formation
and structure of the lamellar phase comparable with mecha-
nisms in biological membranes,"” while at the same time
studies of their bulk solid state are relatively scarce.>***>* The
structure of catanionic aggregates can be fine-tuned by tailoring
the nature of the components, owing to the interplay between
electrostatic effects, surfactants’ molecular size and geometry,
and hydrogen bonding network. Design of different complexes
and tailored functionalized assemblies opens opportunities for
potential applications in commercial products; from transport
agents in drug and gene delivery’ and template materials, to
sensors and semiconductors,® information storage and nano-
technology.>*® Liquid crystals with different structures derived
from surfactants, lamellar, columnar, and cubic, provide a
facile strategy to construct defined functional materials.
Surfactant compounds also play an important role in life
sciences. The formation of liquid crystal phases, e.g. closed
bilayer aggregates (vesicles) or plain bilayers (lamellae), makes
them reliable models that imitate self-association of lipids into
membranes and living tissues.
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The formation of liquid crystals by catanionics is not
restricted to lyotropic systems, but is also an interesting prop-
erty in terms of their thermal behavior. Solid catanionics exhibit
complex polymorphic and mesomorphic behavior during
thermal treatment.>*'*">>?¢ The occurrence of mesophases
depends on the geometric shape of the units, and the distri-
bution of polar groups in the molecule. As the difference in
pendant chain lengths between cation and anion increases, a
poorer hydrophobic match in the bilayer is attained.**>'® The
common feature of most catanionics is the layer-like arrange-
ment in crystal phases, mostly obtained as the crystal smectic
(Sm) phase. Alkyl benzenesulfonates are a very important class
of anionic surfactants, used in domestic and industrial appli-
cations and often providing excellent cleaning, wetting, foam-
ing, dispersing, and emulsifying abilities. They are usually used
as sodium salts. They have found broad applications in micro-
emulsion production,” synthetic,”®*** analytical,*****® and
environmental®*® chemistry. Commercial linear n-alkyl ben-
zenesulfonates are usually complex mixtures of homologues of
different chain lengths and positional isomers.'* Relatively
few studies on pure homologues and isomers are available.>>*%*!
An example is our previous study of 4-(1-pentylheptyl)benzene-
sulfonate.”” Sulfonate based catanionic molecules or metal
complexes often have some kind of layer-like arrangement in
the crystals.'”'»*** Calixarenes based on sulfonates show
typical bilayer structures with calixarene molecules held
together by m-m interactions forming hydrophobic layers and
sulfonate groups covering the hydrophilic surfaces of the
bilayer.** The crystal smectic phase of guanidinium alkanesul-
fonates consists of alternating ionic and alkyl sheets arranged
on a hexagonal lattice.’® Alkylammonium benzenesulfonates,
naphthalenesulfonates and related salts form SmA meso-
phases.”*?> Most known catanionic compounds based on alky-
lammonium are bilayered structures,** but also some of them,
such as alkylammonium-AOT complexes, form hexagonal
columnar phases.” Hexadecyl and octadecyl derivatives of
alkylammonium poly(vinylsulfonate)s,” like hexadecylpyr-
idinium and hexadecyltrimethylammonium 4-octylbenzene-
sulfonate,*® exhibit low temperature SmB and high temperature
SmA phases, while dodecyl and tetradecyl derivatives of N,N
dimethyl-N-cyanopropyl-n-alkylammonium poly(vinylsulfonate)
s form cubic phases that consist of warped molecular bilayers."”

In the present work six catanionic 4-(1pentylheptyl)benze-
nesulfonates were synthesized, differing in the cationic part of
the molecule. The chosen cationic parts are quaternary
ammonium salts, previously studied in terms of their thermal
behavior: dodecyltrimethylammonium bromide,** didodecyldi-
methylammonium bromide,* tridodecylmethylammonium
chloride*” and oligomeric bromides based on dodecyl-
trimethylammonium bromide.*® The number of dodecyl chains
on the same ammonium headgroup and the number of
quaternary ammonium headgroups are varied in this study.
Thermal stability, the thermotropic phase sequence, tempera-
tures and heats of transitions, and phase structures were
examined using thermogravimetry, optical microscopy, differ-
ential scanning calorimetry and grazing-incidence X-ray
diffraction. The main goal of the study is to understand the
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relationship between chemical structure, molecular arrange-
ment and thermal behavior, especially mesophase formation.

