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Liquid crystals comprising hydrogen-bonded organic acids
I. Mixtures of non-mesogenic acids

SEUNG KOO KANG and EDWARD T. SAMULSKI*

Department of Chemistry, University of North Carolina at Chapel Hill,
Chapel Hill, NC 27599-3290 , USA

(Received 11 June 1999; accepted 22 September 1999 )

Stable nematic phases are reported for binary mixtures of p-alkylbenzoic acids (nBA; where
n = 1,2,3 denotes methyl, ethyl and propyl ), p-alkoxybenzoic acids (nOBA, n = 1,2 ), and
p-� uorobenzoic acid, which separately do not exhibit liquid crystalline phases. The mesophase
stability increases in equimolar mixtures of acids having incomensurate lengths; the larger
the di� erence in the tail substituents in the mixed organic acids, the broader the nematic
phase. The trends in excess nematic range exhibited by the H-bonded supramesogens in
binary mixtures parallels the behaviour of covalent mesogens. This is indicative of an in� uence
of heterodimers comprising H-bonded pairs of the two di� erent acids in equimolar mixtures
of the non-mesogenic acids. It would appear that dimerized organic acids constitute a viable
molecular–structural ‘bread-board’ for rapid screening for potential mesogen constituents.

1. Introduction between the components in an extended geometry—the
The hydrogen bond (H-bond) is an important agent anisometric supramolecule’s shape—that underlies the

for engineering directional elements into supramolecular propensity for liquid crystal (LC) formation in such
assemblies of noncovalently-connecte d molecules [1]. dimeric ‘supramesogens’ [8]. However, LC formation
Recent examples of these assemblies range from soluble, driven by anisotropic excluded volume interactions
3-dimensional ‘capsules’ [2] to solid, non-centrosymmetric, emanating from the shapes of H-bonded supramesogens
2-dimensional � lms [3]. Perhaps the earliest example such as i and ii is not the complete story. In the simplest
of the unique geometrical rami� cations of H-bonding examples of mesomorphic H-bonded dimers, para-
in supramolecular organization is the work of Jones substituted benzoic acids (i), the substituent R—the
and co-workers who, starting some seventy years ago, mesogen’s ‘tail’—must be su� ciently long/� exible in
showed that certain H-bonded dimers of organic acids order to observe liquid crystallinity in melts at ambient
(i) exhibit liquid crystallinity in their melts [4]. Interest pressure: in p-alkyl benzoic acids for example, LC
in the relationship formation is observed only for four-carbon (R = n-butyl )

or longer length alkyl tail-substituted acids. Herein we
examine binary mixtures of para-substituted ‘short-tail ’

benzoic acids which separately do not exhibit LC phases.
We � nd that even for marginally di� erent pairs of non-
mesogenic acids (e.g. p-methylbenzoic acid and p-ethyl-between H-bond formation and mesomorphism con-
benzoic acid), nematic phases are evident over a widetinues, and in the last decade Kato and coworkers have
range of compositions in their binary mixtures. We reportexploited H-bonding between aromatic acids and the
representative phase diagrams (determined by di� erential4-substitute pyridyl group (ii ) to stabilize low molar
scanning calorimetry and optical microscopy) for binarymass mesophases in binary mixtures [5], in mixtures with
mixtures of a variety of non-meosgenic acids, andpolymeric components [6], and most recently in chiral,
emphasize how the disparity of the substituents—themesomorphic networks comprising non-mesogenic
di� erence in tail-lengths—in para-substituted benzoicprecursors [7].
acids in� uences the mesophase stability. The � ndingsIn all of these liquid crystalline melts of H-bonded
suggest that a hetero-dimer, a cyclic, H-bonded supra-supramolecules, it is the rectilinear, (cyclic) H-bonding
mesogen comprising the two di� erent non-mesogenic
acids, plays an important role in the mesophases exhibited
by the binary mixtures.*Author for correspondence; e-mail: et@UNC.edu
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372 S. K. Kang and E. T. Samulski

