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Liquid crystalline behaviour of hydrogen bonded complexes of a
non-mesogenic anil with p-n-alkoxybenzoic acids
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+NRC ‘Demokritos’, 15310 Aghia Paraskevi, Attiki, Greece
IInstitut de Physique et Chimie des Matériaux de Strasbourg, 23 rue de Loess,
BP 20CR, 67037 Strasbourg Cedex, France

(Received 25 May 1996, accepted 31 August 1996)

Phase diagrams of binary mixtures of the non-mesogenic N-(p-methoxy-o-hydroxybenzylid-
ene)-p-aminopyridine with a series of p-n-alkoxybenzoic acids ranging from methoxy to
hexadecyloxy were established using differential scanning calorimetry and polarising optical
microscopy. The key results obtained are: (1) the formation of 11 hydrogen bonded
complexes between the pyridine derivative and the alkoxybenzoic acids, (2) the stability of
the alkoxybenzoic acid mesophases over a wide range of compositions (up to slightly over
50mol % of the pyridine derivative), (3) the absence of additional mesophases corresponding
specifically to the 1°1 complexes, and (4) the complete miscibility of the acids with the
complexes in the mesomorphic state. With alkoxy chains from methoxy to heptyloxy, mixtures
produce only nematic phases; they produce both nematic and smectic phases with chains
from octyloxy to dodecyloxy, and only smectic phases with chains from tetradecyloxy to
hexadecyloxy. The formation of hydrogen bonded complexes was investigated at various
temperatures using FTIR spectroscopy. Molecular ordering was studied by X-ray diffraction
as a function of temperature and composition both for the crystalline and the mesomorphic

states.

1. Introduction

It is only recently that hydrogen bonding has started
to be extensively used in several laboratories as a tool
for the formation of monomeric and polymeric liquid
crystals. Many papers in the literature deal with the
formation of liquid crystals from aromatic acids, amphi-
philic carbohydrates, multihydroxy amphiphiles and
bola-amphiphiles, as well as from mixtures of unlike
molecules interacting through intermolecular hydrogen
bonding. Most of the papers published up to early 1995
are summarized in two review papers, one treating
the subject in a general manner [ 1], the other focusing
specifically on the case of carbohydrates [2].
Examples of more recent papers are quoted in
references [ 3-13].

Mixtures of unlike hydrogen bonded molecules produ-
cing liquid crystals frequently involve donor molecules
derived from carboxylic acids and acceptor molecules
derived from pyridine, 4,4-bipyridine or stilbazole.
Inspection of the literature shows that such donor and
acceptor molecules are not always mesogenic by them-
selves. If neither of the two molecules is mesogenic, then
the formation of liquid crystals in binary mixtures can

*Authors for correspondence.

be attributed without ambiguity to hydrogen bonding,
especially when the thermal stability of the induced
mesophases goes through a maximum at a stoichiometric
composition. On the other hand, if at least one of the
two interacting molecules happens itself to be mesogenic,
then of course the réle of hydrogen bonding in the
formation of liquids crystals is questionable, particularly
when the hydrogen bonding is known not to be very
strong and when the thermal stability of the liquid
crystals presents no maximum as a function of
composition.

In a recent preliminary paper [14], equimolar mix-
tures of N-(p-methoxy-o-hydroxybenzylidene}p-amino-
pyridine (indicated in the following text as the anil),
used as an acceptor of hydrogen bonds, with several p-
n-alkoxybenzoic acids, used as donors were investigated.
They were found to produce smectic and nematic phases
at temperatures above the melting points of the compon-
ents. In the present paper, the anil/alkoxybenzoic acid
complexation is studied systematically as a function of
temperature and length of the alkyl chain of the alkoxyb-
enzoic acid molecules (from hexyloxy to hexadecyloxy),
and as a function of the composition of the binary
mixtures. The hydrogen bonding is also investigated
by FTIR spectroscopy, and the molecular ordering is
analysed using X-ray diffraction.

0267-8292/97 $12:00 © 1997 Taylor & Francis Ltd.
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2. Materials
The N-(p-methoxy-o-hydroxybenzylidene)}p-amino-
pyridine used in the present work:

e,
O—H

was synthesized as described previously [14]. The
hydrolysis of the azomethine bond, generally rather easy,
is slowed down here by the intramolecular hydrogen
bonding of the nitrogen atom with the o-hydroxy group
of the benzylidene ring. Incapable of producing liquid
crystals by itself, the anil passes on heating directly into
the isotropic liquid state, at ~121°C.

