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Liquid-crystalline properties of the ionic self assembled complex benzenehexacarboxylic-
sdidodecyltrimethylammoniumd6fBHC-sC12Dd6g were investigated by polarizing microscopy, differential scan-
ning calorimetrysDSCd, x-ray analysis, null ellipsometry, UV and IR spectroscopy. The complex exhibits a
bilayer smectic Sm-A2 liquid-crystalline phase and aligns spontaneously. Alignment properties do not depend
on the hydrophobic or hydrophilic treatment of the surfaces. The aligned complex possesses a negativesDn
=−0.02d homeotropically oriented optical axis, with layers aligned parallel to the surface. X-ray analysis of the
aligned sample revealed a lamellar structure with ad spacing of 3.15 nm, consisting of sublayers of thicknesses
d1=1.41 andd2=1.74 nm. This was confirmed by simple geometrical calculations and detailed temperature-
dependent investigations, revealing that the first layer contains the BHC molecules and oppositely charged
groups of the surfactants, and the second the alkyl tails of the surfactant. Changes in the order parameterssas
calculated from the IR investigationsd are correlated with the phase transitions as found by DSC. The properties
of the complex are strongly influenced by the ionic interactions within the complex. The presence of these
groups slows down the dynamics within the material sufficiently to allow for crystallization of the complex
from an aligned LC phase into a single crystal domain, as well as restricting the transition to the isotropic
phase.
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I. INTRODUCTION

The generation of low molecular weight thermotropic
liquid-crystallinesLCd phases is highly dependent on the use
of anisotropic molecular structures. This concept is already
firmly established in literaturef1g. The classical way to
achieve this is to use elongatedsrod- and lathliked molecules.
This type of molecules forms nematic and smectic LC
phases. Some other nematic and most columnar phases are
often made of disklike moleculesf2g. The clear dependence
of the mesomorphic properties on the geometrical shape of
the molecules and on the combination of repulsive and at-
tractive interactions of the van der Waals type has allowed
the derivation of satisfactory models for describing LC sys-
tems theoreticallyf3g. In compounds containing strongly po-
lar groupsse.g., −CN, −NO2d the interaction of permanent
and induced electrical dipoles plays a remarkable role in
phase formationf4g. The reduced symmetry of molecules,
that imparts form chirality, leads to a variety of interesting
phases that are manifested in the formation of helical order-
ing of the constituent mesogensf5g.

Further modifications and complications of the shape of
the molecules lead to a variety of different LC phases; to this
class belong nonconventional LC materials: laterally substi-
tuted and swallow-tailed liquid crystalsf6,7g; hybrid mol-
ecules with a long rodlike rigid core ending with two half-
disk moietiesf8g; liquid-crystalline dimers and oligomers
f9g. Interesting properties and functions can be obtained by

introducing specificsnoncovalentd interactions between mol-
ecules. For example, metal-containing LCs, also known as
metalomesogensf10–12g, combine the physical properties
exhibited by LCs with the variety and range of metal-based
coordination chemistry due to the presence of one or more
metals. Geometries and functions not easily found in organic
chemistry can result from the coordinated metal species.
Charge-transferf13g and hydrogen-bonding interactions are
further examples of specific interactions between molecules
that influence and even induce the formation of LC phases.
Investigations into hydrogen-bonded systems were stimu-
lated since it is a key interaction in chemical and biological
processes in nature. A wide variety of structures of molecular
liquid-crystalline complexes have been prepared through in-
termolecular hydrogen bondsf14,15g.

One interaction strategy that has largely been neglected
for the construction of mesogens is that of ionic interactions.
The formation of supramolecular complexes using ionic in-
teractions, or so-called ionic self-assemblysISAd, was re-
cently shown to be a viable route for the production of self-
organizing nanostructured materialsf16g. The basic concept
of the ISA strategy is shown in Fig. 1. Here the surfactant
tails act as internal solvent, similar to the covalently attached
tails in classical LC materials. It could be disputed that ions
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are responsible for the formation of lyotropic phases of sur-
factants and chromonic materials, and that the same is found
in the ISA case. However, in the case of the ISA process the
ions are used in the binding interaction within supramolecu-
lar self-assembly and replaces, for example, hydrogen bonds.

Liquid crystallinity was observed and reported for the first
time for perylene-based ISA complexesf17g. The complexes
show Schlieren-like textures and form columnar mesophases.
In a proof-of-principle studysi.e., to show the potential for
applicationsd, different methods were tested to align of one
of these LC complexesf18g. It was found that the materials
properties have a large influence on the processability, and
therefore the alignment, of such materials.

In order to investigate the influence of the ionic interac-
tions on the formation of the LC phases, we start with a
rather simple molecule with maximum symmetry. Benzene
derivates have attracted some attention over the last few
years as mesogens for the formation of a variety of columnar
phases. Nuckollset al. have investigated the use of crowded
hexasubstituted benzenesmore specifically alternatingly sub-
stituted with alkoxy and amide groupsd in the formation of
columnar structures in a series of papersf19–21g. They in-
troduced the possibility for hydrogen bonding through the
presence of amide groups, which provided further stabiliza-
tion sin conjunction with p-p interactionsd. Müllen et al.
f22g have shown that in the case where the central benzene
of a hexaaryl-substituted system could be reduced to the
hexaanion, a twisted central benzene molecule was produced
in solution. Keeping furthermore in mind that the firstsco-
valentd discotic systems were prepared from benzene-hexa-
n-alkanoates in 1977f23g, we therefore selected mellitic
acid/benzenehexacarboxylic acidsBHCd as tecton for this
study. This tecton has the possibility to form a complex with
six surfactant molecules, and can the covalent bonds between
benzene ring and alkyl chains of the original discotic mate-
rial now be replaced with ionic interactions. Didodecyldim-
ethylammonium bromidesC12Dd was used as surfactant for
the main part of this study, since previous studies have
shown that the alkyl volume presented by double-tailed sur-
factants is large enough to induce liquid crystallinityf24g.

