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Highly ordered monodomain ionic self-assembled liquid-crystalline materials
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Liquid-crystalline properties of the ionic self assembled complex benzenehexacarboxylic-
(didodecyltrimethylammoniumg[ BHC-(C,,D)e] were investigated by polarizing microscopy, differential scan-
ning calorimetry(DSC), x-ray analysis, null ellipsometry, UV and IR spectroscopy. The complex exhibits a
bilayer smectic Sn, 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 fiegative
=-0.02 homeotropically oriented optical axis, with layers aligned parallel to the surface. X-ray analysis of the
aligned sample revealed a lamellar structure withspacing of 3.15 nm, consisting of sublayers of thicknesses
d;=1.41 andd,=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 pai@sneters
calculated from the IR investigationare 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 introducing specifi¢noncovalentinteractions between mol-
. ] _ ecules. For example, metal-containing LCs, also known as
The generatlon of low molecular WE|ght thel’motl’oplc meta|0mesogen§10_la' combine the physica| properties
liquid-crystalline(LC) phases is highly dependent on the useexhibited by LCs with the variety and range of metal-based
of anisotropic molecular structures. This concept is already:oordination chemistry due to the presence of one or more
firmly established in literatur¢l]. The classical way to metals. Geometries and functions not easily found in organic
achieve this is to use elongatédd- and lathlik¢ molecules.  chemistry can result from the coordinated metal species.
This type of molecules forms nematic and smectic LCCharge-transfef13] and hydrogen-bonding interactions are
phases. Some other nematic and most columnar phases dether examples of specific interactions between molecules
often made of disklike moleculd®]. The clear dependence that influence and even induce the formation of LC phases.
of the mesomorphic properties on the geometrical shape dfvestigations into hydrogen-bonded systems were stimu-
the molecules and on the combination of repulsive and attated since it is a key interaction in chemical and biological
tractive interactions of the van der Waals type has allowegrocesses in nature. A wide variety of structures of molecular
the derivation of satisfactory models for describing LC sys-liquid-crystalline complexes have been prepared through in-
tems theoretically3]. In compounds containing strongly po- termolecular hydrogen bond$4,15.
lar groups(e.g., -CN, —NQ) the interaction of permanent  One interaction strategy that has largely been neglected
and induced electrical dipoles plays a remarkable role irfor the construction of mesogens is that of ionic interactions.
phase formatiorf4]. The reduced symmetry of molecules, The formation of supramolecular complexes using ionic in-
that imparts form chirality, leads to a variety of interestingteractions, or so-called ionic self-assemljlA), was re-
phases that are manifested in the formation of helical ordereently shown to be a viable route for the production of self-
ing of the constituent mesogefts]. organizing nanostructured materiqlss]. The basic concept
Further modifications and complications of the shape ofbf the ISA strategy is shown in Fig. 1. Here the surfactant
the molecules lead to a variety of different LC phases; to thisails act as internal solvent, similar to the covalently attached
class belong nonconventional LC materials: laterally substitails in classical LC materials. It could be disputed that ions
tuted and swallow-tailed liquid crystal[$,7]; hybrid mol-
ecules with a long rodlike rigid core ending with two half-
disk moieties[8]; liquid-crystalline dimers and oligomers o
[9]. Interesting properties and functions can be obtained by A + ﬁ —_—
CRGANIZATION
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-9 0 - Cam camera. The phase behavior of the complex was inves-
CH tigated by differential scanning calorimet@SC). All DSC
Q 0 +6 \;I'/ " 2n+l measurements were performed on a Netzsch DSC 200. The
- - / N\ n=m=12 samples were examined at a scanning rate of 10 Khiig
o o CH, applying several heating and cooling cycles.

Small-angle x-ray scattering measurements were carried
out with a Nonius rotating anod@J=40 kV,|=100 mA\

FIG. 2. Chemical structure of the BH(;,D)s complex. =0.154 nm using image plates. With the image plates
placed at a distance of 40 cm from the sample, a scattering

. _ _ 5 ro !
are responsible for the formation of lyotropic phases of surYector range ofg=0.07-1.5 nm was available. Two-
factants and chromonic materials, and that the same is fourf§jMensional(2D) diffraction patterns were transformed into
in the ISA case. However, in the case of the ISA process théD radial averages. ,
ions are used in the binding interaction within supramolecu- Wide-angle x-ray scatteringVAXS) measurements were

lar self-assembly and replaces, for example, hydrogen bondBerformed using a Nonius PDS120 powder diffractometer in
Liquid crystallinity was observed and reported for the firstransmission geometry. A FR590 generator was used as the
time for perylene-based ISA complexgs]. The complexes ~SOUrce of CuK, rad|e_1t|on. Monochromatization of the pri-
show Schlieren-like textures and form columnar mesophase3&"y beam was achieved by means of a curved Ge crystal.
In a proof-of-principle studyi.e., to show the potential for Scattered radiation was measured using a Nonius CPS120
applications, different methods were tested to align of one position-sensitive detector. The resolution of this detector in
of these LC complexefl8]. It was found that the materials 2¢ i 0.018°. The WAXS experiments in symmetric and

properties have a large influence on the processability, an@Symmetric reflection were carried out on a Bruker D8 in-
therefore the alignment, of such materials. strument with Cu-K radiation, using Goebel mirrors and

In order to investigate the influence of the ionic interac_scintillatipn counter as detector. In this setup the sample is
fixed horizontally and the x-ray tube and detector moved.