Binary mixtures of the anil with a series of p-n-
alkoxybenzoic acids (Aldrich):

CHg(CHp)y, 4 —o@ COOH

n=1,2,3,4,5,6,7,8,9,10,12,14,16

were prepared by simple mechanical stirring of the
components at a temperature above the melting points.
In the pure state, the p-n-alkoxybenzoic acids used
produce liquid crystals defined by the following poly-
morphic schemes [15, 16]:

Cr 184 (N 156)
Cr 196 (N 165)
Cr 145 (N 154)
)
)1

—

Cr 147 (N 160
Cr 124 (N 151
Cr 105 (N 153) 1
Cr 92 Sc 98 (N 146) 1
Cr 101 Sc 108 (N 147) 1
Cr 94 Sc 117 (N 143) 1

SR EEEEE
Il
O 00 1O\ LN A~ W~

n=10 Cr 97 Sc 122 (N 142) I
n=12 Cr 95 Sc 129 (N 137) I
n=14 Cr 97°5 Sc 139-51

n=16 Cr 85 Sc 13251

With the exception of the methoxy and ethoxy derivat-
ives, which exhibit only a monotropic nematic phase,
the members of the series show enantiotropic liquid
crystal phases over a wide range of temperatures: only
nematic phases occur for the alkoxybenzoic acids from
propoxy to hexyloxy, both smectic and nematic phases
for the acids from heptyloxy to dodecyloxy, and only
the smectic phase for the others.

3. Phase diagrams
The liquid crystal behaviour of the binary mixtures
was studied by differential scanning calorimetry (Perkin-
Elmer DSC7, heating/cooling rates of 5°C min 1) and

polarizing optical microscopy (Leitz Orthoplan micro-
scope equipped with a Mettler FP82 hot-stage).
Special emphasis was given to mixtures with the
pentyloxy- and dodecyloxy-benzoic acids. The DSC
thermograms were recorded upon heating and sub-
sequent cooling in the temperature range from 25 to
170°C. First order transitions, running through biphasic
regions of temperature and composition, were indicated
as usual by the presence of single, fairly symmetrical
peaks (T in figure 1, see also figure 2); the width of these
peaks increased with the width of the temperature range

E
A S
o)
a)
4
wl
T
40 80 120 160
T/°C
Figure 1. Differential scanning calorimetry curve of the

binary mixture of p-n-pentyloxybenzoic acid with
12-:5mol % of the anil, recorded upon first heating at a
rate of 5°Cmin ': E eutectic peak, S solidus peak, T
nematic to isotropic phase transition peak.

140

100

R P

Cr+Cr'

1 1 1 !

0 20 40 60 80 100
mol % of anil

Figure 2. Phase diagram of the binary mixture of p-n-pentyl-
oxybenzoic acid with the anil. Symbols I and N represent
the range of existence of the isotropic liquid and the
nematic phase; symbols Cr, Cr’ and Cr~ stand, respectively,
for the crystalline phases of pure p-n-pentyloxybenzoic
acid, of the equimolar stoichiometric compound and of
pure anil. Experimental points came from DSC measure-
ments, confirmed by optical observations. Dashed vertical
line corresponds to the DSC run shown in figure 1; letters
E, S, T are defined in figure 1; dotted hor1zonta1 line
represents the eutectic melting of N and Cr’".
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of the transition, that is, with the width of the biphasic
region of the transition at the composition considered.
On the other hand, eutectic transitions were indicated
by the presence (on heating) of two distinct, but con-
nected peaks: a sharp peak (E in figure 1) at the eutectic
temperature (independent of composition), revealing a
partial melting of the mixture (appearance of a ‘liquid’
having the eutectic composition, in coexistence with a
certain amount of one of the components still in a
crystalline state); and an asymmetrical peak (S in
figure 1) at the solidus temperature (dependent on com-
position), indicating the completion of the melting pro-
cess. Extending down to the eutectic temperature, the
left wing of the peak S reflects the progress of the melting
as a function of increasing temperature between the
eutectic and solidus temperatures. The separation of the
two peaks decreases and the height of the peak E grows
linearly as the binary mixture approaches the eutectic
composition. Such a behaviour makes it easier first to
establish the existence of a eutectic melting and secondly
to determine experimentally its coordinates in a phase
diagram.