II. EXPERIMENT

The complex BHC-sC12Dd6 was prepared by 1:1 charge
ratio mixing of two aqueous solutions of each component
s1 mg/mld. The precipitated complex was then washed sev-
eral times with water to remove residual salt. The structure
of the complex is presented in Fig. 2.

Photomicrographs were taken using a ZEISS Axioplane 2
microscope with strain-free objectives and a ZEISS Axio-

Cam camera. The phase behavior of the complex was inves-
tigated by differential scanning calorimetersDSCd. All DSC
measurements were performed on a Netzsch DSC 200. The
samples were examined at a scanning rate of 10 K min−1 by
applying several heating and cooling cycles.

Small-angle x-ray scattering measurements were carried
out with a Nonius rotating anodesU=40 kV,I =100 mA,l
=0.154 nmd using image plates. With the image plates
placed at a distance of 40 cm from the sample, a scattering
vector range of q=0.07–1.5 nm−1 was available. Two-
dimensionals2Dd diffraction patterns were transformed into
1D radial averages.

Wide-angle x-ray scatteringsWAXSd measurements were
performed using a Nonius PDS120 powder diffractometer in
transmission geometry. A FR590 generator was used as the
source of Cu-Ka radiation. Monochromatization of the pri-
mary beam was achieved by means of a curved Ge crystal.
Scattered radiation was measured using a Nonius CPS120
position-sensitive detector. The resolution of this detector in
2u is 0.018°. The WAXS experiments in symmetric and
asymmetric reflection were carried out on a Bruker D8 in-
strument with Cu-Ka radiation, using Goebel mirrors and
scintillation counter as detector. In this setup the sample is
fixed horizontally and the x-ray tube and detector moved.

Information about optical anisotropy in aligned samples
was obtained applying a transmission null ellipsometryf25g.
Using this technique one can exactly estimate only in-plane
snx−nydd and out-of-planesnx−nzdd retardation in the film.
Measuring separately thickness of the filmssampled and one
refractive indexsnx or nyd of oriented film we were able to
find principal refractive indices of a film.

The thickness of an investigated film was determined by
measuring a scratch profile with AFMs“SMENA” Scanning
Probe Microscope, NT-MDT, Russiad. The thickness of a cell
was determined by measuring and modeling interference vis-
ible spectrum of the sample in parts without materialsair
gapd. The visible spectra were measured with a Lambda 2
UV-Visible spectrometersPerkin Elmerd.

The refractive index measurements were done with Carl
Zeiss Abbe-refractometer. The UV polarized spectra were
measured with a Lambda 19 UV-Visible spectrometersPer-
kin Elmerd equipped with Glan-Thompson polarizer, driven
by computer-controlled stepper motors. A special custom-
built sample holder was used to tilt the sample.

The IR spectra were measured with Mattson PS-10000
FTIR spectrometer. Polarized spectra were measured by
placing KRS-5 wire grid polarizersSpecac, Englandd in the
incident light path in the sample chamber. A special custom-
built sample holder was used to tilt the sample.

III. RESULTS AND DISCUSSION

A. Phase characterization

The BHC-sC12Dd6 complex material shows fan-shaped
textures under crossed polarizers when pressed between two
glass slides at room temperaturefsee Fig. 3sadg. More rare in
some parts of the sample, the complex shows Schlieren and
marbled texturessprobably due to some alignment effects

FIG. 2. Chemical structure of the BHC-sC12Dd6 complex.
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from the preparation procedured. From the observed textures
we already can make some cautious prediction that the com-
plex exists in a smectic, most probablyA, phasef26g. On
heating to temperatures higher than 50 °C all the textures
disappear. On the following cooling and heating cycles the
sample appears isotropic when observed under crossed po-
larizers. As will be shown below, this was rather due to ho-
meotropic alignment of the material than the absence of an-
isotropy. The effect of alignment will be considered in the
next section. When the complex is heated to temperatures
higher then 140 °C it starts to produce fine gas bubbles. This
is not a result of decomposition, since thermogravimetric
analysis measurements revealed decomposition temperature
of the complex of approximately 170 °C. This is attributed to
evaporation of water trapped in the complex, and does not
affect the alignment of the material in any wayseven after
annealing at 150 °Cd.

The DSC investigations showed several transition peaks
fsee Fig. 3sbdg. All peaks are attributed to transitions of the
surfactant alkyl chainssC12Dd. Similar transitions were ob-
served for the noncomplexed surfactant. The most prominent
peaks in the range of 20 to −20 °C corresponds to crystalli-
zation of the surfactant alkyl chains. Below this temperature

range the complex is crystalline. Detailed descriptions of all
transitions will be given below in the part dealing with the
temperature-dependent IR spectroscopy investigations.