tions on the formation of the LC phases, we start with & . g ) . -
rather simple molecule with maximum symmetry. Benzene Information about optical anisotropy in aligned samples

derivates have attracted some attention over the last fely@S obtained applying a transmission null ellipsom¢2g).
years as mesogens for the formation of a variety of columnal’Sing this technique one can exactly estimate only in-plane
phases. Nuckollst al. have investigated the use of crowded ("x~y)d and out-of-plangn,—n,)d retardation in the film.
hexasubstituted benzefmore specifically alternatingly sub- Measuring separately thickness of the filsample and one
stituted with alkoxy and amide groups the formation of ~ refractive index(n, or ny) of oriented film we were able to
columnar structures in a series of papgt8—21. They in-  find principal refractive indices of a film. _
troduced the possibility for hydrogen bonding through the ~The thickness of an investigated film was determined by
presence of amide groups, which provided further stabiliza&asuring a scratch profile with AFMSMENA” Scanning

tion (in conjunction with -7 interactiong. Miillen et al. ~ Probe Microscope, NT-MDT, Russialhe thickness of a cell
[22] have shown that in the case where the central benzer¥as determined by measuring and modeling interference vis-
of a hexaaryl-substituted system could be reduced to th®e spectrum of the sample in parts without matefiir
hexaanion, a twisted central benzene molecule was produc&@p- The visible spectra were measured with a Lambda 2
in solution. Keeping furthermore in mind that the fitsp- ~ UV-Visible spectromete(Perkin Elmey. _

valenp discotic systems were prepared from benzene-hexa- _The refractive index measurements were done with Carl
n-alkanoates in 197723], we therefore selected mellitic Z€iSS Abbe-refractometer. The UV polarized spectra were
acid/benzenehexacarboxylic aciBHC) as tecton for this Measured with a Lambda 19 UV-Visible spectrometeer-
study. This tecton has the possibility to form a complex withKin EImen equipped with Glan-Thompson polarizer, driven
six surfactant molecules, and can the covalent bonds betwedly computer-controlled stepper motors. A special custom-
benzene ring and alkyl chains of the original discotic matePuilt sample holder was used to tilt the sample.

rial now be replaced with ionic interactions. Didodecyldim- __The IR spectra were measured with Mattson PS-10000
ethylammonium bromidéC,,D) was used as surfactant for FTIR spectrometer. Polarized spectra were measured by

the main part of this study, since previous studies hav®'@cing KRS-5 wire grid polarizetSpecac, Englandn the

shown that the alkyl volume presented by double-tailed surln¢ident light path in the sample chamber. A special custom-

factants is large enough to induce liquid crystalliriga]. built sample holder was used to tilt the sample.

Il. EXPERIMENT
Ill. RESULTS AND DISCUSSION

The complex BHCC;,D)s was prepared by 1:1 charge
ratio mixing of two aqueous solutions of each component
(1 mg/m). The precipitated complex was then washed sev- The BHC{C,,D)s complex material shows fan-shaped
eral times with water to remove residual salt. The structurdextures under crossed polarizers when pressed between two
of the complex is presented in Fig. 2. glass slides at room temperatiisee Fig. 8)]. More rare in

Photomicrographs were taken using a ZEISS Axioplane Zome parts of the sample, the complex shows Schlieren and
microscope with strain-free objectives and a ZEISS Axio-marbled texturegprobably due to some alignment effects

A. Phase characterization
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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.

s Temperature-dependent x-ray scattering measurements

08 TN memem were performed on annealed complex material in order to
- T R identify the LC phases present. WAXS diffractograms mea-

. . sured at 25 °C showed a broad peak aroufid 20° similar

1.6 B to that shown by nematic and smecficmesophasef27].
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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 scatteritf8AXS) diffracto-

FIG. 3. (a) The fan-shaped texture of the BHC,,D)s complex  gram recorded at this temperatufég. 4) indicated the pres-
at 25 °C as observed in polarized microscdpeossed polarizers, ence of long-range order on the nanometer scale. The three
bar: 100um). (b) DSC curves of the complex: second cooling circle gqyigistant reflections correspond to a lamellar structure with
(dashed curveand third heating circlésolid curve. a repeat distancd,=3.22 nm. The small set of reflections

noticed at higher scattering vectofs=0.765, 0.8, and

from the preparation procedyré-rom the observed textures 0.84 nm?) are probably due to some low correlation/internal
we already can make some cautious prediction that the conwrder originating from the in-plane packing of the BHC mol-
plex exists in a smectic, most probably phase[26]. On  ecules. According to generally accepted notatifi28]
heating to temperatures higher than 50 °C all the texturethe present phase is labeled as bilayer smectighase
disappear. On the following cooling and heating cycles thgSm-A,).
sample appears isotropic when observed under crossed po- From the SAXS diffractogram measured at 120 °C
larizers. As will be shown below, this was rather due to ho-(see Fig. 4 no specific phase assignment can be made. How-
meotropic alignment of the material than the absence of arever, it shows that the material still possesses some order on
isotropy. The effect of alignment will be considered in the the nanometer scale. Additional proof of the proposed pack-
next section. When the complex is heated to temperaturgag of the different fragments within the compléat differ-
higher then 140 °C it starts to produce fine gas bubbles. Thient temperaturésill be presented in the following sections.
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 As was briefly mentioned in the previous section, the
affect the alignment of the material in any wésven after complex shows strong tendency to orient between two glass
annealing at 150 °C or quartz slides. Aligned samples were prepared by pressing