2. Experimental
2.1. Materials

Dodecyltrimethylammonium bromide, DTAB (Fluka, >99.0% AT),
didodecyldimethylammonium bromide, DDAB (Acros Organics,
>99.0% AT), and tridodecylmethylammonium chloride TDMAC
(Fluka, =97.0% AT) were used without further purification for the
preparation of solid salts. Oligomeric surfactant bromides with
the same spacer group separating the monomer units were
synthesized:** bis(N,N-dimethyl-n-dodecyl)ethylene-1,2-dia-
mmonium dibromide, (12-2-12), 2Br; N-bis[2-(N',N'-dimethyl-n-
dodecylammonio)ethylene]-n-dodecyl-N-methyl-1,2-diammonium
tribromide, (12-2-12-2-12), 3Br.; N,N-bis[2’-(N",N"-dimethyl-n-
dodecylammonio)ethylene]-di-n-dodecyl-N,N'-dimethyl-ethylene-
1,2-diammonium tetrabromide, (12-2-12-2-12-2-12), 4Br.
Sodium 4-(1-pentylheptyl)benzenesulfonate (analytically pure)
was a present courtesy of the Henkel Co., Germany; it was
further purified by multiple recrystallization from ethanol-
water to remove excess of inorganic electrolyte, and its purity
was established previously.”” Water used in this study was
purified using a Millipore MilliQ system.

2.2. Preparation of surfactant molecular complexes

The examined complexes are shown in Scheme 1: dodecyl-
trimethylammonium-4-(1-pentylheptyl)benzenesulfonate
(compound 1); didodecyldimethylammonium-4-(1-pentylhep-
tyl)benzenesulfonate (2); tridodecylmethylammonium-4-(1-
pentylheptyl)benzenesulfonate (3); bis(V,N-dimethyl-n-dodecyl)-
ethylene-1,2-diammonium di-(4-(1-pentylheptyl)benzenesulfo-
nate) (4); N-bis[2-(N',N'-dimethyl-n- dodecylammonio)ethylene]-
n-dodecyl-N-methyl-1,2-diammonium  tri-(4-(1-pentylheptyl)-
benzenesulfonate) (5); and N,N'-bis[2'-(N",N'"-dimethyl-n-dode-
cylammonio)ethylene]-di-n-dodecyl-N,N’-dimethyl ethylene-1,2-
diammonium tetra-(4-(1-pentylheptyl)benzenesulfonate) (6).
Surfactant molecular complexes were prepared from equimolar
concentrations of appropriate surfactant aqueous solutions by
mixing with a magnetic stirrer for 45 minutes at elevated
temperature, and equilibrated undisturbed for at least one
week. Exceptionally, compounds 3 and 4 were prepared in
ethanol. The precipitated compounds were filtered through
Millipore filter type HA with 0.45 pm pore size, washed with cold
water to remove coprecipitated salts (NaBr or NaCl), with
diethylether to remove possibly coprecipitated cationic or
anionic surfactants, and then dried under vacuum. Such waxy
and semi-transparent samples of brightly yellow to brown color
were stored in a dessicator, protected from light and moisture
before further analysis.

2.3. Measurements

Identification and purity evaluation of catanionic compounds
were performed by elemental analysis (Perkin-Elmer Analyzer
PE 2400 Series 2). Elemental analyses (mass percentages)

This journal is © The Royal Society of Chemistry 2014
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Scheme 1 The scheme of the examined catanionic 4-(1-pentylheptyllbenzenesulfonates: an increasing number of alkyl chains on the same
ammonium headgroup (compounds 1-3); and an increasing number of ammonium headgroups (compounds 4-6).

confirmed that the complexes were 1 : 1 (charge ratio) adducts
of high purity.

