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EVect of molecular structure on the phase behaviour of some
liquid crystalline compounds and their mixtures

XI. Binary mixtures of unsymmetrical 1,4-phenylene
bis-(4-substituted benzoates)†

MAGDI M. NAOUM*, REFAAT I. NESSIM, GAMAL R. SAAD
and TAYSEER Y. LABEEB

Department of Chemistry, Faculty of Science, University of Cairo, Giza, Egypt

(Received 25 October 2001; in � nal form 20 February 2002; accepted 28 February 2002 )

Binary mixtures formed from components of the four series of unsymmetrical 1,4-phenylene
bis-4-substituted benzoates, in which one substituent is a terminal alkoxy group with a
number of carbon atoms kept constant (at n 5 6, 8, 14 and 16) while the other substituent
(X ) ranges through CH3O, CH3 , Cl, CN and NO2 , were prepared and characterized for their
mesophase behaviour. Transition temperatures of the mixtures prepared were measured by
diVerential scanning calorimetry and identi� ed by polarizing optical microscopy. Phase
diagrams for the various binary combinations were constructed to investigate the dependence
of the phase behaviour of mixed systems upon the electronic nature of the terminal group X,
as well as on the chain length of the alkoxy group. The results are discussed in terms of
mesomeric and polarizability eVects.

1. Introduction Most binary mesophase systems exhibit mesophase-
isotropic transition temperatures (Tc ) that are linearlyLiquid crystalline phenomena are exhibited by com-

pounds having rigid, polar, and rod-shaped molecules, dependent on composition; in some cases, however, there
are exceptions. Binary mesophase systems, in which awhich tend to orient with their long axes parallel owing

to forces of mutual attraction. On heating such a sub- bimolecular smectic is mixed with one that perturbs the
molecular complexing of the pure bimolecular smectic,stance, the crystalline solid melts to an anisotropic liquid

(the mesophase) in which adjoining molecules lie parallel will exhibit non-linear thermal behaviour. An example
would be found in the addition of compounds withto one another. As is true for other solids, the melting
electron-rich aromatic rings, which can successfullypoint of a mesomorphic compound is depressed by the
compete for molecular complexation with an electron-addition of another substance, and a mixed mesophase
de� cient ring of another molecule [4, 5]. On the otherresults in which the liquid crystalline range begins at a
hand, one would expect that compounds with similarlower temperature. If the added substance is structurally
smectic layering characteristics should, when mixed withdissimilar to the host compound and does not show a
each other, exhibit thermal behaviour that is linear withmesophase, only a small amount suYces to destroy liquid
concentration.crystallinity of the host because of its disrupting eVect

In previous studies [4, 5], the eVect of terminal sub-on the mesophase [2]. If however, it is structurally
stituent and invertion of the central COO group onsimilar, liquid crystallinity may persist to a high concen-
the mesophase stability of unsymmetrically di-substitutedtration of the second component and, in fact, over all
phenyl benzoates and their binary mixtures, was investi-compositions if both components are mesomorphic
gated. Generally the stability of the mesophase is greater,[3–5]. This is understandable in that rod-shaped, polar
the greater the lateral adhesion of the rod-shaped moleculesmolecules, which meet the fundamental criteria for liquid
in question which, in turn, is greater the greater thecrystallinity, would be expected to adapt more readily
polarity and/or the polarizability of the central part ofto parallel alignment in a mixed mesophase than would
the molecule. Introducing a second C6H4COO groupbulky, non-polar molecules.
to the phenyl benzoate molecule would de� nitely enhance
both these factors. p-Phenylene-di- n-alkoxybenzoates*Author for correspondence;
have been shown to exhibit mesophases with broade-mail: magdi@chem-sci.cairo.eun.eg

†For part X, see reference [1]. ranges terminating at high temperatures [6–8]. The
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930 M. M. Naoum et al.