The optical textures observed upon slow cooling from
the isotropic melt showed clearly the existence of two
distinct liquid crystal phases: focal conic and fine four-
brush schlieren textures indicated the presence of
smectic C phases, and large four- and two-brush
schlieren textures that of nematic phases. They also
showed that, in certain temperature and composition
intervals, either the two phases coexist, or else each of
them coexists in equilibrium with the isotropic melt or
a crystalline phase. Finally, in the case of phase separa-
tion, the optical textures allowed us to estimate, at least
qualitatively, the relative amounts of the two phases
present in the mixtures and hence the widths of the
biphasic regions in the phase diagrams.

These observations may be summarized in the phase
diagrams shown in figures 2 and 3, concerning the binary
mixtures of the anil with pentyloxy- and dodecyloxy-
benzoic acid. The diagrams were established from ther-
modynamic information obtained by considering the
continuous evolution of the DSC peaks with concentra-
tion and by analysing the textures observed. It is worth
noting that the biphasic regions involving two liquid
crystal phases or a liquid crystal phase coexisting with
the isotropic melt were not easy to define accurately.
This was probably due to the small enthalpy changes
involved for the corresponding phase transitions, to the
spreading of the DSC peaks, and also to the fuzziness
of the textures near the transition boundaries. By con-
trast, the precise delineation of the biphasic regions
between crystals and liquid crystals was straightforward.

Inspection of the above results gives rise to the follow-
ing comments. It is clear in the first place that no extra

liquid crystal phases appear in the mixtures with refer-
ence to those presented by the alkoxybenzoic acids taken
in the pure state. The extension of the existence range
of these latter phases as a function of composition is
rather important, slightly exceeding anil concentrations
of about 50 mol %; this shows that the anil incorporated
in the mixtures does not play a simple role of diluent,
but rather participates actively in the formation of the
liquid crystal structures. However, the absence of an
‘azeotropic’ maximum for the smectic and nematic mix-
tures suggests that the interactions between the
dimerized alkoxybenzoic acid and the hydrogen bonded
1°1 stoichiometric compound (the presence of such
species will be discussed in §4) are not particularly
stronger in the mesomorphic than they are in the iso-
tropic liquid state. On the contrary, the presence of a
melting maximum for the crystalline mixtures containing
50 mol % of anil proves without any possible doubt that
a well defined 1: 1 stoichiometric compound is formed,
resulting from the hydrogen bonding of one anil with
one alkoxybenzoic acid molecule:

o
3

CHg0 N @ OR
: N@N ————— H-0

OH

To generalize these observations, optical microscopy
experiments were carried out with equimolar (50 mol %)
mixtures of the anil with a series of alkoxybenzoic acids.
With acids from methoxy to heptyloxy, the mixtures
were found to exhibit only nematic phases; with acids
from octyloxy to dodecyloxy, they were found to exhibit
both nematic and smectic phases; and from tetradecyloxy
to hexadecyloxy, only smectic phases were observed.
DSC measurements fully confirmed these results. The
phase transition temperatures determined are shown in
figure 4. Quite clearly, the phases detected in the mix-
tures are exactly the same as those observed with the
corresponding pure alkoxybenzoic acids. The only
difference detected is that the nematic phases obtained
with the methoxy and ethoxy acids are no longer meta-
stable (monotropic), but instead are perfectly stable
(enantiotropic), probably due to the normal thermodyn-
amic depression of the melting temperatures of crystals
in the presence of additives, which, of course, disfavours
the crystal to the benefit of the underlying nematic phase.

4. Hydrogen bonding
To evaluate the importance of hydrogen bonding in
the formation of the liquid crystals investigated in the
present work, binary mixtures of the anil with alkoxyben-
zoic acids, mainly pentyloxy- and dodecyloxy-benzoic
acids, were studied systematically by infrared spectro-
scopy (Nicolet Magna 550 FTIR spectrometer, reso-
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140

Figure3. Phase diagram of the
binary mixture of p-n-dodecy- 120
loxybenzoic acid with the anil.
Symbols I, N and Sc represent
the range of existence of the
isotropic liquid, the nematic
and the smectic C phase; sym-
bols Cr, Cr' and Cr" stand,
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°
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respectively, for the crystalline
phases of pure p-n-dodecylox-
ybenzoic acid, of the equimolar
stoichiometric compound and 60 |
of the pure anil. Experimental
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points come from DSC meas- 0
urements, confirmed by optical
observations.
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Figure 4. Thermotropic poly- 100

morphic behaviour of equimo-
lar binary mixtures of the anil
with p-n-alkoxybenzoic acids as 80 -
a function of the number n of
carbon atoms in the alkoxy

chains. Symbols I, N, Sc¢, and
Cr stand for isotropic liquid, 0
nematic, smectic C, and crys-

tal phases.

lution of 4cm 1). Spectra were recorded at various
temperatures, ranging from ambient to about 150°C,
that is above the nematic to isotropic phase transition.