Compound 1, C35H5oNO;S, M,, = 553.95. Found: C, 73.24; H,
10.33; N, 2.47; requires C, 73.25; H, 10.36; N, 2.44%. Compound
2, C44HgsNO3S, M, = 708.23. Found: C, 74.63; H, 12.07; N, 1.94;
requires C, 74.62; H, 12.10; N, 1.98%. Compound
3, Cs5H;0,NO5S, M,, = 862.53. Found: C, 76.63; H, 12.54; N, 1.64;
requires C, 76.59; H, 12.50; N, 1.62%. Compound 4,
CoeH124N,0¢S,, M,, = 1105.86. Found: C, 71.67; H, 11.34;
N, 2.56; requires C, 71.68; H, 11.30; N, 2.53%. Compound 5,
CooH1g5sN300S5, M,, = 1657.77. Found: C, 71.67; H, 11.34;
N, 2.56; requires C, 71.73; H, 11.25; N, 2.53%. Compound
6, C135H,47N,04,S,, M,, = 2209.71. Found: C, 71.77; H, 11.31; N,
2.56; requires C, 71.75; H, 11.27; N, 2.54%.

Thermogravimetric analysis, TGA, was performed from
room temperature (RT) to 287 °C, with a Mettler TA
4000 System. It gave the following decomposition tempera-
tures: t4/°C = 257 (1), 240 (2), 220 (3), 270 (4), 237 (5), and
283 (6).

This journal is © The Royal Society of Chemistry 2014

Thermal properties were examined by differential scanning
calorimetry, DSC, using a Perkin Elmer Pyris Diamond DSC
calorimeter in a N, atmosphere, equipped with a model Perkin
Elmer 2P intra-cooler. Heating runs were recorded from RT to
different ¢/°C: 227 (1), 187 (2), 27 (3), 267 (4), 202 (5), and 287 (6),
followed by cooling runs to RT at a rate of 5 K min~'. The
transition enthalpy, AH/k] mol™', was determined from the
peak area of the DSC thermogram, and the corresponding
entropy change, AS/J] mol~" K", was calculated using the peak
transition temperatures. All results are mean values of three
independent measurements with the standard deviation being
of the order of 5%. Temperature and enthalpy calibrations were
performed using high purity standard (indium). Due to
different periods of catanionic surfactant recovery to the orig-
inal state after heating,>*'>'® only data obtained on first scans
are reported. Textures were examined with a Leica DMLS and an
Olympus BX50 polarized optical microscope, equipped,
respectively, with a Sony SSC-DC58AP and a Peltier-cooled
Coolsnap (ImagePro) digital camera. Linkam LNP (THMS 600)
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hot stages were used, with liquid nitrogen cooling where
required. Video sequences were recorded in a slow-scan mode
using ImagePro camera control software. The orderly arrange-
ment of molecules in some crystals results in different resonant
frequencies for different orientations of the electric vector
relative to the crystalline axes, which results in different
refractive indices for different polarizations. We used birefrin-
gence to modify the polarization state of light with optical
components called birefringent wave plates or retardation
plates. We say that the wave is polarized along the fast axis,
since its phase velocity will be a maximum. A plane-polarized
wave with its plane rotated 90° will propagate with the
maximum index of refraction and minimum phase velocity. We
say it is polarized along the slow axis.

Powder X-ray diffraction (PXRD) experiments were done at
room and high temperatures on a theta-theta diffractometer
(Ultima 111, Rigaku, Japan) equipped with a sample oven and a
scintillation counter. The step size was 0.02° and the scan rate
was 0.5° per minute. Data were analyzed in Jade 9 (MD], Inc.,
CA). A number of diffraction lines, having a detectable intensity
at room temperature, were identified as multiple orders of
diffraction from the crystal planes corresponding to the basic
lamellar thickness (the long spacing), and these diffraction
lines were given Miller indices 00/. The interlayer spacings, doo;,
were calculated according to Bragg's law. The intensity was
calibrated through the use of a calibration sample, that is sili-
cium, the scattering of which is known before. The experi-
mental error for PXRD was estimated to be no higher than 0.1%.