The DSC investigations showed several transition peakthe complex between two slides at 100 °C with subsequent
[see Fig. 8)]. All peaks are attributed to transitions of the slow cooling to room temperature. Glass powder spacers
surfactant alkyl chain$éC;,D). Similar transitions were ob- (1-90um) were used to control the thickness of the films.
served for the noncomplexed surfactant. The most prominerhin films were prepared by casting of the solution of the
peaks in the range of 20 to —20 °C corresponds to crystallicomplex in chloroform(50 mg/m) and keeping it at room
zation of the surfactant alkyl chains. Below this temperaturéemperature under quiescent conditions to ensure very slow

B. Alignment properties
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FIG. 5 E . e d th . d d reflectivity on aligned sample of the complex at 25 @) x-ray
- 5. (@) Experimental( ), an theoretical—) dependences . measurement in asymmetric reflection on (Be1) reflection.
of change of the angle of polarization after quarter wave plate on tilt

angle a of the sample{b) dependence of the retardation on thick-
ness of aligned samples. caused by the appearance of defdets were also observed

by polarized microscopy The found linear dependence of

evaporation of the chloroform. The films were then heated toretardatlon on the thickness of the sample indicates that the

100 °C for 30 min with subsequent cooling. It was found thatgfsnc:ptl)iro\l; uniformly aligned throughout the sampee
neither the chemical natufdydrophilic or hydrophobicnor )

X From the slope of the curve in Fig(lH we determined
the presencéor absenc)eqf a seconc{top) glass slide had the difference between refractive indext@s=-0.02. The or-
any influence on the quality of the alignment.

dinary refractive index of the film of aligned complex was
1. Transmission null-ellipsometry measured with an Abbe refractometeitilizing s-polarized
light of a He-Ne lasérand found to ben,=1.490. The ex-

To unambiguously determine and characterize the exis- di fractive ind lculated t 1.470
tence of a homeotropically oriented optical axis we made us aordinary refractive index was calcuiated 1o = 1.470.
hese values were determined for632.8 nm.

of transmission null ellipsometry. Figuréed shows the ex-
perimentally obtained and modeled dependence of change of

angle of polarizatiorp after the quarter wave plate on the tilt 2. SAXS in reflection mode
a of the samplg25]. From this dependence one can deter-
mine the out-of-plane retardatidknd in the film, which was SAXS was performed in symmetric and asymmetric re-

found to be negative. Measuring and modeling the interferflection on an aligned samplghin film on a Si wafe}, to
ence visible spectrum of the sample in parts without materiainvestigate both the mesostructure and the orientation with
(air gap we were able to determine the thickness of therespect to the substrate. It is sdéiig. 6a)] that the sample
sample between slides. The thickness of thin filme top  produces a series of distin@@01) interferences that are at-
slide) was determined by measuring the scratch profile withiributable to a layered mesostructure with a long period of
AFM. The dependence of the retardation on the thickifiess dy=3.15 nm. This is in very good agreement with the results
different samplesis shown in Fig. ). The dependence is from SAXS experiments using a transmission setdp-
linear, with small deviations found for large thicknessesscribed above Furthermore, compared to the nonaligned
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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 mo¢i29] of
two alternating types of layers of different electron densities
p1 andp,, thicknessesl; andd,, and their variances; and
o, taking into account the preferred orientaticee below,

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 functiddZ(s)
:exq—2wd§§) [30], whered, is the thickness of the inter-
face boundary. The final expression to fit the datal(®
=kA9)I(s)HZ(s)+1g] [29], wherek is a scaling constant,
A(s) is the absorption correctiom(s) is the ideal scattering
from a lamellar two-phase system, ahglthe background
scattering from 3D density fluctuations.

This basic model was considered appropriate for several
reasons. First, the electron densities of the surfactant tails FIG. 7. Calculated molecular dimensions of the lamellar repeat
and the charged units are substantially different and can benit.
estimated to be constant in the respective domain. Second,
and more importantly, this model only needs a minimum |n order to further verify the data obtained from the stack-
number of parameters, which are physically meaningfuling model, calculations of the molecular dimensions of the
More detailed models cannot be expected to provide morenolecules were performed using known lengths of the ap-
structure information since the model used here already leaqsyopriate covalent bondg32] and van der Waals radii of
to an excellent fitting of the data. The experimental dataelementg33]. Schematic representation of BHC ang,
could be excellently fitted over almost the whole range ofmolecules with their molecular dimensions are shown in Fig.
scattering vectorss. We obtain d;=1.41nm andd, 7. For the BHC molecule we calculated the diameler
=1.74 nnfo;=0.03 nmp,=0.04 nm), thus suggesting that =0.98 nm and height=0.72 nm. The value of the ange
the two layers are quite uniform in thickness, as indicated by=31° (the tilt of the carboxylate group with respect to the
the small values for;. The model provides an estimate for normal to the BHC molecule plahaised for calculations
the transition region between these two layers, which is calwas obtained from the results of the temperature-dependent
culated to be approximatety,=0.2—0.3 nm. In addition, the IR spectroscopy presented below. The surfactant molecule
average height of the domains of the layer structure is esti€,,D was divided into two partgi) the dimethylammonium
mated to be at least 100 nm. An exact value cannot be detelteadgroup(l;=0.38 nm and (ii) the stretched alkyl chains
mined because of the finite resolution of the instrument used),=1.68 nn).