At room temperature, the infrared spectra of the
crystalline mixtures proved not to result from a weighted
superposition of the spectra of the pure components,
but instead presented distinct features and changes
depending on composition. On increasing the anil con-
centration of the mixtures, starting from pure acid, two
additional broad bands (at ~1935 and 2450cm ')
appear in the spectra, indicating strong hydrogen bond-
ing of the pyridine rings with the carboxyl groups of the
acids [17-20]. Their intensity passes through a max-
imum for concentrations of 50 mol % of anil, pointing
to the formation of a 1° 1 complex between the anil and
the benzoic acid. At _the same time, the two bands at
2665 and ~2560cm ' [20-22], along with the very
broad and strong OH band at ~3000cm ', all three of
which characterize the acid dimers, decrease in intensity

to vanish completely beyond 50 mol % of anil. Finally,
in the 1° 1 stoichiometric mixtures, the C—O stretching
band of the pure acid dimer at 1678 cm 'is replaced by
a doublet (at ~1685 and ~1695cm 1), suggesting the
formation of hydrogen bonds with a double minimum
energy potential [18,23]. Clearly, the alkoxybenzoic
acid present in the mixtures is engaged entirely in the
formation of a stoichiometric 1° 1 complex, in perfect
agreement with the phase diagrams established in § 3.
The infrared spectra of the stoichiometric 1° 1 com-
plexes remained totally unchanged upon heating up to
temperatures of about 140 and 100°C for the mixtures
with pentyloxy- and dodecyloxy-benzoic acid, respect-
ively. However, at higher temperatures several changes
were seen, suggesting a gradual dissociation of the
complexes with release of free alkoxybenzoic acid in a
strongly dimerized form. Indeed, the bands characteristic
of the stoichiometric 1° 1 compound started to widen
and to diminish in intensity, remaining nevertheless
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perfectly visible even at temperatures as high as 150°C,
well into the stability range of the isotropic melt. On
the other hand, the characteristic bands of the acid
dimers, along with a faint band at 1732cm ', character-
istic of the acid in a monomeric form, started to appear
in the spectra. Clearly, the hydrogen bonding of the
pyridine with the carboxyl groups, even though broken
to some extent, does persist in the isotropic liquid state,
the small amount of liberated acid being essentially in a
dimeric form. Note that the dissociation of the 1:1
complex starts at slightly lower temperatures with the
dodecyloxy (in the nematic state) than it does with the
pentyloxybenzoic acid complex (in the isotropic state).
It is of interest to add that the alkoxybenzoic acids in
the pure state are completely dimerized at room temper-
ature and start to dissociate into single molecules only
when heated to relatively high temperatures, essentially
in the isotropic state.

5. Molecular ordering

The structure of the mixtures was then investigated
by X-ray diffraction. Patterns of powder samples were
recorded either photographically or using a curved posi-
tion-sensitive detector (INEL-CPS 120) (Guinier focus-
ing cameras, bent quartz monochromator, Cu-Koy).
Patterns of magnetically oriented samples (submitted to
a magnetic field of 1-4 T during the X-ray experiment at
high temperature) were recorded photographically with
a home-made pinhole camera using Ni-filtered copper
radiation.

5.1. Crystalline state

At room temperature, the diffraction patterns recorded
with a variety of binary mixtures were all in perfect
agreement with the phase diagrams and infrared spectro-
scopy results quoted in §3 and 4. The patterns of the
pure anil (figure5(a)) give evidence of a three-
dimensional crystalline structure with a lamellar period
of 13-8A. The length of the rod-like anil molecules
(~13-8A as estimated by molecular modelling using
Biosym software) is identical to the lamellar spacing
measured experimentally; molecules in the crystal must
therefore be arranged in single layers and oriented
perpendicular to the layer planes.