Low temperature measurements were made on a home-
made small angle X-ray scattering (SAXS) instrument with an
Oxford Cryostream cooling system. A home-made linear posi-
tion-sensitive detector was used for detection. High resolution
powder SAXS experiments were carried out at beamline 122 of a
Diamond Light Source. Grazing-induce SAXS (GISAXS) experi-
ments on a thin film sample on a Si substrate were carried out at
XMasS (BM28) beamline at ESRF. In both later cases a MAR195
CCD area detector was used. Temperature control was provided
in these cases by a Linkam hot stage and a home built Euro-
therm-controlled sample platform, respectively. Molecular
model building and molecular dynamics simulations were
performed in Material Studio (Accelrys Inc.), using the For-
citePlus module and Universal force field. Constant volume unit
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cell dimensions were fixed based on experimental data. The
application of these corrections can bring the detected intensity
accuracy to 1-2%.

3. Results and discussion

The compounds examined here (Scheme 1) are molecular ion-
pair complexes, containing the same anionic part 4-(1-pentyl-
heptyl)benzenesulfonate, but differing in the cationic part. The
compounds can be divided into two main groups: those with an
increasing number of alkyl chains attached to the same head-
group (1-3), and those, referred to as oligomers, with an
increasing number of headgroups, and by implication, alkyl
chains in the molecule (4-6).

Table 1 presents the transition temperatures and the related
enthalpy and entropy changes. The general trend is for the more
complex chemical structures to exhibit a larger number of
polymorphs. Considering the temperatures, a direct systematic
trend cannot be observed within the studied compounds
1-6. Comparison of dodecylammonium-4-(1-pentylheptyl)-
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Fig. 1 The melting (O, A) and the crystallization (@, A) tempera-
tures, T/K, as a function of the number of dodecyl chains, n, for multi-
tailed (ny = 2-4, compounds 1-3) and multi-charged (n, = 4-8,
compounds 4-6) 4-(1-pentylheptyl)lbenzenesulfonate catanionic
catanionics.

Table1 Transition temperatures, T/K, enthalpy changes, AH/kJ mol™, and entropy changes, AS/J mol~* K™%, of the examined catanionics. Letter
n denotes the total number of n-dodecyl chains in the multi-chained, ny; or in the multi-headed compounds, n,

Heating Cooling
Compound n T/K AH/K] mol ™" AS/J mol ' K* T/K —AH/K] mol™* —AS/] mol ' K*
ny
1 2 389.38,488.15 22.76, 1.01 58.46, 2.07 367.99,377.42  7.98, 0.34 21.68, 0.90
2 3 439.84, 452.13 618.21, 1.24 1405.53, 2.74 436.54, 444.57 705.20, 1.42 1615.43, 3.19
3 4 248.64,258.57,290.20  0.16,0.43,1.37  0.65, 1.65, 4.73 285.60 1.27 4.43
n,
4 4 417.09, 449.96, 535.15 3.73, 1.74, 1.08 8.94, 3.87, 2.02 415.72, 534.01 3.52, 1.05 8.47, 1.97
5 6  444.28,470.01 54.20, 15.97 121.99, 32.23 460.73, 466.51  52.41, 2.79 113.75, 5.98
6 8 438.03, 556.15 12.79 29.21 Decomposition at T;
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benzenesulfonate®* and 1 shows higher melting and crystalli-
zation temperatures of the methylated compound. Compound 2
shows higher melting (220 °C), clearing and crystallization

1500 -

1000

AH/AKJ mol”
AS/) mol K'
500

ce

Fig. 2 Absolute values of changes in total enthalpy, AH/kJ
mol O, ©), and entropy changes, AS/J mol™* K™ (A, V), during
heating (open symbols) and cooling (solid symbols), as a function
of the number of dodecyl chains, n, for the multi-tailed catanionic
(ny =2-4, compounds 1-3) and multi-charged (n, = 4-8, compounds
4-6) 4-(1-pentylheptyl)benzenesulfonates.
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temperatures (163 °C) than compound 1. However, the pseudo-
tetracatenar (four chained) catanionic surfactant, resulting
from the introduction of a third alkyl chain into the cationic
part of 3, shows pronouncedly lower transition temperatures.
Compound 3 is an exception, melting directly to the isotropic
liquid below room temperature: melting point (17 °C) and
crystallization point (12 °C). Taking into account compounds
1-3, the melting, Ty, and crystallization temperatures, T,
show the following polynomial dependence on the total number
of alkyl chains, n; (Fig. 1):