introduction of very diVerent alkoxy groups, e.g. CH3O 2.1.4. 1,4-Phenylene-bis-4-substitute d benzoates
One molar equivalent of the 4-substituted benzoyland n-C8H17O [9], or the replacement of one alkoxy

end group by Cl, NO2 , or CN [7] would greatly aVect chloride in dry pyridine was added drop-wise with stirring
to a solution of 4-hydroxyphenyl 4-n-alkoxybenzoatethe mesophase stability of the compound. Such systems

would, therefore, be excellent for an extensive study in dry pyridine and the reaction was continued as
described in the previous section. The products, afterof the eVects of structural changes on the mesophase

behaviour of pure compounds or their mixed systems. two recrystallizations from acetic acid, were TLC pure,
and gave melting points that agreed with those reportedThe objective of this work is to investigate the meso-

morphic behaviour in binary mixtures of the previously previously [1].
prepared [1] four series of compounds (I6–I16 ) that
diVer from each other in the chain length of the alkoxy 2.2. Physical characterization

Calorimetric investigations were made using a Polymergroup. The substituents were chosen to cover a wide
range of electronic and dipolar characteristics represent- Laboratories (England) diVerential scanning calorimeter,

PL-DSC, with nitrogen as purge gas. The instrumenting extremes in the conjugated interactions between the
substituent X and the carbonyl group. was calibrated from the melting points of ultra-pure

metals, and a value of 28.45 J g Õ 1 was used for the
enthalpy of fusion of indium. The typical heating rate was
10 K minÕ 1, and a sample mass was 2–3 mg. Transition

Ia-e
temperatures were identi� ed with a standard polarized-

I6, n 5 6; I8, n 5 8; I14, n 5 14; I16, n 5 16 light microscope (C. Zeiss, Germany) , attached to a FB
a, X 5 CH3O; b, X 5 CH3 ; c, X 5 Cl; d, X 5 CN; e, X 5 NO2 52 hot stage equipped with a FB 80 central processor

(Mettler, Switzerland).2. Experimental
Thin layer chromatography was performed with TLCChemicals were purchased from the following com-

sheets coated with silica gel (E. Merck); spots were detectedpanies: Aldrich, Wisconsin, USA; E. Merck, Darmstadt,
by UV irradiation. Silica gel (No. 6634, E. Merck) wasGermany; and Fluka, Buchs, Switzerland.
used for column chromatography .

2.1. Preparation of materials
3. Results and discussion2.1.1. 4-n-Alkoxybenzoi c acids

It is known that one way to prepare a liquid crystallineEthyl-4-n-alkoxybenzoates were � rst prepared from
material that retains its mesophase over a wide rangeethyl-4-hydroxybenzoat e and the appropriate 1-bromo-
of temperature, starting at low temperature, is to usen-alkane; the esters were then saponi� ed to the corres-
eutectic mixtures of compounds exhibiting liquid crystal-ponding acids using alcoholic potassium hydroxide, by
linity in their pure state. It was therefore decided tothe method described previously [4]. The resulting acids
examine the mesophase behaviour of various binarywere TLC pure and exhibited phase transition temper-
combinations made from members of the four seriesatures agreeing with those reported in the literature [10].
(I6a-e–I16a-e ). Transition temperatures of these com-
pounds in their pure states, as reported previously2.1.2. 4-n-Alkoxybenzoy l chlorides
[1, 9, 12–14], are summarized in the table. The methoxyThese were prepared from the acids by heating with
and methyl (electron-donating) substituted homologuesexcess thionyl chloride under re� ux for 5 h. The unused
in the four series (I6–I16 ) possess only the nematicthionyl chloride was removed under vacuum to give the
phase (N). The nitro and cyano (electron-withdrawing)acid chloride as residue.
analogues, on the other hand, exhibit a smectic A phase
(SmA) in addition to the nematic phase, in the lower2.1.3. 4-Hydroxyphenyl 4-n-alkoxybenzoate s