2. Experimental
All compounds were obtained from Aldrich Chemical

Co., and were recrystallized from acetone and acetone/
methanol mixtures. Binary mixtures of all materials
examined in the present study were prepared by simple
mechanical stirring of the components at a temperature
above the melting point. A polarizing microscope (Nikon
Microphot FX) equipped with a Linkam hot stage was
used for visual observations. DSC measurements were
performed on a Seiko DSC 120; a heating rate of
10 ß C minÕ

1 and a cooling rate of 5 or 10 ß C minÕ
1

was used.

3. Results and discussion
We consider six non-mesogenic organic acids in this

study: three p-alkylbenzoic acids (nBA; where n = 1,2,3
denotes methyl, ethyl and propyl); two p-alkoxybenzoic
acids, p-methoxybenzoic acid (1OBA) and p-ethoxy-
benzoic acid (2OBA); and p-� uorobenzoic acid (FBA). Figure 1. DSC traces of a binary mixture of p-ethylbenzoic
The crystal (Cr) to isotropic (I ) melting transitions and acid (2BA) with p-n-propylbenzoic acid (3BA).
associated heats and entropies for the neat acids are
given in table 1; readily available pKa values of the
acids are also tabulated. An even–odd alternation is The phase diagram of the 2BA : 3BA mixtures is shown

in � gure 2. It was constructed from DSC observationsapparent in the melting transitions of the nBA series;
this alternation is displaced in the nOBA series due to (on cooling) and polarizing optical microscopy. Five

distinct regions are apparent: an isotropic melt (I), homo-the added oxygen atom in those tails.
Figure 1 shows two DSC traces of an equimolar geneous nematic phase (N, shaded region); a (complex)

solid state where Cr, Cr ¾ and Cr² refer to the crystalsphysical mixture of crystals of 2BA with crystals of 3BA.
In the 1st heating run, there is an endotherm correspond- associated with the 2BA : 3BA equimolar stoichiometric

50 : 50 mixture, pure 2BA, and pure 3BA, respectively;ing to the melting of 2BA (111 ß C); this endotherm is
complex as it is a� ected by the disolution of 3BA into and isotropic and nematic phases in equilibrium with

Cr² on the 3BA-rich side of the phase diagram.the 2BA melt. Despite the inhomogeneous nature of this
initial melt in contrast to the pure acids, the mixture of Generally, eutectic behaviour is not observed; the calcu-

lated (Schroeder–van Laar equation) behaviour expectedH-bonded dimers nevertheless exhibits a nematic (N)
mesophase which eventually transforms to the isotropic for the eutectic [9] is shown by the dotted line in the

phase diagram (the calculated eutectic composition ismelt (~123 ß C). After homogenizing via self-di� usion
in the isotropic melt, the mixture more clearly shows 36 : 64 2BA : 3BA). Rather, we observe that small

amounts of 3BA (~10 mol %) transform the 2BA-richI–N and N–Cr transitions (1st cooling trace). The 2nd
heating and cooling runs show better-de� ned transitions mixture into a nematic phase with a N-to-Cr +Cr ¾

transition considerably higher than predicted for ideal(Cr–N at 103 ß C and N–I at 119 ß C), indicative of a
more homogeneous mixture of the two non-mesogenic mixing (dashed eutectic lines in � gure 2). On the 3BA-

rich side of the diagram, the N-to-Cr transition (103 ß C)components. Mixtures prepared by disolution of the
components and subsequent removal of the solvent appears to persist, indicative of the presence of an

equimolar mixed crystal in the solid state together withexhibited similar behaviour.

Table 1. Thermodynamic data for non-mesogenic benzoic acid derivatives.