T /K = —100.01n7 + 550.7n; — 311.8 1)
T, /K=-109.817 + 617.3n; — 427.6 (2)

with the maximum temperatures for three-chained catanionic
(compound 2). While compound 2 has melting and crystallization
temperatures higher than DDAB,” both compounds 2 and 3
exhibit much lower transition temperatures than their bromide
analogues.***® The melting temperatures, Ty, , of 4-(1-pentylheptyl)-
benzenesulfonates (4-6) show the following nonlinear depen-
dence on the total number of alkyl chains in the molecule, n,

(Fig. 1):

Tin,/K=8.3n3 — 72.6n, + 608.1 (3)

| Pt
NP
/

~
.
-

1=

Fig. 3 Polarized microscopy images of the characteristic textures
formed upon heating: compound 2, 174 °C (a); 3, -6 °C (b); and 5,
184 °C (c). The crystal phase is recorded upon slow cooling from the
isotropic liquid to RT: 2 (d); 4 (e); and 5 (f). The bar corresponds to
250 um (a and b), 100 um (c, d and f) and 50 pum (e).

This journal is © The Royal Society of Chemistry 2014

c d

Fig. 4 Additional optical micrographs. (a) Compound 4 using a full-
wave retarder (A-plate) in the SmA phase at 190 °C after cooling at 10 K
min~* from the isotropic liquid. More than half than area has homeo-
tropic alignment (layers parallel to the substrate, pink), with numerous
conics. In the central area one circular layer is shown schematically in
white, with several radial rod-like molecules. Orientation of the
projection of the indicatrix is also shown for two of the quadrants, where
the long (high-index) axis is parallel to the axis of the rod-like molecules.
(b—d) Three micrographs of the compound 5 cooled from the isotropic
liquid (170 °C) to smectic phase (160 °C) at 5 K min~. The pictures were
taken consecutively from the same area: (b) without polarizers, (c) with
crossed polarizers, and (d) with polarizers and A-plate. An air bubble is
seen at top right, and a few surface disclination lines across the
otherwise homeotropic sample. Many such lines are also seen in Fig. 4c.
The defects in smectic layers are schematically depicted in the cross-
section in (d). The bar corresponds to 250 pm (a—d).
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The six-chained catanionic (compound 5) shows the lowest
melting temperature. Crystallization temperatures increase
with the total number of alkyl chains (or headgroup number) in
the catanionic samples that do not decompose. Catanionic
compounds 4 and 6 have higher melting temperatures than
related bromides, while compound 5 melts at a temperature
lower than its bromide analogue. Unlike trimer tribromide,*® its
analogue 4-(1-pentylheptyl)benzenesulfonate does not decom-
pose during melting, while both tetramer tetrabromide*® and its
analogue  4-(1-pentylheptyl)benzenesulfonate =~ decompose
simultaneously under melting. Temperature hysteresis was also
observed. It seems to be larger for the simpler molecules in the
groups. Moreover, decomposition temperatures of examined
catanionic 4-(1-pentylheptyl)benzenesulfonates are higher than
those of their bromide analogues.**** Especially interesting are
trends of enthalpy and entropy changes (Fig. 2), which indicate
an enhanced disorder of compound 2 (three-chained cata-
nionic), and markedly lower disorder of 5 (six-chained cata-
nionic), both during melting and crystallization. As all other
examined salts are two-chained (1), four-chained (3, 4) or eight-
chained catanionics (6), it seems that the geometry of molecules
based on three and multiples of three alkyl chains makes it
difficult for them to pack in ordered arrangements. Such
behavior can be explained by the molecular structure of the
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components itself, and as the consequence, the affinity to make
different types of molecular arrangements. In our opinion, disc-
like shape molecules of sodium 4-(1-pentylheptyl)benzenesul-
fonate would probably form columns with hexagonal packing
properties when not bonded to some other molecules. The
layered arrangement of the rod-like catanionics 1 and 3-6 with
the total even number of chains is promoted by the quaternary
ammonium salts used as cationic components that easily pack
their chains, making strong hydrophobic interactions, denser
packing, and well-ordered arrangements. On the other hand,
the component DDAB in compound 2 is of similar shape to
sodium 4-(1-pentylheptyl)benzenesulfonate, leading to a
conclusion that they form a disc-like catanionic molecule 2,
which favorizes less ordered arrangements, leading to stacking
into columns.