In conclusion, from the SAXS modeling it can be inferred According to the x-ray model, one layer has a thickness of
that a well-defined and extended layer structure, oriented 41 nm. This would correspond very closely to the com-
parallel to the substrate, is present with a low degree of strutined thickness of the benzene and headgroup sectins,
tural inhomogeneity. =h+21,=1.48 nm. Full interdigitation of the alkyl layers

In addition, SAXS experiments were carried out inwould then fit very well with the thickness of the second
“‘asymmetric reflection” mode. By this techniqésee Ref. |ayer obtained from the stacked model, witt,=I,
[29)), the degree of orientation with respect to the substrate-1.68 nm. The valudy=d,;+d,=3.16 nm obtained for the
can be determined. In essence, a fixed valuefisZhosen  spacing from these basic calculations of the molecular di-
(here the first Bragg interferencand the x-ray tube and mensions is very close to that obtained from the stacked
detector are movedby the angleg) around this position, model and experimentally obtained x-ray data.
thus providing the degree of preferred orientation of the layer
structureg[Fig. 6(b)]. It is observed that the experimental pro- C. Ordering within the complex

file can be fitted to a Lorentzian profile with an integral ) ) ] )
width of only 0.8°. First, the observation of a maximum in 10 investigate the ordering of the different molecular

asymmetric reflection proves the presence of an orientatiofagments within an aligned sample we used the following
with respect to the substrate. Second, the small value itsefchniques: angular-dependent polarized UV spectroscopy
indicates a high degree of orientation, for instance compare@ind angular-dependent polarized IR spectroscopy. In the fol-
to the order paramete of liquid crystals. The formal appli- 0Wing sections we present the results from each method.
cation of the order parameter conce®pt0.53 cogd—-1), Each method gives additional useful information about the
taking into account the experimentally determined orientaMelecular packing within the layers.

tion distribution[Fig. 6(b)], leads to an averaged value $f
close to 1. In summary, the SAXS experiments in symmetric
and asymmetric reflection prove the existence of a highly The samples for this measurement were aligned between
ordered and oriented layer structl]. two quartz substrates by the method described above. The

1. Angular-dependent polarized UV spectroscopy
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To get information about the quality of ordering of the
benzene ringsi.e., the order parameferwe calculated the
s 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 resultsvhen considering the an-
isotropy of the refractive index in these calculations, the cal-
culated order parameter would have a slightly smaller yalue
- Therefore in the case of an isotropic distribution of the re-
20 3% 40 50 60 fractive index the components of absorbance will be de-
scribed by the formulag35]

Absorbance (arb.units)

d(B)

220 240 260 280 300 320 340 360 380 400 AS(B):AxW, (1a
Wavelength (nm) ( )

FIG. 8. Changes in polarized UV absorption spectra on tilt of i d(B)
the aligned samplga) Spectrum of aligned sample at normal inci- Ap(B) = [Ay + (Az= Ay)sir? 'BJTO)’ (1b)
dence;(b) spectrum ofs polarization of aligned sample at tilt angle
«=60°; (c) spectrum ofp polarization of aligned sample at tilt whered(8)/d(0)=1/cospB considers changes of optical path
anglea=60°. Inset graph: Measurél) and modeled—) changes  on tilt of the sample3 is the angle between the electric field
of absorbance of- andp-polarization components at 260 nm on tilt vector and the sample plane and is equal to the angle of
anglea of the sample. refraction of the beam described by Snell's law: &in
=nsinB. Ax and Ay are components of absorbance in the

powder spacers. As can be seen from Fig. 8, the absorbanBJeane of the sampleA; is the absorbance normal to the
of the complex is characterized by two maxima in the Uy S@mple. _ ,
range. The maxima at 290 and 240 nm correspond to the From the change in the-polarized component of absor-
Si(m—m*) and P(m-*) transitions, respectively, of the bance we determined the ordinary refractive index of the
anionic BHC molecule. The dipole moments of these transiS@mple and used it for calculation of tipecomponent of
tions are parallel to the double bonds and lie in the plane ofbsorbance. These calculations were performed for changes
the benzene rin§34]. of absorbance in the range 240-290 nm with steps of 10 nm.
The polarized components of absorbafeandp) at dif- For all wavelengths the final results are similar. As an ex-
ferent anglesy of incidence were measurédee Fig. § As  ample the modeled curves at 260 nm are shown in the insert
a reference the same quartz substrate, as used for the preggaph in Fig. 8. On the basis of these calculations the di-
ration of the sample, positioned at the same incidence anglehroic ratioD=A;/Ax=0.12+0.01 and corresponding spec-
was used. By using this substrate as reference the effect toscopic order parameter of benzene rigsnsition di-
reflectance of light at the air-quartz interface of the substratepoles S'=(D-1)/(D+2)=-0.42+0.01 were obtained. The
could be removed. The reflectance at the interfaces betwegfegative value of the order parameter indicates that the di-
substrates and aligned complex can be negle@sdseen pole moments of the electronic transitions in the UV range
from the absorbance staying close to zero in the nonabsorlye preferentially oriented perpendicular to the director. The
ing part of the spectrumThere should be some reflection at gjrector is determined, similarly to discotic LCs, as the pref-
these interfaces in the range of the absorbance bands, but &Qenial orientation of the normals to the benzene ring planes.