Compound Tm p / ß C pKa DHf /kJ molÕ
1 DSf /kJ molÕ

1 K Õ
1

1BA (4-methylbenzoic acid) 176.0 4.36 15.0 33.5
2BA (4-ethylbenzoic acid) 107.0 4.35 13.2 34.7
3BA (4-n-propylbenzoic acid) 137.0 — 17.5 42.6
1OBA (4-methoxybenzoic acid) 176.0 4.49 24.2 54.0
2OBA (4-ethoxybenzoic acid) 192.0 4.80 28.9 60.0
FBA (4-� uorobenzoic acid) 178.0 4.14 20.9 46.4
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373Hydrogen-bonded organic acid L Cs, I

Figure 3. Phase diagram of the binary mixture of p-anisicFigure 2. Phase diagram of the binary mixture of p-ethyl-
benzoic acid (2BA) with p-n-propylbenzoic acid (3BA). acid (1OBA) with p-n-propylbenzoic acid (3BA). I and N

represent the isotropic liquid and the nematic phases,I and N represent the isotropic liquid and the nematic
phases, respectively; Cr, Cr ¾ and Cr ² refer to the crystal respectively; Cr, Cr ¾ and Cr ² refer to the crystalline phases

associated with the 1OBA : 3BA equimolar mixture, pureassociated with the 2BA : 3BA equimolar mixture, pure
2BA, and pure 3BA, respectively. The eutectic behaviour 1OBA, and pure 3BA, respectively. The eutectic behaviour

(dashed lines) is calculated from the Schroeder–van Laar(dashed lines) is calculated from the Schroeder–van Laar
equation. equation.

occluded pure 3BA (Cr ² ). The latter Cr² crystals are
observed with polarizing microscopy as a separate phase
in both the nematic and isotropic � uids in the 3BA-rich
mixtures.

In � gure 3 the chemical di� erences between the ether-
containing tail of 1OBA and the alkyl tail of 3BA give
rise to a more symmetric phase diagram. In this binary
mixture pure I and N phases are observed in equilibrium
with Cr ¾ and Cr² at the extreme compositions. Again
there does not appear to be conicidence between calcu-
lated eutectic behaviour—a 1OBA : 3BA ratio of 69 : 31
is the computed eutectic point—and observations. In
fact, the 50 : 50 mixture exhibits a wide nematic range.
The percentages of Cr ¾ or Cr² in the � uid phases can be
determined as a function of composition from DSC
traces of the type shown in � gure 4. In such traces, the
crystallization exotherms (shaded) corresponding to
crystalline acid phases occluded from the melt, are used

Figure 4. DSC traces of binary mixtures of p-anisic acidwith the measured heats of fusion of the pure acids
(1OBA) with p-n-propylbenzoic acid (3BA); (a) 80 : 20,

(DHf ) to derive the amounts of Cr ¾ and Cr² in equilibrium (b) 50 : 50, and (c) 25 : 75 mol ratios of 1OBA : 3BA. The
with the I and N phases. The observations (� gure 5) shaded exotherms correspond to crystallization of the

pure components occluded from the � uid (meso)phases.suggest that the 50 : 50 mixture is a uniquely stable com-
position: The fraction of occluded Cr ¾ (Cr² ) is linearly
proportional to the excess of 1OBA (3BA) relative to assuming that a stable, stoichiometric 50 : 50 complex

persists in the non-stoichiometric compositions. Table 2the equimolar mixture. The full lines in � gure 5 denote
the ideal behaviour of the occluded acids calculated by shows the heats and entropies of the Cr–N and N–I
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374 S. K. Kang and E. T. Samulski

Table 2. Phase transitions in the stoichiometric 1 : 1 mixtures of unlike non-mesogenic aromatic acids.