The X-ray patterns of the pure alkoxybenzoic acids
(figure 5 (b)) contain a set of equidistant Bragg reflections
in the small-angle region, indicative of a lamellar struc-
ture, and a series of sharp reflections in the wide-angle
region, indicative of a three-dimensional crystalline pack-
ing of the molecules. In perfect agreement with results
reported in the literature by Blumstein and Patel [24],
the lamellar period is smaller than twice the molecular

(b)

Figure 5. Typical X-ray diffraction patterns at room temper-
ature of (a) pure anil, (b) pure p-n-dodecyloxybenzoic acid,
and (c) the equimolar mixture of anil with p-n-pentyloxyb-
enzoic acid. Patterns of the pure anil look granular
because of the unavoidable formation of large crystals
with this compound.

lengtht and grows linearly with the number 7 of carbon
atoms in the alkoxy group, according to the equation: d
(A)=8-54+1244n (estimated by a least-squares fit
method). From a simple comparison of the Y-intercept
of the corresponding straight line (i.e. 8:54 A, repres-
enting the thickness of the aromatic sub-layers in the
lamellar structure) with the length of the dimerized
aromatic cores of the molecules (17-4A)f, one may
immediately conclude that the aromatic cores, dimerized
by hydrogen bonding, are arranged in double layers and
tilted away from the layer normals by an angle of cos :
(8:54/17-4)=60-6 degrees. Similarly, by comparing the
slope of the d versus n straight line (1-244 A) with the
slope of 2La versus n (2-:54 A)t, one might conclude, as
suggested by Blumstein and Patel [24], that the fully
extended alkyl chains are arranged in exactly the same
way, that is, in double layers with a tilt of cos :
(1-244/2-54)=60-7 degrees. However, the two slopes
being in the ratio 1°2, one should be careful not to
discard a possibility that the alkyl chains are interdigit-
ated in a single layer pattern and oriented normal to
the layer planes. Actually, both structures have been
established experimentally by X-ray studies with single
crystals of alkoxybenzoic acids [25].

The diffraction patterns of the 1° 1 binary mixtures at
room temperature (figure 5(c)) are similar to, but not
identical with, those of the pure components taken

+The overall length of the alkoxybenzoic acid dimers in a
fully extended conformation may be approximated by molecu-
lar modelling (using Biosym software) as: 2L A (A)=17-4+2-54n,
where # is the number of carbon atoms in the alkoxy chains.
For n=0, the value of ;L5 (=17-4A) represents the length of
the aromatic core of the dimers.
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separately. They are characterized by different lamellar
spacings and different sequences of wide-angle
reflections. Quite clearly, in compliance with the phase
diagrams and the infrared spectroscopic data given
above, the mixtures form well defined stoichiometric
compounds having distinct lamellar structures and
specific structural parameters. With mixtures of inter-
mediate compositions, the patterns result from the
weighted superposition of the pattern of the stoichi-
ometric 1°1 compound either with that of the pure
alkoxybenzoic acid or with that of the pure anil,
depending upon whether the composition of the mixture
is in the range from 0 to 50, or from 50 to 100 mol %
of anil.

Figure 6 shows the variation of the lamellar period of
the crystalline 1° 1 stoichiometric complexes as a func-
tion of the number n of carbon atoms in the alkoxy
chains. In spite of a narrow dispersion of the data, this
period appears to grow linearly with the size of the
molecules, according to the equation: d(A)=
878 +0-934n (estimated by a least-squares fit method).
In such a situation, one is quite commonly tempted to
conclude that the members of the series of compounds
studied all have a similar structure, more precisely that
the tilt of the aromatic cores and the alkoxy chains with
respect to the layer normal are both kept unchanged.
Moreover, one is tempted to calculatef the respective
tilts of the aromatic cores and the alkoxy chains from a
comparison of the slopes and Y-intercepts of the two
straight lines describing the n-dependence of the lamellar
period and of the length of the molecules in a fully
extended conformation: 1Lc (A)=22-5+127n (estimated
by molecular modelling). In the present case, however,
such an approach is totally unfounded, for it leads to
values of the tilt angles that are incompatible with one