getl qltjr?“t.a“v? resulr':s_ |t|§:_an 8btehne dglectegi. . ize Nere is a simple correlation between the order parameter of
absr;rb:nlé]ge;t%rgg nrlw? orllgfhe tilt?)f tize:ariml::i(s) S?]%wnaa'ée ormals to the disc planes and order parameter of dipoles
P that are in the plane of the discs. The order parameter of

an example. The absorbance spolarized component in- e ~ ;
creases as expected because of an increase of the optical pgﬂ{mals isS=0.53 co$9-1). The corresponding order pa-

on the tilt of the sample. In the case of isotropic absorbancd@meter of the transition dipoles, which are perpendicular to
the s and p components should increase simultaneously.the normals isS'=0.53 cos(90°-¢) - 1). The order param-
However, the absorbance of tipepolarized component de- eter of the normals can be obtained from the order parameter
creases dramatically. This is a result of the decrease of al®f the transition dipolesS=0.5-§'=0.92+0.01. From this
sorbance in the out-of-plane direction of the aligned samplevalue we can conclude with certainty that the benzene rings
This result shows that the dipole moments of t8&7  are highly ordered.

—-a*) and S(7—7*) transitions of the anionic BHC mol-
ecule (and therefore also the planes of benzene jirage
aligned parallel to the substrate. Due to the dispersion of the IR vibrational spectroscopy is a powerful tool for investi-
refractive index, the negative anisotropy of the refractive in-gation of the ordering of liquid-crystalline systems. It was
dex in the visible range is caused by anisotropic absorbancsuccessfully applied to study the ordering of discotic LCs.
in the UV range. These results would therefore also fit withThe same procedur@s for UV spectroscopywas applied
the proposed moddffrom the x-ray investigationsof the  for the IR spectral range. T. S. Peroea al. describe this
phase morphology of the complex. method in detail in a recent review artic[85]. The main

thickness of the sample wasun and controlled with glass

2. Angular-dependent polarized IR spectroscopy
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— the section on temperature-dependent IR spectroscopy.
----(b) The first group of major importance corresponds to
transitions of the CH groups (1466, 2852, 2922 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 hb® (1466
=-0.20+£0.02,5'(2852=-0.25+0.02, and S'(2922

FIG. 9. Changes in polarized IR absorption spectra on tilt of=—0.25£0.02. Due to overlap with other vibrations at
aligned sampleta) Spectrum ofs polarization of aligned sample at 1466 cm?, the resulting value of the order parameter at this
tilt angle «=50°; (b) spectrum ofp polarization of aligned sample frequency is lowersee Fig. 9, and we will therefore not
at tilt angle «=50°. consider it in our analyses. Taking into account that transi-

tion moments corresponding to these vibrations lie in the
difference between the IR and UV measurements is that thplane of the CH group, and that this plane is perpendicular
absorbance in the IR range is one to two orders of magnitud the alkyl chains, we can conclude that the alkyl chains are
lower than in the UV range. The anisotropic dispersionaligned perpendicular to the substrates with an order param-
of refractive index can therefore be reasonably neglected ieter S=0.5-S'=0.75+0.02.
the modeling, giving more accurate values of the order The second group of vibration frequencies of major im-
parameter. portance originates from transitions of the £Ogroup

To get information about the orientation of the different (1323, 1409, 1584, 1597, from the benzenehexacarboxylic
fragments in an aligned sample of the complex we preparedcid tecton. Since the BHC molecule is completely symmet-
samples between two CaFBlides in exactly the same way as ric no absorption bands corresponding to vibrations of the
was done for the UV specti(aee above The measurements C=C is found. The ordering of the BHC molecules can be
were performed at 25 °C. investigated from the CO vibrations only.

The sample thickness was determined to beu?n7 This One should expect the presence of carboxylic acid dimers
sample was also investigated with transmission null ellip-due to strong hydrogen bonding. Carboxylic acid dimers dis-
sometry, and a negative homeotropically oriented optical axiplay very broad and intense O-H stretching absorption in the
with the same parameters as between two glass slides wasgion of 3300-2500 ci [36]. As can be seen from Fig. 9
found. Changes in the IR absorbance spectras-ofind this band is practically absent in the IR spectrum of the com-
p-polarized components on tilt of the sample are shown imlex. Instead the presence of bands corresponding to the car-
Fig. 9. All bands that appear in the spectra are summarized iboxylate anion CQ is observed. This is an additional proof
Table | and identified36—38. The band at 721 cmis not  of the formation of an one-to-one charge ratio complex.
presented in these measureme(aise to the absorbance of  The transition moments of the scissorifi$23 and sym-
the Cak slides below 1000 ci), but will be discussed in metrical stretching1409 vibrations of the carboxylate anion
are in the plane of the benzene ring. Similar to UV measure-

Absorbance (arb.units)

T T T
3600 3200 2800
Wave number (cm™)

TABLE I. Assignment of vibrations found in IR spectra. ments, a decrease of tipecomponent of absorption is found
. — for this band. The calculated spectroscopic order parameters
v (cm™) Vibration Tecton for these transitions areS(1323=-0.34+0.02 and