TCrN DHCrN /kJ molÕ
1 DSCrN /kJ molÕ

1 K Õ
1 TNI DHNI/kJ molÕ

1 DSNI/kJ molÕ
1 K Õ

1

1BA/2BA 107.0 11.8 33.5 108.5 a

1BA/3BA 109.0 5.4 13.5 130.0 1.52 (4.11 )
2BA/3BA 103.0 10.3 27.2 120.0 1.15 (2.99 )
1OBA/1BA 137.0 14.3 34.6 138.0 a

1OBA/2BA 96.0 9.6 25.5 131.0 0.95 (2.36 )
1OBA/3BA 91.0 12.4 33.2 143.0 1.78 (4.29 )
FBA/1BA 144.0 12.6 30.3 — —
FBA/2BA 82.0 5.5 15.5 106.0 1.96 (5.11 )
FBA/3BA 92.0 10.9 29.5 122.0 0.98 (2.46 )

a The heat of fusion (DHNI ) for nematic–isotropic transitions is convolved with DHCrN for nematic–crystal transitions because of
the proximity of the transition (~ 2ß C).

Figure 5. The fraction of Cr, the solid phase associated with
the equimolar 1OBA : 3BA mixtures (solid circles) derived
from DSC traces of non-stoichiometric compositions of
1OBA and 2OBA is shown versus composition of the
binary mixture; the two fractions Cr ¾ and Cr ² , respectively,
are the fractions of occluded 1OBA (open circles) and
3BA (open triangles) found in the same non-stoichiometric
binary mixtures. The data is derived from the heat of
fusion of each (pure) component and crystallization
exotherms such as shown in � gure 4.

transitions for the equimolar mixtures of acids; with the
exception of the FBA : 1BA mixture (non-mesogenic) the
behaviour is rather similar for all pairs of acids. Figure 6. The transition temperature dependence on m and

n, the numbers of aliphatic tail carbon atoms in theFigure 6 illustrates how 1 : 1 equimolar mixtures of
stoichiometric mixtures of p-alkylbenzoic acids (top) andthe non-mesogenic mBA : nBA (and mOBA : nOBA) acids
p-alkoxybenzoic acids (bottom). The black and the dotted

exhibit increasing mesophase stability with increasing
parts stand for the thermal ranges of nematic and crystal

disparity of tail lengths, that is, for m Þ n. As the di� er- phase, respectively.
ence between tail lengths (m Õ n) increases, the nematic
range is broadened. The TNI and clearing points show
evidence of odd–even e� ects stemming from the parity function of the tail length disparity is shown in � gure 7

(top) in terms of the excess nematic thermal stabilityof the number of atoms in the tails. The most thermally
robust phases are observed for the pairs with the most associated with the equimolar mixtures. This excess

nematic mesophase stability, Nex =[Nm n Õ (Nm m +Nn n )/2],disparate tail lengths, i.e. 1BA : 4BA (and 1OBA : 4OBA).
The relative stability of the nOBA mesophases as a is obtained by reducing the observed nematic range for
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375Hydrogen-bonded organic acid L Cs, I

4. Concluding remarks
The melts of pure organic acids are inherently complex

as they are composed of a variety of equilibrating species:
free acid, H-bonded cyclic dimers, and ill-de� ned open
chain H-bonded polymers [11]. Moroever, the stability
of the H-bond itself (5–10 kcal molÕ

1 ) limits its role in
maintaining the anisometric dimer shapes in the supra-
mesogen. Adding a second component (binary mixtures
of acids) further complicates the already complex system.
In particular, there is now the possibility of forming
heterodimers—cyclic, H-bonded dimers between the two
di� erent components. The absence of simple eutectic
behaviour when pairs of non-mesogenic acids are mixed,
coupled with the observation of stable nematic phases
for the binary mixtures suggests that the heterodimer
may play a dominant role in LC formation in this class
of supramesogens. Admittedly, there does not appear to
be any signi� cant microscopic driving force for hetero-
dimer formation (e.g. no signi� cant di� erence in pKa
values; see table 1). There would be a con� gurational
entropic gain for an apolar nematic phase composed of
asymmetic mesogens (heterodimers) relative to that
formed by symmetric mesogens (homodimers) , but
this should be similar for all heterodimer mesogens,
independent of the disparity of tail lengths.