Fig. 3 shows the characteristic microscopic textures formed
upon heating and cooling of the samples. First and second
transitions in the DSC (Table 1) are characterized as melting
and isotropisation for compounds 1, 5 and 6, but also as second
and third transition for compounds 3 and 4. Typical processes
can be distinguished upon heating between melting and iso-
tropization, seen as lamellar phase formation, obtained as
homeotropic regions with oily streaks (Fig. 3c), and multicol-
ored batonettes (Fig. 3b). The only representative of the second
group is compound 2 with fan-like texture before the clearing

(002)

Fig. 5 (a) Powder XRD diffractograms of compound 1 recorded at room temperature. (b) GISAXS pattern of a thin film of 1 on the Si substrate
recorded at 60 °C. (c) A snapshot of a molecular dynamics simulation of the lamellar phase of 1 at 107 °C, stick model. Benzene rings are colored

green for clarity.

Soft Matter

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4sm01356e

Published on 25 July 2014. Downloaded by University of Sheffield on 28/08/2014 15:41:52.

Paper

point during heating (Fig. 3a) and before crystallization in the
cooling cycle. The optical textures of solid phases 1-5 on cooling
are similar, but may point to different types of mesophases.
Focal-conic (Fig. 3f), slightly striated (Fig. 3e) point to SmA, or
crystal; while broken fan texture (Fig. 3d) may point to the
columnar LC. All the LC phase transitions in compounds 1-5
are reversible (enantiotropic). However, reversibility in
compound 6 could not be ascertained because the compound
decomposes on reaching the isotropic liquid.

Optical textures were also investigated using the full-wave
retarder (A-plate). Fig. 4a shows the examples of compound 4.
The alignment is mainly homeotropic (optic axis normal to the
glass substrate) but with numerous conical defects in which the
alignment is planar or nearly planar (optic axis parallel to the
substrate). A circular layer is depicted, with radially oriented
molecules. The slow axis corresponds to the molecular axis.
Fig. 4b-d show one and the same area of compound 5 (b)
without polarizers, (c) with crossed polarizers, and (d) with the
addition of the A-plate. The figures explain the appearance of
“oily streaks” in Fig. 3c. “Oily streaks” (Grandjean texture) are
common in cholesteric, but less common in smectics.*® While
at top right we see an air bubble, there are no bubbles elsewhere
in the picture. Nevertheless, there are several bright lines visible
under polarizers (Fig. 4c). The use of the retarder shows that in
both cases the molecules are normal to the lines. The situation,
on the molecular scale, is schematically drawn in Fig. 4d, both
at the edge of the bubble and the surface disclination lines
which give rise to the “oily streaks”. That the black texture
between crossed polarizers is indeed homeotropic is also
confirmed by a simple shearing experiment. As the cover slip is
sheared or pressed the texture brightens up. After the shear the
brightness decays within a few seconds. A short video of this
experiment made in the real time scale, using compound 5 and
named “Video, Sample 5 sheared at 175 deg.wmv”, is included
in the ESL{ Fig. 5a shows a powder X-ray diffractogram of
compound 1 at room temperature. Interlayer spacings and
Bragg peak intensities at ambient and several other tempera-
tures for the smectic compounds are listed in Table 2. In the
diffraction patterns of all samples, there is a diffuse peak near
0.45 nm, characteristic of disordered hydrocarbon chains.
Fig. 5b shows a grazing-incidence small-angle scattering pattern
of compound 1 on the Si substrate (horizontal). The strong
fundamental (001) Bragg peak is strongly arced, but has a
maximum on the meridian confirming the preference for
homeotropic alignment. This is consistent with the predomi-
nantly black polarized optical microscopy textures between
glass surfaces. A weak second order (002) peak is also seen on
the meridian (arrow).