Temperature-dependent x-ray scattering measurements
were performed on annealed complex material in order to
identify the LC phases present. WAXS diffractograms mea-
sured at 25 °C showed a broad peak around 2u=20° similar
to that shown by nematic and smectic-A mesophasesf27g.
This peak is attributed to a noncrystalline arrangement of the
surfactant alkyl chains with an average interchain distance of
0.44 nm. The small-angle x-ray scatteringsSAXSd diffracto-
gram recorded at this temperaturesFig. 4d indicated the pres-
ence of long-range order on the nanometer scale. The three
equidistant reflections correspond to a lamellar structure with
a repeat distanced0=3.22 nm. The small set of reflections
noticed at higher scattering vectorsss=0.765, 0.8, and
0.84 nm−1d are probably due to some low correlation/internal
order originating from the in-plane packing of the BHC mol-
ecules. According to generally accepted notationf28g
the present phase is labeled as bilayer smectic-A phase
sSm-A2d.

From the SAXS diffractogram measured at 120 °C
ssee Fig. 4d no specific phase assignment can be made. How-
ever, it shows that the material still possesses some order on
the nanometer scale. Additional proof of the proposed pack-
ing of the different fragments within the complexsat differ-
ent temperaturesd will be presented in the following sections.

B. Alignment properties

As was briefly mentioned in the previous section, the
complex shows strong tendency to orient between two glass
or quartz slides. Aligned samples were prepared by pressing
the complex between two slides at 100 °C with subsequent
slow cooling to room temperature. Glass powder spacers
s1–90 µmd were used to control the thickness of the films.
Thin films were prepared by casting of the solution of the
complex in chloroforms50 mg/mld and keeping it at room
temperature under quiescent conditions to ensure very slow

FIG. 3. sad The fan-shaped texture of the BHC-sC12Dd6 complex
at 25 °C as observed in polarized microscopescrossed polarizers,
bar: 100µmd. sbd DSC curves of the complex: second cooling circle
sdashed curved and third heating circlessolid curved.

FIG. 4. SAXS diffractogramssin transmission moded of the
complex recorded at 25 °Cssolid curved and at 120 °Csdashed
curved.
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evaporation of the chloroform. The films were then heated to
100 °C for 30 min with subsequent cooling. It was found that
neither the chemical natureshydrophilic or hydrophobicd nor
the presencesor absenced of a secondstopd glass slide had
any influence on the quality of the alignment.

1. Transmission null-ellipsometry

To unambiguously determine and characterize the exis-
tence of a homeotropically oriented optical axis we made use
of transmission null ellipsometry. Figure 5sad shows the ex-
perimentally obtained and modeled dependence of change of
angle of polarizationw after the quarter wave plate on the tilt
a of the samplef25g. From this dependence one can deter-
mine the out-of-plane retardationDnd in the film, which was
found to be negative. Measuring and modeling the interfer-
ence visible spectrum of the sample in parts without material
sair gapd we were able to determine the thickness of the
sample between slides. The thickness of thin filmssno top
slided was determined by measuring the scratch profile with
AFM. The dependence of the retardation on the thicknesssin
different samplesd is shown in Fig. 5sbd. The dependence is
linear, with small deviations found for large thicknesses

caused by the appearance of defectssas were also observed
by polarized microscopyd. The found linear dependence of
retardation on the thickness of the sample indicates that the
complex is uniformly aligned throughout the samplessee
also belowd.

From the slope of the curve in Fig. 5sbd we determined
the difference between refractive indexesDn=−0.02. The or-
dinary refractive index of the film of aligned complex was
measured with an Abbe refractometersutilizing s-polarized
light of a He-Ne laserd and found to beno=1.490. The ex-
traordinary refractive index was calculated to bene=1.470.
These values were determined forl=632.8 nm.

2. SAXS in reflection mode

SAXS was performed in symmetric and asymmetric re-
flection on an aligned samplesthin film on a Si waferd, to
investigate both the mesostructure and the orientation with
respect to the substrate. It is seenfFig. 6sadg that the sample
produces a series of distincts001d interferences that are at-
tributable to a layered mesostructure with a long period of
d0=3.15 nm. This is in very good agreement with the results
from SAXS experiments using a transmission setupsde-
scribed aboved. Furthermore, compared to the nonaligned

FIG. 5. sad Experimentalshd and theoreticals—d dependences
of change of the angle of polarization after quarter wave plate on tilt
anglea of the sample;sbd dependence of the retardation on thick-
ness of aligned samples.

FIG. 6. sad Measuredssd and modeleds—d small-angle x-ray
reflectivity on aligned sample of the complex at 25 °C;sbd x-ray
measurement in asymmetric reflection on thes001d reflection.
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bulk sample, the interferences are significantly sharper, and
even a fourth order peak is observed.

The appearance of several higher order interferences al-
lowed for quantitative analysis in terms of a modelf29g of
two alternating types of layers of different electron densities
r1 andr2, thicknessesd1 andd2, and their variancess1 and
s2, taking into account the preferred orientationssee belowd,
a finite instrumental resolution and the absorption correction.
If the finite width of the boundaries cannot be neglected,
a suitable approach is given by the functionHz

2ssd
=exps−2pdz

2s2d f30g, wheredz is the thickness of the inter-
face boundary. The final expression to fit the data isJssd
=kAssdbIssdHz

2ssd+ IBc f29g, where k is a scaling constant,
Assd is the absorption correction,Issd is the ideal scattering
from a lamellar two-phase system, andIB the background
scattering from 3D density fluctuations.