Mesophase stability increases in mixtures of covalent
liquid crystals having incomensurate lengths, and

Figure 7. The excess nematic temperature range associated mixtures of such LCs were frequently the materials of
with equimolar mixtures of alkoxy acids mOBA: nOBA

choice in early LC displays requiring a broad mesophaseas a function of the di� erence in lengths of the aliphatic
range. In the mixtures of non-mesogenic organic acids,tails (top) are contrasted with observations in covalent
incomensurate dimer length clearly a� ects mesophasebis(4-alkoxybenzyloxy)benzene mesogens (bottom). Data

for the latter transitions are from [10]. stability. The larger the di� erence in the tail substituents
for m Þ n in the binary mixture of organic acids, the
broader the nematic phase (� gure 6). As the inter- and

the binary mixture of di� erent tail lengths, N
mn

( ß C), by
intra-supramesogen chemistry is unchanged within a

the average nematic range of the pure components, Nm m homologous series, the observed increase in mesophase
and Nn n ( ß C). Also shown in � gure 7 (bottom) is the

stability with increasing (m Õ n) suggests that a packing/
behaviour of a similar homologous series in a related

translational entropic stabilization underlies the pro-
covalent mesogen, a series of bis(4-alkoxybenzoyloxy) -

pensity for liquid crystal formation in the mixtures of
benzenes (iii) with inequivalent tails [10]. Admittedly,

non-mesogenic acids. In particular, it would appear that
the central

in the lamellar-like cystals formed by aromatic acids
[12], the variable lengths characteristic of mixtures of
two di� erent acids result in incomensurate defects in the
packing of acid dimers; in turn, this suppresses crystal
formation, i.e. the melting temperature is depressed in
the mixed acids. Lastly, the trends in excess nematic

core of the covalent mesogen does not preserve the range Ne x exhibited by the binary mixtures of alkyloxy-
benzoic acids parallels the behaviour of Ne x observed inlinearity in the cyclic acid supramesogen, nor are the

dimensions of these two mesogenic cores equivalent. covalent bis (4-alkoxybenzyloxy )benzene mesogens with
inequivalent tails and we interpret this observation toAlso, there are extra degrees of isomeric freedom in the

ester linkages in the covalent mesogen. Nevertheless, the be indicative of a dominant in� uence of heterodimers
in these equimolar mixtures of non-mesogenic acids. Inbehaviour of N e x in the covalent mesogen with respect

to tail length disparity parallels N e x observed for the subsequent infrared studies we attempt to quantify the
role of the heterodimer in such supramesogens [13].H-bonded supramesogens.
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Kündig, A., Bosshard, C., Liakatas, I., Jäger, M., andIn summary, despite the increased inherent complexity
Günter, P., 1998, J. Am. chem. Soc., 120, 8563.associated with mixtures, dimerized organic acids con-

[4] Bradfield, A. E., and Jones, B. J., 1929, J. chem.
stitute a viable molecular–structural ‘bread-board’ for Soc., 2660; Jones, B., 1935, J. chem. Soc., 1874;
rapid screening of the propensity for mesophase formation Bennett, G. M., and Jones, B., 1935, J. chem. Soc., 240;

Gray, G. W., and Jones, B., 1953, J. chem. Soc., 4179.when two structural motifs are juxtaposed in the form
[5] Kato, T., and FreÁ chet, J. M. J., 1989, J. Am. chem.of H-bonded pairs. The resulting supramesogens can

Soc., 111, 8533.give insights into the engineering of speci� c properties
[6] Kato, T., and FreÁ chet, J. M. J., 1989, Macromolecules,

into potential covalent mesogens. 22, 3819.
[7] Kihara, H., Kato, T., Uryu, T., and FreÁ chet, J. M. J.,
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[9] See for example, Demus, D., Fietkau, C., Schubert, R.,
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