S'(1409=-0.34+£0.02. Again determining the director per-

1722610 C(f_?(ipi) gizg pendicular to the plane of BHC molecules we can easily
- calculate the order parameter of the norm&s0.5-S
1323 Cq (%9 BHC =0.8410.02. These results are in reasonable agreement with
1375 CH (&) CiD estimations of the order parameter from angular-dependent
1409 Cq (v BHC polarized UV spectroscopy measurements. The value of the
1466 CH (89 Cy,D order parameter calculated from IR spectra is more realistic
1485 CH (8,9 Ci,D because, as was mentioned above, the assumption of an iso-
1584 CQ™ (va9 BHC tropic distrib_ution of refractive index does not give quantita-
1597 CO™ (rad BHC tive results in the UV range. .
1690 O (&) water The_band at 1584 ch corresponds_ to the asymmetrical
stretching of the CQ group. The transition moment can be,
2852 CH (v) CiD on average, at any angle to the plane of the benzene ring.
2872 Ch (vy) CiD This tilt may add a nonpredictable influence to the changes
2922 Chb (va9) Ci2D of absorbance of this band during tilting of the sample. In
2954 CH (va9) Cyi.D addition, this band overlaps with another baii$97 cni?)
3030 HO (v water for the p component of absorbance on tilt of the sample, and
3370 HO (Va9 water therefore no estimation of the order parameter from changes

of this band were made. The band at 1597 tim assigned
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to the antisymmetriqout-of-phasg mechanically coupled ] o } 7
asymmetric stretching vibration of GO group [37]. The 7 i @
transition moment of this vibration is perpendicular to the £ 10+ } !
plane of the BHC moleculéhat is, the plane of the benzene 3 6] o2
ring) and is not observed at normal incidence. This peaks

appears only on the tilt of the sample for theomponent of £ 06+

C

absorbance. These changes are clearly seen in Fig. 9. % 0a] cobe i I
. » Bl 780 750 720 690 i
Based on all the above observations and results we caig
present the liquid-crystalline phase of the BHKIC:D)g 0.2+ A
complex with details of the ordering of the different molecu- ] . e
lar fragments. At room temperature the complex exhibits a 3500 3000 !
layered liquid-crystalline phadé&m-A,). Each layer consists Wave number (cm")

of a negatively charged sublayer of BHC molecules sand-
wiched between two sublayers of the,0 surfactants, com-
pensating the negative charges. Within the negativel
Chal’ged Sublayer the BHC molecules are aligned with th%etween two g|aSS slides. Spectra in the range
plane of the moleculegplanes of benzene ringparallel to  2500-4000 crm were measured on thin samplehickness
the surface with an order parameterS%0.84+0.02. Within  of 2.4 um). Spectra in the range 650-2500 ¢mvere mea-
the sublayer of the GD surfactant the alkyl tails are aligned sured on thicker sampleghickness 7.5um, to ensure high
perpendicular to the BHC layer with an order parameter ofenough absorbance for reproducible regulemperature
S=0.75+0.02. Considering that each “molecule” of the com-control of the samples was achieved within +0.1 °C. The
plex consists of a BHE anion and six &D* cationic sur-  heating and cooling rate was 0.1° C/min. Spectra were col-
factants, on average three cationic surfactants can be foungcted in the temperature range —45-130 °C in 5 °C steps.
on each side of the anion. This aggregate can be considerqémperature-dependent changes of the IR spdetrawo
as a “mesogen”, and exhibits very similar molecular packingemperaturgsare presented in Fig. 10. One further band, the
as recently found for other hexa-anionic ISA mater{&8]. rocking vibration of the Chigroup near 721 ci, was also
used(see Table)l
D. Ordering within the complex at different temperatures All spectra were smoothed, and baseline corrections

made.PEAKFIT software was used to find the peak position,

To obtain further information about the temperature de- fit ks 1o th fthe L t7i 4G ian f
pendence of the order within these complexes we performe'ifJ It peaks to the sum ot the Lorentzian and >aussian func-
ns, and to calculate the integrated areas under the peaks.

temperature-dependent IR spectroscopy measurements. TiIJJ , . =
e integrated intensities of some peaks were used to calcu-

theoretical background of this methdtlleff’s method is . : . .
given in Ref.[35]. To show how the method can be applied late the d|chr_0|c ratio and corre;pondmg order parameter of
to our particular system we give some conclusions from itsthe alkyl chains and ben;ene rings. In these calculations we
theory. The LC sample is assumed to be aligned with thgncountered a problem in that we CO_UId no_t be sure that all
director normal to the substrates. The dichroic ratio for a r:ghfrtae?nn;i?gstu?éégg g?sn(;ptlr?g I‘é‘ggre‘l'nsir;('ssﬁirf?ggt ()S;?;?nat
unpolarized beam is defined as follows: recorded at 120 °C To overcome this problem and to find
R=I¢/1,, (2) the integrated absorbance in the isotropic phase we per-
formed the reverse calculations. From angular-dependent po-

where | is the integrated absorbance of the band in L.Clarized IR spectroscopy we obtained order parameters at

phase, and, is the integrated absorbance in the isotropiC,c o~ \ve used these values to determine the dichroic ratio

phase. Because of broadening of the bands on heating of t m E ;
. X g.(3a or Eq. (3b), and then using Eq2) we were
sample the integrated absorbance should be used instead le to obtain the integrated absorbance in the isotropic

p_eak _intensity. In general, the transition d‘pF"e moment of aphase for an appropriate band. The obtained values we used
vibration can b? at ?‘”gléto the symmetry axis of molecule. ¢, ¢ rther calculations of temperature-dependent order pa-
The average direction of the symmetry axes of all m°|eC“|e§ameters of appropriate fragments

defines the director of the liquid-crystalline phase. For two The calculated order parameter of alkyl chains from ab-

particular cases of the orientation of the transition d'p°|esorbance changes of the asymmetrical and symmetrical

rr;}oments% (tjhehor.der parameter can be calculated from th§tretching vibrations of the CHgroup is presented in Fig.
change of dichroic ratio: 11(a). The alkyl chains are still ordered at high temperatures,

FIG. 10. Changes in IR absorption spectra of aligned sample of
)}he complex at different temperaturga) 120 °C;(b) —40 °C.