This basic model was considered appropriate for several
reasons. First, the electron densities of the surfactant tails
and the charged units are substantially different and can be
estimated to be constant in the respective domain. Second,
and more importantly, this model only needs a minimum
number of parameters, which are physically meaningful.
More detailed models cannot be expected to provide more
structure information since the model used here already leads
to an excellent fitting of the data. The experimental data
could be excellently fitted over almost the whole range of
scattering vectorss. We obtain d1=1.41 nm and d2
=1.74 nmss1=0.03 nm,s2=0.04 nmd, thus suggesting that
the two layers are quite uniform in thickness, as indicated by
the small values forsi. The model provides an estimate for
the transition region between these two layers, which is cal-
culated to be approximatelydz=0.2−0.3 nm. In addition, the
average height of the domains of the layer structure is esti-
mated to be at least 100 nm. An exact value cannot be deter-
mined because of the finite resolution of the instrument used.
In conclusion, from the SAXS modeling it can be inferred
that a well-defined and extended layer structure, oriented
parallel to the substrate, is present with a low degree of struc-
tural inhomogeneity.

In addition, SAXS experiments were carried out in
“asymmetric reflection” mode. By this techniquessee Ref.
f29gd, the degree of orientation with respect to the substrate
can be determined. In essence, a fixed value of 2u is chosen
shere the first Bragg interferenced and the x-ray tube and
detector are movedsby the anglefd around this position,
thus providing the degree of preferred orientation of the layer
structurefFig. 6sbdg. It is observed that the experimental pro-
file can be fitted to a Lorentzian profile with an integral
width of only 0.8°. First, the observation of a maximum in
asymmetric reflection proves the presence of an orientation
with respect to the substrate. Second, the small value itself
indicates a high degree of orientation, for instance compared
to the order parameterS of liquid crystals. The formal appli-
cation of the order parameter conceptS=0.5k3 cos2u−1l,
taking into account the experimentally determined orienta-
tion distributionfFig. 6sbdg, leads to an averaged value ofS
close to 1. In summary, the SAXS experiments in symmetric
and asymmetric reflection prove the existence of a highly
ordered and oriented layer structuref31g.

In order to further verify the data obtained from the stack-
ing model, calculations of the molecular dimensions of the
molecules were performed using known lengths of the ap-
propriate covalent bondsf32g and van der Waals radii of
elementsf33g. Schematic representation of BHC and C12D
molecules with their molecular dimensions are shown in Fig.
7. For the BHC molecule we calculated the diameterD
=0.98 nm and heighth=0.72 nm. The value of the angleb
=31° sthe tilt of the carboxylate group with respect to the
normal to the BHC molecule planed used for calculations
was obtained from the results of the temperature-dependent
IR spectroscopy presented below. The surfactant molecule
C12D was divided into two parts:sid the dimethylammonium
headgroupsl1=0.38 nmd and sii d the stretched alkyl chains
sl2=1.68 nmd.

According to the x-ray model, one layer has a thickness of
1.41 nm. This would correspond very closely to the com-
bined thickness of the benzene and headgroup sections,d1
=h+2l1=1.48 nm. Full interdigitation of the alkyl layers
would then fit very well with the thickness of the second
layer obtained from the stacked model, withd2= l2
=1.68 nm. The valued0=d1+d2=3.16 nm obtained for thed
spacing from these basic calculations of the molecular di-
mensions is very close to that obtained from the stacked
model and experimentally obtained x-ray data.

C. Ordering within the complex

To investigate the ordering of the different molecular
fragments within an aligned sample we used the following
techniques: angular-dependent polarized UV spectroscopy
and angular-dependent polarized IR spectroscopy. In the fol-
lowing sections we present the results from each method.
Each method gives additional useful information about the
molecular packing within the layers.

1. Angular-dependent polarized UV spectroscopy

The samples for this measurement were aligned between
two quartz substrates by the method described above. The

FIG. 7. Calculated molecular dimensions of the lamellar repeat
unit.
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thickness of the sample was 2µm and controlled with glass
powder spacers. As can be seen from Fig. 8, the absorbance
of the complex is characterized by two maxima in the UV
range. The maxima at 290 and 240 nm correspond to the
S1sp−p* d and S2sp−p* d transitions, respectively, of the
anionic BHC molecule. The dipole moments of these transi-
tions are parallel to the double bonds and lie in the plane of
the benzene ringf34g.

The polarized components of absorbancess andpd at dif-
ferent anglesa of incidence were measuredssee Fig. 8d. As
a reference the same quartz substrate, as used for the prepa-
ration of the sample, positioned at the same incidence angle,
was used. By using this substrate as reference the effect of
reflectance of light at the air-quartz interface of the substrates
could be removed. The reflectance at the interfaces between
substrates and aligned complex can be neglectedsas seen
from the absorbance staying close to zero in the nonabsorb-
ing part of the spectrumd. There should be some reflection at
these interfaces in the range of the absorbance bands, but to
get qualitative results it can be neglected.

In the inset graph in Fig. 8 the dependence of normalized
absorbance at 260 nm on the tilta of the sample is shown as
an example. The absorbance ofs-polarized component in-
creases as expected because of an increase of the optical path
on the tilt of the sample. In the case of isotropic absorbance,
the s and p components should increase simultaneously.
However, the absorbance of thep-polarized component de-
creases dramatically. This is a result of the decrease of ab-
sorbance in the out-of-plane direction of the aligned sample.
This result shows that the dipole moments of theS1sp
−p* d and S2sp−p* d transitions of the anionic BHC mol-
ecule sand therefore also the planes of benzene ringsd are
aligned parallel to the substrate. Due to the dispersion of the
refractive index, the negative anisotropy of the refractive in-
dex in the visible range is caused by anisotropic absorbance
in the UV range. These results would therefore also fit with
the proposed modelsfrom the x-ray investigationsd of the
phase morphology of the complex.