Unlike its bromide analogue, DTAB, that shows only solid-
solid phase transition to melting of the alkyl chains, without the
formation of a thermotropic LC phase,* or crystalline p-(trime-
thylammonio)benzenesulfonate,* compound 1 shows thermo-
tropic mesomorphism. However, the crystals of DTAB have a
layer structure stacked along the c-axis (¢ = 2.155 nm), and show
tail-to-head packing® i.e. chains lay parallel to one another and
headgroups are oriented in the opposite direction. In the crystal
of its complex with p-phenylphenol, the guest molecules are

This journal is © The Royal Society of Chemistry 2014
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Table 2 Interplanar spacings, d/nm, Miller indices, hkl, and relative
intensities, /., of smectic catanionic 4-(1pentylheptyllbenzenesulfo-
nates at different temperatures

Compound T/K d/nm hkl Ll
1 293 2.88 001 100
1.44 002 36
0.96 003 7
0.72 004 9
0.58 005 2
0.48 006 3
0.41 007 6
400 2.86 001 100
0.95 003 13
0.48 006 25
3 243 2.50 001 100
0.83 003 27
0.50 005 35
253 2.76 001 100
0.92 003 30
0.46 006 7
285 2.79 001 100
Poorly ordered
4 298 2.68 001 100
1.34 002 25
0.89 003 13
0.67 004 8
468 2.97 001 100
0.99 003 7
0.50 006 16
5 298 2.85 001 100
1.42 002 17
0.71 004 15
443 2.61 001 100
0.87 003 19
0.44 006 26
6 298 2.89 001 100
1.44 002 29
0.72 004 14

included between the DTAB molecules, forming a layer-like
structure, again stacked along the c-axis that is ¢ = 2.741 nm.**
The insertion of 4-(1-pentylheptyl)benzenesulfonate (compound

29
O,
28 |
dggq/Nm
27+
2’6 1 //// 1 1 1 1 1
2 4 6 8

Fig. 6 Values of interlamellar distances as a function of the number of
dodecyl chains, n, for compounds 1 and 3 (O); and compounds 4-6
(@) at room temperature.
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1) causes a totally different arrangement. Compound 1 is char-
acterized as SmA between RT and 127 °C (Table 2, Fig. 5).
Annealing molecular dynamics simulation of the lamellar phase
at 107 °C (Fig. 5b and c) points to clearly separated hydrophilic
layers of polar heads and hydrophobic layers of alkyl chains.
Molecular packing can be described as head-to-head with
intercalated cationic moieties.

(10)

Iq°

B

0.2 0.4 0.6 0.8 1.0 1.2

g (nm™)
a
! w - W !

1) (21) (30) (31)

High [ . .

'-b o O-D o l!

1) CQD (] UQD,Q
L] [ L]

- -Q (] Q-D (+] Q

Lo ‘.

c

Fig. 7 (a) Small-angle diffraction pattern of compound 2 taken at
room temperature. (b) Electron density map, reconstructed using all
five observed reflections (purple-blue: high electron density core =
sulfate; red: low electron density continuum = alkyl). (c) Snapshot of a
molecular dynamics simulation with stick. The cell thickness
("c-dimension”) is chosen as 0.45 nm (one molecular layer). The
periodic boundary simulation box contains four unit cells.
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Diffractograms of the catanionic samples 3-6 also display
sharp peaks with ratio of spacings (Table 2) characteristic for
layer arrangement. Their quaternary ammonium bromide
analogues also exhibit thermotropic mesomorphism and poly-
morphism of Sm type.*”*® For sample 3 at 12 °C only one sharp
peak at low angle is seen, characteristic for SmA with a low
MacMillan (positional) order parameter. As can be seen from
Table 2 and Fig. 6 the values of interlamellar distances increase
with temperature, and with the degree of oligomerization.
However, their decrease is noticed by the introduction of a
fourth dodecyl chain (compound 3) in comparison with
compound 1, which possesses only two dodecyl chains (Fig. 6).
The comparison of interlamellar distances of dodecylammo-
nium-4-(1-pentylheptyl)benzenesulfonate*> and those of
compound 1 indicates an increase of lamellar thickness above
27% by the introduction of three methyl groups. In contrast to
compounds with varying chain lengths, compounds of
different architectures but the same chain length cause only
minor changes of lamellar thickness, indicating their similar
layer structure and lamellar packing mode.