S=1-R (for =07, (39  as can be seen from the order parameter which reaches a
plateau(0.4) and does not show any tendency to decrease
S=2(R- 1)(for 8= 909 (3b) with increasing temperature. At low temperatures the alkyl

chains crystallize and we may expect the order parameter in
Aligned samples for these measurements were prepared bihe range of or very close to 1. However, the order parameter
tween two ZnSe slides. The samples were tested with transs only about 0.89+0.03, clearly indicating that crystalliza-
mission null ellipsometry to show a negative homeotropi-tion is restricted. These restrictions are probably due to the
cally oriented optical axis with the same parameters afluence of the ionic interactions in the complex and the
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FIG. 12. Temperature changes of normalized integrated absor-
bance of out-of-plane bending, ) and in-plane bendingp) vi-
brations of CH group.

Changes in the integrated absorbance of the out-of-plane
CH, bending(7, w) vibration are connected to the “melting”
process of alkyl tail§see Fig. 12 The peaks marked witB
on DSC curvegFig. 3b)] 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 (0.4), 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

FIG. 11. (a) Calculated changes of temperature dependent ordeffom apso"b_anc? changes of symmgtrical and asymmgtrical
parameter of alkyl chains from absorbance changes of asymmetricatretching vibrations of C9O group is presented in Fig.

and symmetrical stretching vibrations of €group;(b) appropriate
frequency shift for these vibrations on cooling-heating cirddt
axes:vyg right axes:vy).

restrictions they impose on the organization and packirsy
compared to pure covalent materjats the long alkyl tails.

The changes in order parameter are strongly correlated to t
crystallization(packing process. This can be seen from tem-
perature changes of the normalized integrated absorbance

the in-plane CH bending (rocking) vibration (Fig. 12,
which acts as indicator of the crystallizatigpacking be-

havior of the alkyl chains. Here we should also note that th

transition marked wittl in DSC curveqFig. 3(b)] is attrib-
uted to crystallization of alkyl chains.

The frequency shifts for the GHasymmetrical and sym-

metrical stretching vibrations are presented in FigbL1An

abrupt change in frequency is found in the heating cycle at

13(a). 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 rifge., it forms an angle3
=90° with the normal of the benzene ring planAs was
already mentioned, the transition dipole of the asymmetrical

q\;ébration may form a certain angje with the normal of the

enzene ring plane. The order parameter is calculated from
ap assumption that this angje=0° [see Fig. 1&)]. The
lower values of the order parameter are caused by this angle.
If the transition dipole forms an angJ@ with the axis of the

olecule, the order parameter should be calculated from the
ormula[40].

N ®

1—2$Mﬁy

10 °C, with an hysteresis of 20 °C in the cooling cycle.

Abrupt changes in frequency and hysteresis was also obwhere; is the order parameter calculated with the assump-
served for scissoring vibration of GHyroup. These changes tion that3=0°, andSis the real order parameter. We there-
are attributed to changes in the packing of the alkyl chaingore have values of the order parameter and we can calculate
with the onset of crystallization processes/events. A similathe average angg) of deviation of the transition dipole of
hysteresis is observed in DCS cunfésg. 3(b)] for transi-  the asymmetrical vibration from the normal of the benzene
tion peaks marked wit2. ring plane. This angle is also the angle between the plane of
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0 ToBg00680, 90°~B) and is suppressed by two layers of cations. In ad-
0.9 6\0’0\00 ~__ —0—CO," (v) dition the hysteresis in the order of the benzene rings appear
0.8 % %o0q —e—CO." (v ) in the same temperature range as where the repacking pro-
\OEO o 2 as cess of alkyl chains take pladeompare Figs. 12 and L3
@ 011 °°0\o°\ We should also indicate an additional small hysteresis in the
2 06- %Co frequency of the asymmetrical vibration of the C@roup
E o5l “:T..” \o\ \O [see Fig. 18)] in the —10-10 °C temperature range, which
5 000000008 . % ®s 00, is connected to the re-crystallization of alkyl chajpeak?2
= 041 ISCIRRAL PSR in Fig. 3(b)]. Finally, we note an increase of the ang|e)
g 0.3 '\.tt. Q when the alkyl chains are in a crystalline state, indicating
02 LI \3 very strong immobilization of the BHC molecules within the
’ Q\o layered structure. The ordering of the benzene tectons is
011 \O\\ strongly influenced by the packing of the alkyl chains, which
oo+ ﬁﬂm are in turn strongly influenced by the presences of(tre-
40 20 0 20 40 60 80 100 120 tralized charges. All these processes are interconnected.
(a) Temperature (°C) An additional remarkable feature of these ISA materials is
1590 that, with a decrease in temperature, the complex crystallizes
. 8“.-1416 from an aligned LC phase into a single crystal domain.
.3.00“ t Lt Practically all known low molecular LCs crystallize in
°000000 /.’ | multidomain structure because of thermal fluctuations. In the
—~ 1588 9069 F1412 ISA complex the ionic interactions dominates and suppresses
'g 9060 I £ these fluctuations, resulting in very large monodomain
g °°08J33./ = structures.
é /. oo, L1408 é
qc:: 15861 O ..,’ ./. o 5 i ;E: E. Other complexes
§ /‘./ o* /’/ '/ 68609'1404 r§ We also investigated the formation of complexes with
. J . _ s surfactants of different length and number of alkyl tails,
1564 | *0888808eg wee® 0T CO, ) that is, similar double-taled ammonium surfactants
ooe —e—CO,” (v,) 1400 (C1oD, CiD, CiD (n=m=10, 14, 16, respectively; see Fig.