To get information about the quality of ordering of the
benzene ringssi.e., the order parameterd, we calculated the
change of absorbance on the tilt of the sample. These calcu-
lations do not consider all effects, with the main simplifica-
tion being an isotropic distribution of the refractive index,
but do provide qualitative resultsswhen considering the an-
isotropy of the refractive index in these calculations, the cal-
culated order parameter would have a slightly smaller valued.
Therefore in the case of an isotropic distribution of the re-
fractive index the components of absorbance will be de-
scribed by the formulasf35g

ASsbd = AX
dsbd
ds0d

, s1ad

APsbd = fAY + sAZ − AYdsin2 bg
dsbd
ds0d

, s1bd

wheredsbd /ds0d=1/cosb considers changes of optical path
on tilt of the sample;b is the angle between the electric field
vector and the sample plane and is equal to the angle of
refraction of the beam described by Snell’s law: sina
=n sinb. AX and AY are components of absorbance in the
plane of the sample.AZ is the absorbance normal to the
sample.

From the change in thes-polarized component of absor-
bance we determined the ordinary refractive index of the
sample and used it for calculation of thep component of
absorbance. These calculations were performed for changes
of absorbance in the range 240–290 nm with steps of 10 nm.
For all wavelengths the final results are similar. As an ex-
ample the modeled curves at 260 nm are shown in the insert
graph in Fig. 8. On the basis of these calculations the di-
chroic ratioD=AZ/AX=0.12±0.01 and corresponding spec-
troscopic order parameter of benzene ringsstransition di-
polesd S8=sD−1d / sD+2d=−0.42±0.01 were obtained. The
negative value of the order parameter indicates that the di-
pole moments of the electronic transitions in the UV range
are preferentially oriented perpendicular to the director. The
director is determined, similarly to discotic LCs, as the pref-
erential orientation of the normals to the benzene ring planes.
There is a simple correlation between the order parameter of
normals to the disc planes and order parameter of dipoles
that are in the plane of the discs. The order parameter of
normals isS=0.5k3 cos2u−1l. The corresponding order pa-
rameter of the transition dipoles, which are perpendicular to
the normals isS8=0.5k3 cos2s90°−ud−1l. The order param-
eter of the normals can be obtained from the order parameter
of the transition dipoles:S=0.5−S8=0.92±0.01. From this
value we can conclude with certainty that the benzene rings
are highly ordered.

2. Angular-dependent polarized IR spectroscopy

IR vibrational spectroscopy is a powerful tool for investi-
gation of the ordering of liquid-crystalline systems. It was
successfully applied to study the ordering of discotic LCs.
The same proceduresas for UV spectroscopyd was applied
for the IR spectral range. T. S. Perovaet al. describe this
method in detail in a recent review articlef35g. The main

FIG. 8. Changes in polarized UV absorption spectra on tilt of
the aligned sample:sad Spectrum of aligned sample at normal inci-
dence;sbd spectrum ofs polarization of aligned sample at tilt angle
a=60°; scd spectrum ofp polarization of aligned sample at tilt
anglea=60°. Inset graph: Measuredshd and modeleds—d changes
of absorbance ofs- andp-polarization components at 260 nm on tilt
anglea of the sample.
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difference between the IR and UV measurements is that the
absorbance in the IR range is one to two orders of magnitude
lower than in the UV range. The anisotropic dispersion
of refractive index can therefore be reasonably neglected in
the modeling, giving more accurate values of the order
parameter.

To get information about the orientation of the different
fragments in an aligned sample of the complex we prepared
samples between two CaF2 slides in exactly the same way as
was done for the UV spectrassee aboved. The measurements
were performed at 25 °C.

The sample thickness was determined to be 2.7µm. This
sample was also investigated with transmission null ellip-
sometry, and a negative homeotropically oriented optical axis
with the same parameters as between two glass slides was
found. Changes in the IR absorbance spectra ofs- and
p-polarized components on tilt of the sample are shown in
Fig. 9. All bands that appear in the spectra are summarized in
Table I and identifiedf36–38g. The band at 721 cm−1 is not
presented in these measurementssdue to the absorbance of
the CaF2 slides below 1000 cm−1d, but will be discussed in

the section on temperature-dependent IR spectroscopy.
The first group of major importance corresponds to

transitions of the CH2 groups s1466, 2852, 2922d. These
transitions have an anisotropic distribution with a preference
in the plane of the sample, as can be seen from relative value
of change of thes and p absorbance components on tilt of
the sample. According to the procedure described for the
UV measurements we estimated the spectroscopic
order parameter for each transition to beS8s1466d
=−0.20±0.02,S8s2852d=−0.25±0.02, and S8s2922d
=−0.25±0.02. Due to overlap with other vibrations at
1466 cm−1, the resulting value of the order parameter at this
frequency is lowerssee Fig. 9d, and we will therefore not
consider it in our analyses. Taking into account that transi-
tion moments corresponding to these vibrations lie in the
plane of the CH2 group, and that this plane is perpendicular
to the alkyl chains, we can conclude that the alkyl chains are
aligned perpendicular to the substrates with an order param-
eterS=0.5−S8=0.75±0.02.

The second group of vibration frequencies of major im-
portance originates from transitions of the CO2

− group
s1323, 1409, 1584, 1597, from the benzenehexacarboxylic
acid tectond. Since the BHC molecule is completely symmet-
ric no absorption bands corresponding to vibrations of the
C=C is found. The ordering of the BHC molecules can be
investigated from the CO2

− vibrations only.
One should expect the presence of carboxylic acid dimers

due to strong hydrogen bonding. Carboxylic acid dimers dis-
play very broad and intense O-H stretching absorption in the
region of 3300−2500 cm−1 f36g. As can be seen from Fig. 9
this band is practically absent in the IR spectrum of the com-
plex. Instead the presence of bands corresponding to the car-
boxylate anion CO2

− is observed. This is an additional proof
of the formation of an one-to-one charge ratio complex.