Didodecyldimethylammonium bromide component, DDAB,
features a crystalline phase at RT, and complex polymorphism
at higher temperatures.*® There are two LC phases below the
isotropic liquid on heating and a third phase appears on cool-
ing. DDAB exhibits highly ordered layered LC structures. The
high-temperature phase that appears below the isotropic phase
is a SmB phase. However, this double-chained cationic surfac-
tant forms a hexagonal crystal structure with 4-(1-pentylheptyl)
benzenesulfonate (compound 2), as also does the double-
chained anionic surfactant Aerosol-OT in its alkylammonium
catanionic salts.” Experimental d-spacings of the observed
SAXS reflections at RT stand in the ratio of spacings
1:+/3:+/7:4/9: /14 (Fig. 7a and Table 3). The electron density
map and the molecular dynamics simulations (Fig. 7b and c)
show hexagonal columnar LC arrangement with two ion pairs in
each column cross-section, quadrupole in the middle, making
Ghex = 2.45 nm. The already mentioned fan-like textures (Fig. 3a)
on heating and broken fan-shaped textures (Fig. 3d) on cooling
are consistent with a columnar mesophase.

In our opinion, the effect of alkyl chain number in a mole-
cule plays an important role in liquid crystalline structure
formation, but its shape greatly affects the molecular structure
and as a consequence different phase behavior. The ascending

Table 3 Experimental and calculated d-spacings of the observed
SAXS reflections of the hexagonal phase of compound 2 at room
temperature. All intensities values are Lorentz corrected with correc-
tion for multiplicity. The phase can be described as hexagonal
columnar, but a relatively sharp peak at 0.47 nm indicates a relatively
high order of the alkyl chains

hk dobs/nm dcal/nm Lrel

10 2.13 2.13 100.0
11 1.22 1.23 0.3
21 0.80 0.80 1.2
30 0.71 0.71 2.3
31 0.58 0.59 0.9
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number of polar headgroups in catanionics or individual
cationic and anionic surfactants provides a higher number of
chains and promotes liquid crystallinity in this great interplay
of various possibilities. The linking together of thermody-
namics, interaction free energies and geometry results in a
general framework which permits extension to more compli-
cated self-assembly problems.

4. Conclusions

Thermal and thermotropic behaviors as well as structural
properties of new catanionic 4-(1-pentylheptyl)benzenesul-
fonates were examined using thermogravimetry, thermal
polarizing microscopy, differential scanning calorimetry, X-
ray diffraction and molecular simulation. New catanionic
complexes are 1:1 adducts of high purity, and are divided
into two groups: 4-(1-pentylheptyl)benzenesulfonates with an
increasing number of alkyl chains attached to the cationic
headgroup (compounds 1-3) and the ones with an increasing
number of ammonium headgroups (compounds 4-6). The
compounds studied here are complexes of high thermal
stability and rich thermal behavior seen through complex
polymorphism and thermotropic mesomorphism. Tempera-
tures of melting for both groups of catanionic compounds
show nonlinear dependence on the total number of alkyl
chains in the molecule; the melting point decreases with an
increasing number of alkyl chains, and increases with an
increasing number of ammonium headgroups. Introduction
of the third dodecyl chain in the cationic part lowers
profoundly the melting point, and prevents the formation of
liquid crystallinity. As a result, the compound is isotropic
already at RT. The fourth ammonium headgroup in the
cationic part reduces markedly the thermal stability of the
compound.

Molecular dynamics simulation of the lamellar phase of
compound 1 points to clearly separated hydrophilic layers of
polar heads and hydrophobic layers of alkyl chains, favoring
head-to-head packing of antiparallel molecules. With the
exception of compound 2, all other examined compounds are
smectic, both at room and higher temperatures. The intro-
duction of the second alkyl chain, making didodecyldime-
thylammonium-4-(1-pentylheptyl)benzenesulfonate (2),
causes the compound to adopt a hexagonal columnar LC
structure instead of the usual smectic. There are two ion pairs
in a column cross-section. The examination of the catanionic
benzenesulfonate systems provides new clues to help develop
strategies for the synthesis of new materials with targeted
applicable properties.
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