1 The lamellar spacing measured reflects the thickness of one
aromatic and one paraffin sublayer superposed: d=
darom+ dparaf- Thus d= €irom Larom €OS Parom T Eparaf Lparaf COS
@parar, where the Ls and ¢s represent the length and tilt of the
aromatic and paraffin moieties, respectively, and where the &s
are equal to 1 or 2, depending on whether the corresponding
moieties are arranged in mono- or bi-layers. When the ¢s are
maintained constant, d grows linearly with Lyarr, that is, with
the number # of carbon atoms in the extended paraffin chains.
By comparing the Y-intercept of d versus n, d(n=0)=878 A,
with the length of the aromatic core, (L. (n=0)=22-5A, one
may calculate at once cosParom=2878+22-5=039 and
€08 2Parom =878 +(2 X 22-5)=0-20, corresponding to the tilts
when the aromatic cores are arranged in mono- and bi-layers,
respectively. Likewise, by comparing the slope of d versus n,
i.e. 0:934, with the slope of 1L, versus n, i.e. 1:27, one easily
deduces oS 1Pparar=0934+1-27=0-74 and  cos2Pparar=
0-934+(2 X 1-27)=0-37, corresponding to the tilts when the
paraffin chains are arranged in mono- or bi-layers, respectively.

another§. The tilt of the aromatic cores and paraffin
chains varies therefore with the length of the molecules
considered. The simplest and most plausible way to
describe the crystal structure of the 1°1 complexes is
then to say that the molecules are fully elongated and
arranged in simple rather than double layers. They are
fully elongated in order to avoid the energy penalty that
would be caused by a bending of the molecules between
the stereochemically coupled aromatic cores and paraffin
chains. They are arranged in simple rather than in
double layers in order to avoid excessive tilt angles with
respect to the layer normals. At any rate, the structural
model proposed in this work, though quite reasonable,
remains still to be confirmed by a complete X-ray
crystallographic study of single crystals.

5.2. Mesomorphic state

At high temperature, the X-ray patterns recorded with
a wide variety of mixtures were again in perfect compli-
ance with the phase diagrams reported in §3, showing
the presence of smectic and nematic phases. On the one
hand, patterns of the smectic phases (figure 7 (@)) contain
a sharp Bragg reflection in the small-angle region, related
to the smectic layering; and a broad band in the wide-
angle region, related to the lateral liquid-like correlations
of the molecules within the layers and to the disordered
conformation of the alkoxy chains. On the other hand,
patterns of the nematic phases (figure 7 (b)), though
resembling in many respects the patterns of the smectic
phases, are devoid of sharp reflections, as expected from
the fact that long-range positional correlations between
the molecules do not exist; the broad peak that appears
in the small-angle region of the patterns, in place of the
sharp reflections of the smectic phases, is related to
the presence of ‘cybotactic groups’ [28], that is, to the
presence of smectic fluctuations.

The smectic periods deduced from the position of the
small-angle Bragg reflections turned out to be practically
independent of temperature. Such a behaviour is quite
natural since the smectic phases studied fall into the

§To convince oneself of this, it is useful to remember that
the aromatic cores of common calamitic mesogens and the
extended paraffin chains in the crystal happen to have cross-
sectional areas that are very close to one another
(UaromzdparafNZOAz [26, 27]). Thus, if arranged similarly,
that is, both in single or both in double layers, then the two
moieties must be tilted equally with respect to the layer
normals. Otherwise, those moieties that are arranged in double
layers must be tilted more than the others: »¢>¢. This is
simply because the junctions of the aromatic cores with
the paraffin chains cover necessarily the same area on both
sides of the interfaces between the aromatic and paraffin sub-
layers: S=0o/cos $=20/cos,¢. Obviously such is not the
case here, since cos 1$arom 7 COS 1Pparaf, COS 2Parom # COS 2Pparar,
Ccos 1¢ar0m #2X cos 2¢parafg and 2 X cos 2¢ar0m #cos 1¢paraf-
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Figure 6. Variation of the lamellar
period of the crystalline 11
stoichiometric complexes of
anil with alkoxybenzoic acids
as a function of the number of
carbon atoms in the alkoxy
chains:  d(A)=8-78+0-934n.
Dashed line represents the n-
dependence of the length of the 0 |

complex molecules in a fully 5
extended conformation: 1Lc
(A)=22-5+127n.
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Figure 7. Typical X-ray diffraction patterns of liquid crystal-
line binary mixtures of p-n-dodecyloxybenzoic acid with
the anil (@) in the smectic state (37-5mol % of anil) (for
the sake of clarity, the intensity scattered in the wide-
angle region was multiplied by five) and (b) in the nematic
state (43 mol % of anil).

category of those smectic C phases that are not followed
by a smectic A phase on heating. It is also consistent
with the fact that the acid dimers and the stoichiometric
complexes do not dissociate appreciably in the smectic
state (see section 4); such dissociation would, of course,
affect the ordering as a result of the formation of
extraneous molecular species of different lengths. On the
contrary, however, the measured smectic periods were
shown to vary significantly with the length of the alkox-
ybenzoic acids and the composition of the binary
mixtures, as will now be discussed.