The transition moments of the scissorings1323d and sym-
metrical stretchings1409d vibrations of the carboxylate anion
are in the plane of the benzene ring. Similar to UV measure-
ments, a decrease of thep component of absorption is found
for this band. The calculated spectroscopic order parameters
for these transitions areS8s1323d=−0.34±0.02 and
S8s1409d=−0.34±0.02. Again determining the director per-
pendicular to the plane of BHC molecules we can easily
calculate the order parameter of the normalsS=0.5−S8
=0.84±0.02. These results are in reasonable agreement with
estimations of the order parameter from angular-dependent
polarized UV spectroscopy measurements. The value of the
order parameter calculated from IR spectra is more realistic
because, as was mentioned above, the assumption of an iso-
tropic distribution of refractive index does not give quantita-
tive results in the UV range.

The band at 1584 cm−1 corresponds to the asymmetrical
stretching of the CO2

− group. The transition moment can be,
on average, at any angle to the plane of the benzene ring.
This tilt may add a nonpredictable influence to the changes
of absorbance of this band during tilting of the sample. In
addition, this band overlaps with another bands1597 cm−1d
for the p component of absorbance on tilt of the sample, and
therefore no estimation of the order parameter from changes
of this band were made. The band at 1597 cm−1 is assigned

FIG. 9. Changes in polarized IR absorption spectra on tilt of
aligned sample:sad Spectrum ofs polarization of aligned sample at
tilt angle a=50°; sbd spectrum ofp polarization of aligned sample
at tilt anglea=50°.

TABLE I. Assignment of vibrations found in IR spectra.

n scm−1d Vibration Tecton

721 CH2 srd C12D

1260 CH2 st ,vd C12D

1323 CO2
− sdsd BHC

1375 CH3 sdsd C12D

1409 CO2
− snsd BHC

1466 CH2 sdsd C12D

1485 CH3 sdasd C12D

1584 CO2
− snasd BHC

1597 CO2
− snasd BHC

1690 H2O sdsd water

2852 CH2 snsd C12D

2872 CH3 snsd C12D

2922 CH2 snasd C12D

2954 CH3 snasd C12D

3030 H2O snsd water

3370 H2O snasd water
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to the antisymmetricsout-of-phased mechanically coupled
asymmetric stretching vibration of CO2

− group f37g. The
transition moment of this vibration is perpendicular to the
plane of the BHC moleculesthat is, the plane of the benzene
ringd and is not observed at normal incidence. This peak
appears only on the tilt of the sample for thep component of
absorbance. These changes are clearly seen in Fig. 9.

Based on all the above observations and results we can
present the liquid-crystalline phase of the BHC-sC12Dd6

complex with details of the ordering of the different molecu-
lar fragments. At room temperature the complex exhibits a
layered liquid-crystalline phasesSm-A2d. Each layer consists
of a negatively charged sublayer of BHC molecules sand-
wiched between two sublayers of the C12D surfactants, com-
pensating the negative charges. Within the negatively
charged sublayer the BHC molecules are aligned with the
plane of the moleculessplanes of benzene ringsd parallel to
the surface with an order parameter ofS=0.84±0.02. Within
the sublayer of the C12D surfactant the alkyl tails are aligned
perpendicular to the BHC layer with an order parameter of
S=0.75±0.02. Considering that each “molecule” of the com-
plex consists of a BHC6− anion and six C12D+ cationic sur-
factants, on average three cationic surfactants can be found
on each side of the anion. This aggregate can be considered
as a “mesogen”, and exhibits very similar molecular packing
as recently found for other hexa-anionic ISA materialsf39g.

D. Ordering within the complex at different temperatures

To obtain further information about the temperature de-
pendence of the order within these complexes we performed
temperature-dependent IR spectroscopy measurements. The
theoretical background of this methodsNeff’s methodd is
given in Ref.f35g. To show how the method can be applied
to our particular system we give some conclusions from its
theory. The LC sample is assumed to be aligned with the
director normal to the substrates. The dichroic ratio for an
unpolarized beam is defined as follows:

R= IF/I I , s2d

where IF is the integrated absorbance of the band in LC
phase, andI I is the integrated absorbance in the isotropic
phase. Because of broadening of the bands on heating of the
sample the integrated absorbance should be used instead of
peak intensity. In general, the transition dipole moment of a
vibration can be at angleb to the symmetry axis of molecule.
The average direction of the symmetry axes of all molecules
defines the director of the liquid-crystalline phase. For two
particular cases of the orientation of the transition dipole
moments, the order parameter can be calculated from the
change of dichroic ratio:

S= 1 −R sfor b = 0°d, s3ad

S= 2sR− 1dsfor b = 90°d. s3bd

Aligned samples for these measurements were prepared be-
tween two ZnSe slides. The samples were tested with trans-
mission null ellipsometry to show a negative homeotropi-
cally oriented optical axis with the same parameters as

between two glass slides. Spectra in the range
2500–4000 cm−1 were measured on thin samplesthickness
of 2.4 µmd. Spectra in the range 650–2500 cm−1 were mea-
sured on thicker samplessthickness 7.5µm, to ensure high
enough absorbance for reproducible resultsd. Temperature
control of the samples was achieved within ±0.1 °C. The
heating and cooling rate was 0.1° C/min. Spectra were col-
lected in the temperature range −45–130 °C in 5 °C steps.
Temperature-dependent changes of the IR spectrasat two
temperaturesd are presented in Fig. 10. One further band, the
rocking vibration of the CH2 group near 721 cm−1, was also
usedssee Table Id.