2) and the single-tail surfactant;§S (n=16, m=1; see Fig.
i 2). All these complexes show alignment behavior similar to
(b) Temperature ("C) the investigated BHGC,,D)s complex. On heating they

show a strong tendency to align uniformly between two glass
FIG. 13. (a) Calculated changes of temperature dependent Orderlides. Null ellipsometry supplemented with thickness and

parameter of alkyl from absorbance changes of asymmetrical anﬁ fractive ind ¢ led tive h t
symmetrical stretching vibrations of GOgroup;(b) and appropti- refractive index measurements revealed negative homeotro-

ate frequency shift for these vibrations on cooling-heating circlep'caIIy oriented a),(es with An=—0.02910.003 .at A
(left axes: ¢ right axes:vy). :'352.8 nm. Frqm th|s result_we can predmt the existence of
similar layered liquid-crystalline phases in all of these com-
CO,” group and the normal of benzene ring plafee plexes. Additional proof that these complexes possess similar
Fig. 7). Calculations of this angle in the temperature rangephases is the similar optical textures observed under cross
-45—--10 °C give the valugB)=35+1°, and in the tempera- polarizers.
ture range 10-60 °@B)=35+1°. Hysteresis is found at in- Similar transition peaks, which were observed for the
termediate temperatures, as is also observed in DCS curv&1C-(C1;,D)s complex, were also observed for all other
[Fig. 3b)], exists for transition peaks marked w@hCalcu- complexes in their DSC curves. The shift of the
lations at elevated temperatures were not possible because@fase-transition temperatures on change of the length and
uncertainties caused by values of the order parameter beirfgructure of the surfactants is shown in Fig. 14. An increase
close to zero. in the phase-transition temperatures with an increase of the
Hysteresis in the order parameter can be attributed to thigngth of alkyl chains is clearly observed. From this depen-
influence of crystallizatior(packing processes of the alkyl dence we can conclude that there is an opportunity, for ex-
chains, which, in turn changes the position of the cationic@mple, to obtain a single-crystal aligned sample at room tem-
groups. The proof that changes in the positions of the cationgerature just by increase of the length of the alkyl tails of the
influence the packing of benzene rings can be seen from thgurfactant.
frequency shift of the symmetrical and asymmetrical stretch-
ing vibrations of the CQ group shown in Fig. 1®). The
transition dipole of the symmetrical vibration should not de-
pend on the influence of the cationic layers if it is oriented in ~ We have investigated the influence of ionic interactions
the plane of benzene ring. However, the transition dipole obn the formation of LC phases in ISA complexes using the
the asymmetrical vibration is out of this plane at an anglesimple BHC{C,,D)s complex as model system. This com-

L L L L L L L L
-40 20 0 20 40 60 80 100 120

IV. CONCLUSIONS
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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-

] [m]
201 S/V
v

40 4

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

FIG. 14. Phase transition shifts of the BHC based complexes 0Rnq industrial applications. The first application of such
change of the length and structure of the surfacta@@iscorre- ;o mhjexes could be as negative compensation film for im-
sponds to peak 3 in Fig(B); (b) _corresponds to p?akl n F'g@’ provement of viewing angle of liquid-crystal displays
(c),(d) correspond to hysteresis of peak 2 in Figb)3on cooling . - . .
and heating curves, respectively. [41,42. _Cheap in synthes_ls, easy in _allgnment, and broad

retardation range depending on the film thicknés3-600

nm) are remarkable advantages of these materials. Since the
plex exhibits a bilayer smectic S, liquid-crystalline  SAXS diffractogram of this material shows a series of well-
phase. Within the first layer the BHC molecules are orderedlefined, sharp interferences, films prepared from the com-
with their planes parallel to the layers. Within the secondplexes could therefore also be envisaged as possible candi-
layer, alkyl chains are ordered perpendicular to the layersdate for low-cost x-ray monochromators.
This is in stark contrast to the usual phase behavior found for
any benzene-based discotic materials, which usually form
columnar phases. We thank Carmen Remde for technical support and Pro-

The complex aligns spontaneously, with the alignmentfessor G. Puchkovskay@énstitute of Physics of NASU,
properties not depending on the nature or treatment of th&yiv, Ukraine) for fruitful discussions and help in the analy-
slides. The aligned complex possesses a negative homeotrges of the IR spectra. Dr. Ying Guan is thanked for providing
pically oriented optical axifAn=-0.02 at room tempera- the initial materials. The MPG and FHG are gratefully ac-
ture), with layers aligned parallel to the slide surface. knowledged for financial support.
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