Figure 8 shows the smectic period of pure alkoxyben-
zoic acids growing almost linearly with the number of
carbon atoms in the alkoxy chains. This period being
slightly smaller than twice the molecular length, the
molecules (which are completely dimerized by hydrogen
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Figure 8. Variation of the smectic period d (solid circles) and
the tilt angle (open circles) of the molecules of alkoxyben-
zoic acids as a function of the number of carbon atoms
in the alkoxy chains. The dotted line represents the linear
growth of the length of the acid molecules in a fully
extended conformation: 1L (A)=2LA/2=8-7+1-27n. The
dashed curve represents the exponential decay of the tilt:
¢ (deg)~43+41exp (—n/5-6). Data are in agreement with
values quoted in the literature [24].
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bonding) must therefore be arranged in double layers,
with the paraffin chains in a disordered conformation
and the ‘aromatic cores’ tilted with respect to the layer
normals. The molecular tilt may be easily calculated
from a simple comparison of the smectic period with
the molecular length: cos : (d/2La). By disregarding the
effect of the cross-sectional area of the molecules on the
thickness of the smectic layers—this area, slightly larger
in the smectic phase than in the crystal, leads to some
shortening of the paraffin chains (which, being disor-
dered, are allowed to collapse slightly along their axes)
[29]—one may take as the molecular length of the acid
dimers the value estimated by molecular modelling for
the crystalline state at room temperature. The tilt values
found (figure 8) are unusually large, but in perfect agree-
ment (within about one degree) with those measured
directly by X-ray diffraction from macroscopically ori-
ented samples (obtained by cooling the nematic phase
in a magnetic field) (figure 9). (With such samples, the
smectic reflection is resolved into four sharp spots
arranged X-wise round the incident beam, and the
azimuthal angular position of the spots with respect to
the meridian plane provides a measure of the tilt: see
figure 12 on p. 305 in ref. [ 30]). The structural model of
a perfectly double-layered, tilted smectic seems therefore
perfectly acceptable. It is of interest to add that the
molecular tilt was shown to decrease appreciably from
54 to 45 degrees when the molecular length increased
from the octyloxy to the hexadecyloxy derivative, as
though there were a tendency towards the formation of
a smectic A phase. In fact, the tilt angles do not fall to
zero, but appear to level off rapidly (with a characteristic
length of about 6n~5-6), tending asymptotically to
values of about 43 degrees (as estimated by an exponen-
tial least-squares fit method: ¢~43+41exp (—n/56)).

Figure9. Typical X-ray diffraction pattern of p-n-dodecylben-
zoic acid in the smectic C phase, oriented in a magnetic field.

Such a behaviour reveals the important role of the
alkoxy chains in the molecular tilting, particularly of the
very few methylene groups next to the aromatic core.
Probably, but this remains to be further investigated,
this is related to the stereochemical geometry of attach-
ment of the alkoxy chains onto the aromatic cores,
which determines the molecular arrangement at the
interfaces between the aromatic and aliphatic sub-layers.
Figure 10 shows a similar behaviour for the smectic
phase observed with mixtures containing 50 mol % of
anil, exclusively composed of 1° 1 complex molecules as
suggested by infrared spectroscopy (see §4). The smectic
period exceeding the length of the 1 1 complex molec-
ules, the molecules must, as in the case of pure alkoxy-
benzoic acids, be arranged in double layers, with the
paraffin chains in a disordered conformation and the
‘hydrogen bonded aromatic cores’ tilted away from
the layer normals. The molecular tilt calculated with
this assumption—cos : (d/21Lc), slightly larger than
that of pure alkoxybenzoic acids—decreases (also expo-
nentially) from 56 to 53 degrees as the molecular length
grows from the octyloxy to the hexadecyloxy derivative:
=53t 46exp (—n/29). It is only fair, however, to
stress immediately that this perfectly bilayered smectic
model remains still to be demonstrated experimentally.
Indeed, all attempts to obtain magnetically oriented
samples for a direct measurement of the tilt have so far
been unsuccessful. Presumably, the magnetically induced
orientation of the nematic phase is destroyed upon
cooling through the wide biphasic region of the phase
diagram leading from the nematic to the smectic phase.
Figure 11 shows the concentration-dependence of the
smectic period in the particular, but typical, case of
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Figure 10. Variation of the smectic period d (solid circles)
and the tilt angle (open circles) of the 1:1 complex
molecules as a function of the number of carbon atoms
in the alkoxy chains. The dotted line represents the linear
growth of the length of the complex molecules in a fully
extended conformation: 1Lc (A)=22-5+1-27n. The dashed
curve represents the exponential decay of the tilt: ¢
(deg)=~53+46exp (—n/29).
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Figure 11. Variation of the smectic period d of binary mix-
tures of the anil with p-n-dodecyloxybenzoic acid as a
function of molar concentration of anil.