All spectra were smoothed, and baseline corrections
made.PEAKFIT software was used to find the peak position,
to fit peaks to the sum of the Lorentzian and Gaussian func-
tions, and to calculate the integrated areas under the peaks.
The integrated intensities of some peaks were used to calcu-
late the dichroic ratio and corresponding order parameter of
the alkyl chains and benzene rings. In these calculations we
encountered a problem in that we could not be sure that all
the fragments of the complex were in an isotropic state at
high temperaturessee also the Fig. 4, SAXS diffractogram
recorded at 120 °Cd. To overcome this problem and to find
the integrated absorbance in the isotropic phase we per-
formed the reverse calculations. From angular-dependent po-
larized IR spectroscopy we obtained order parameters at
25 °C. We used these values to determine the dichroic ratio
from Eq. s3ad or Eq. s3bd, and then using Eq.s2d we were
able to obtain the integrated absorbance in the isotropic
phase for an appropriate band. The obtained values we used
for further calculations of temperature-dependent order pa-
rameters of appropriate fragments.

The calculated order parameter of alkyl chains from ab-
sorbance changes of the asymmetrical and symmetrical
stretching vibrations of the CH2 group is presented in Fig.
11sad. The alkyl chains are still ordered at high temperatures,
as can be seen from the order parameter which reaches a
plateaus0.4d and does not show any tendency to decrease
with increasing temperature. At low temperatures the alkyl
chains crystallize and we may expect the order parameter in
the range of or very close to 1. However, the order parameter
is only about 0.89±0.03, clearly indicating that crystalliza-
tion is restricted. These restrictions are probably due to the
influence of the ionic interactions in the complex and the

FIG. 10. Changes in IR absorption spectra of aligned sample of
the complex at different temperatures:sad 120 °C; sbd −40 °C.
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restrictions they impose on the organization and packingsas
compared to pure covalent materialsd of the long alkyl tails.
The changes in order parameter are strongly correlated to the
crystallizationspackingd process. This can be seen from tem-
perature changes of the normalized integrated absorbance of
the in-plane CH2 bending srockingd vibration sFig. 12d,
which acts as indicator of the crystallizationspackingd be-
havior of the alkyl chains. Here we should also note that the
transition marked with1 in DSC curvesfFig. 3sbdg is attrib-
uted to crystallization of alkyl chains.

The frequency shifts for the CH2 asymmetrical and sym-
metrical stretching vibrations are presented in Fig. 11sbd. An
abrupt change in frequency is found in the heating cycle at
10 °C, with an hysteresis of 20 °C in the cooling cycle.
Abrupt changes in frequency and hysteresis was also ob-
served for scissoring vibration of CH2 group. These changes
are attributed to changes in the packing of the alkyl chains
with the onset of crystallization processes/events. A similar
hysteresis is observed in DCS curvesfFig. 3sbdg for transi-
tion peaks marked with2.

Changes in the integrated absorbance of the out-of-plane
CH2 bendingst ,vd vibration are connected to the “melting”
process of alkyl tailsssee Fig. 12d. The peaks marked with3
on DSC curvesfFig. 3sbdg are attributed to the melting of
alkyl chains and correspond to the observed change. One
should expect the transition to the isotropic phase to be con-
nected with the onset of melting of the alkyl chains. How-
ever, the order parameter of the alkyl chains remains con-
stant s0.4d, which may indicate that the chains are held in
their positions by the ionic interactions found within the
complex.

The calculated order parameter of the BHC molecules
from absorbance changes of symmetrical and asymmetrical
stretching vibrations of CO2

− group is presented in Fig.
13sad. The order parameter calculated from symmetrical vi-
bration represents the real ordering of the benzene rings be-
cause the transition dipole of the symmetrical vibration lies
in the plane of the benzene ringsi.e., it forms an angleb
=90° with the normal of the benzene ring planed. As was
already mentioned, the transition dipole of the asymmetrical
vibration may form a certain angleb with the normal of the
benzene ring plane. The order parameter is calculated from
an assumption that this angleb=0° fsee Fig. 13sadg. The
lower values of the order parameter are caused by this angle.
If the transition dipole forms an angleb with the axis of the
molecule, the order parameter should be calculated from the
formula f40g.

S=
SO

1 −
3

2
sinkbl

, s4d

whereSO is the order parameter calculated with the assump-
tion thatb=0°, andS is the real order parameter. We there-
fore have values of the order parameter and we can calculate
the average anglekbl of deviation of the transition dipole of
the asymmetrical vibration from the normal of the benzene
ring plane. This angle is also the angle between the plane of

FIG. 11. sad Calculated changes of temperature dependent order
parameter of alkyl chains from absorbance changes of asymmetrical
and symmetrical stretching vibrations of CH2 group;sbd appropriate
frequency shift for these vibrations on cooling-heating circlesleft
axes:nas; right axes:nsd.

FIG. 12. Temperature changes of normalized integrated absor-
bance of out-of-plane bendingst ,vd and in-plane bendingsrd vi-
brations of CH2 group.
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CO2
− group and the normal of benzene ring planessee

Fig. 7d. Calculations of this angle in the temperature range
−45–−10 °C give the valuekbl=35±1°, and in the tempera-
ture range 10–60 °Ckbl=35±1°. Hysteresis is found at in-
termediate temperatures, as is also observed in DCS curves
fFig. 3sbdg, exists for transition peaks marked with2. Calcu-
lations at elevated temperatures were not possible because of
uncertainties caused by values of the order parameter being
close to zero.

Hysteresis in the order parameter can be attributed to the
influence of crystallizationspackingd processes of the alkyl
chains, which, in turn changes the position of the cationic
groups. The proof that changes in the positions of the cations
influence the packing of benzene rings can be seen from the
frequency shift of the symmetrical and asymmetrical stretch-
ing vibrations of the CO2

− group shown in Fig. 13sbd. The
transition dipole of the symmetrical vibration should not de-
pend on the influence of the cationic layers if it is oriented in
the plane of benzene ring. However, the transition dipole of
the asymmetrical vibration is out of this plane at an angle

90°−kbl and is suppressed by two layers of cations. In ad-
dition the hysteresis in the order of the benzene rings appear
in the same temperature range as where the repacking pro-
cess of alkyl chains take placescompare Figs. 12 and 13d.
We should also indicate an additional small hysteresis in the
frequency of the asymmetrical vibration of the CO2

− group
fsee Fig. 13sbdg in the −10–10 °C temperature range, which
is connected to the re-crystallization of alkyl chainsfpeak2
in Fig. 3sbdg. Finally, we note an increase of the anglekbl
when the alkyl chains are in a crystalline state, indicating
very strong immobilization of the BHC molecules within the
layered structure. The ordering of the benzene tectons is
strongly influenced by the packing of the alkyl chains, which
are in turn strongly influenced by the presences of thesneu-
tralizedd charges. All these processes are interconnected.

An additional remarkable feature of these ISA materials is
that, with a decrease in temperature, the complex crystallizes
from an aligned LC phase into a single crystal domain.
Practically all known low molecular LCs crystallize in
multidomain structure because of thermal fluctuations. In the
ISA complex the ionic interactions dominates and suppresses
these fluctuations, resulting in very large monodomain
structures.

E. Other complexes

We also investigated the formation of complexes with
surfactants of different length and number of alkyl tails,
that is, similar double-tailed ammonium surfactants
sC10D, C14D, C16D sn=m=10, 14, 16, respectively; see Fig.
2d and the single-tail surfactant C16S sn=16, m=1; see Fig.
2d. All these complexes show alignment behavior similar to
the investigated BHC-sC12Dd6 complex. On heating they
show a strong tendency to align uniformly between two glass
slides. Null ellipsometry supplemented with thickness and
refractive index measurements revealed negative homeotro-
pically oriented axes with Dn=−0.020±0.003 at l
=362.8 nm. From this result we can predict the existence of
similar layered liquid-crystalline phases in all of these com-
plexes. Additional proof that these complexes possess similar
phases is the similar optical textures observed under cross
polarizers.

Similar transition peaks, which were observed for the
BHC-sC12Dd6 complex, were also observed for all other
complexes in their DSC curves. The shift of the
phase-transition temperatures on change of the length and
structure of the surfactants is shown in Fig. 14. An increase
in the phase-transition temperatures with an increase of the
length of alkyl chains is clearly observed. From this depen-
dence we can conclude that there is an opportunity, for ex-
ample, to obtain a single-crystal aligned sample at room tem-
perature just by increase of the length of the alkyl tails of the
surfactant.

IV. CONCLUSIONS

We have investigated the influence of ionic interactions
on the formation of LC phases in ISA complexes using the
simple BHC-sC12Dd6 complex as model system. This com-

FIG. 13. sad Calculated changes of temperature dependent order
parameter of alkyl from absorbance changes of asymmetrical and
symmetrical stretching vibrations of CO2

− group;sbd and appropri-
ate frequency shift for these vibrations on cooling-heating circle
sleft axes:nas; right axes:nsd.
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plex exhibits a bilayer smectic Sm-A2 liquid-crystalline
phase. Within the first layer the BHC molecules are ordered
with their planes parallel to the layers. Within the second
layer, alkyl chains are ordered perpendicular to the layers.
This is in stark contrast to the usual phase behavior found for
any benzene-based discotic materials, which usually form
columnar phases.

The complex aligns spontaneously, with the alignment
properties not depending on the nature or treatment of the
slides. The aligned complex possesses a negative homeotro-
pically oriented optical axissDn=−0.02 at room tempera-
tured, with layers aligned parallel to the slide surface.

Temperature-dependent IR spectroscopy measurements
on the aligned complex revealed that the complex crystallize
from the aligned LC phase into a single crystal domain on
cooling below −10 °C. This is a remarkable feature of the
ionic interactions in ISA complexes, where dominating ionic
interactions suppress fluctuations appearing during the crys-
tallization process. Practically all known low molecular
weight LCs crystallize in multidomain structures because of
these fluctuations. The presence of the ionic interactions also
suppresses the transition to an isotropic phase. This would
therefore also indicate that all other interactions, except the
ionic interactions between the tectonic groups and hydropho-
bic interactions between the alkyl tails, can be largely
neglected.

Besides the importance of such simple complexes in the
basic investigations of the influence of ionic interactions on
the formation of ISA complexes, these complexes may also
find industrial applications. The first application of such
complexes could be as negative compensation film for im-
provement of viewing angle of liquid-crystal displays
f41,42g. Cheap in synthesis, easy in alignment, and broad
retardation range depending on the film thicknesss10–600
nmd are remarkable advantages of these materials. Since the
SAXS diffractogram of this material shows a series of well-
defined, sharp interferences, films prepared from the com-
plexes could therefore also be envisaged as possible candi-
date for low-cost x-ray monochromators.
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