binary mixtures of the anil with dodecyloxybenzoic acid.
In spite of a weak dispersion of the experimental data,
due to difficulties in controlling the composition of the
mixtures accurately, it is clear that the smectic period
changes in a continuous manner throughout the whole
range of concentrations explored, in agreement with the
phase diagram presented above (figure 3). As supported
by infrared spectroscopy, the smectic phase is basically
formed of a mixture of dodecyloxybenzoic acid dimers
and 11 complex molecules arranged in layers. The
thickness of the smectic layers appears to grow with
concentration in a sigmoidal manner between the values
corresponding to pure acid and pure 1¢ 1 stoichiometric
complex. The Bragg reflections remained very sharp
whatever the concentration, this variation can hardly be
associated with the presence of concentration inhomo-
geneities in the mixtures (microsegregation of the com-
ponents); instead, it may be easily interpreted as resulting
from the fact that the two components taken separately
have, not only different molecular lengths, but different
tilts as well, the tilt angle varying continuously with
composition.

6. Concluding remarks

Binary mixtures of the anil with a series of alkoxyben-
zoic acids were found to produce liquid crystal phases
over a wide range of compositions and temperatures.
All these corresponded to an extension in the binary
mixtures of the same liquid crystal phases produced by
the alkoxybenzoic acids in the pure state. The phase
diagrams of the particular mixtures of anil with
pentyloxy- and dodecyloxy-benzoic acids were drawn in
detail. It thus became apparent that the stability range
of the liquid crystals as a function of composition is
very important, extending slightly beyond anil concen-
trations of about 50 mol%. The overall features of the
phase diagrams imply that, in the mesomorphic state,

the 11 stoichiometric complex molecules are miscible
with the free acid molecules in all proportions; a possible
reason for this could be that the 1° 1 complex resembles
the aromatic part of the acid dimer in polarity as well
as in size and is thus able to fit relatively easily into the
acid mesophase. It also became apparent that, despite
the presence of a stable 1 1 stoichiometric complex, the
thermal stability of the liquid crystal phases shows no
maximum as a function of concentration; presumably,
this is related to the fact that the transition temperatures
of the complex are lower than those of the corresponding
acids, the pure anil exhibiting no liquid crystalline
behaviour.

The hydrogen bonding of the molecules was then
studied as a function of temperature using FTIR spectro-
scopy. In the crystalline state, at low temperature, the
alkoxybenzoic acid was found to interact quantitatively
with the anil to form a well defined stoichiometric 1¢ 1
complex. This complex proved to resist heating to rela-
tively high temperatures, well into the stability range of
the liquid crystalline phases; it started to dissociate
perceptibly, with release of alkoxybenzoic acid (dimeriz-
ing immediately), only when heated in the isotropic
liquid. For all practical purposes, therefore, the liquid
crystalline phases observed may conveniently be consid-
ered as resulting from a simple mixture of 1° 1 complex
with fully dimerized acid or anil in excess.

Finally, the structure of the binary mixtures was
studied systematically by X-ray diffraction. The presence
at low temperature of a well defined, crystalline 1¢1
complex could thus be definitely established. Subject to
further investigations using X-ray diffraction from single
crystals, the lamellar structure of the complex was
described as resulting from a single-layered arrangement
of fully stretched, rectilinear molecules tilted with respect
to the layer normal by an angle depending on the length
of the alkoxy chains, and oriented head to tail with the
alkoxy chains and the aromatic cores localized in separ-
ate sub-layers. The presence at high temperature of a
smectic C phase was also confirmed and the thickness
of the smectic layers was analysed as a function of the
length of the alkoxy chains and the composition of the
binary mixtures. Its structure was described as resulting
from a double-layered arrangement of 1} 1 stoichiometric
complex and alkoxybenzoic acid molecules, with the
aromatic cores tilted with respect to the layer normals
by an angle varying continuously with composition.

This work was carried out within the framework of
the ‘Plato’ bilateral cooperation programme between
France and Greece.
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