One molar equivalent of the 4-n-alkoxybenzoy l chloride homologues (I6 and I8 ) only. The chloro derivatives,
with intermediate electronic nature, occupy an inter-in dry pyridine was added drop-wise to a solution of

hydroquinone in dry pyridine over a period of 1 h and mediate position; i.e. the lower homologues (I6c and
I8c) exhibit only the nematic phase, while their higherthe resulting mixture was heated overnight with stirring

at 60ß C. The products were fractionally crystallized from homologues (I14c and I16c) exhibit the SmA phase
together with small nematic range; these nematic rangesethanol to separate the mono- (more soluble) from the

di-esters ( less soluble) . Both products were column puri� ed are 9.3 and 2.5 ß C, respectively. In the table the following
symbols are given for the various transition temper-over silica gel using dichloromethane as the eluent, and

� nally recrystallized from ethanol. The products had atures: crystal–smectic A (TC-A ), crystal–nematic (TC-N ),
smectic A–nematic (TA-N ), smectic A-isotropic (TA-I ), andmelting points that agreed with those reported in the

literature [9, 11]. nematic–isotropic (TN-I ). It can be seen from the table
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931Phenylene bis-substituted benzoates

Table. Transition temperatures and mesophase (in ß C) range for compounds (I6a-e–I16a-e ). For key, see text.

4–C
n
H

2n+1
O–C6H4–COO–C6H4–OOC–C6H4–X–4

Compound n X TC-A TC-N TA-N TA-I TN-I DT Ref.

I6a 6 CH3O — 129.9 — — 244.6 114.7 [9]
I6b 6 CH3 — 119.9 — — 218.9 99.0 [1]
I6c 6 Cl — 165.4 — — 231.7 66.3 [1]
I6d 6 CN 146.7 — 161.1 — 268.6 121.9 [13]
I6e 6 NO2 165.4 — 219.0 — 256.7 91.31 [12]
I8a 8 CH3O — 126.3 — — 227.7 101.4 [9]
I8b 8 CH3 — 107.2 — — 203.3 96.1 [14]
I8c 8 Cl — 165.2 — — 218.0 52.8 [14]
I8d 8 CN 145.2 — 193.0 — 253.9 108.7 [13]
I8e 8 NO2 168.2 — 241.0 — 246.7 78.5 [14]
I14a 14 CH3O — 125.6 — — 193.2 67.6 [1]
I14b 14 CH3 — 105.0 — — 172.5 67.5 [1]
I14c 14 Cl 157.4 — 180.9 — 190.2 32.8 [1]
I14d 14 CN 138.6 — — 230.2 — 91.6 [1]
I14e 14 NO2 160.0 — — 235.1 — 75.1 [1]
I16a 16 CH3O — 115.5 — — 178.1 62.6 [1]
I16b 16 CH3 — 109.1 — — 166.5 57.4 [1]
I16c 16 Cl 157.2 — 182.1 — 184.6 27.4 [1]
I16d 16 CN 136.5 — — 229.7 — 93.2 [1]
I16e 16 NO2 159.4 — — 222.2 — 62.8 [1]

that all compounds investigated are of high melting (Tm ) 3.2. Mixtures of electron-withdrawing substituted
derivatives (Ic-e)and clearing (Tc ) points, and that the mesophase range

(DT 5 Tm Õ Tc ) for any derivative decreases as the chain For each of the four series, three possible binary
systems could be obtained from the three electron-length of the alkoxy group is increased. Furthermore,

within any series, the cyano derivative possesses the withdrawing (Cl, CN, and NO2 ) substituted derivatives
(Ic, Id, and Ie ). The phase diagrams of the binary mixturesgreatest mesomorphic range, while the chloro analogue

exhibits the lowest value. Ic/Id, Ic/Ie, and Id/Ie are illustrated in � gures 2–4,
respectively. Referring to � gure 4, the phase diagrams
of the nitro and cyano derivatives each show near-3.1. Binary mixtures of electron-releasing substituted

compounds (Ia,b) ideal solution behaviour in the mixed solid, mesophase,
or liquid phase. These results re� ect the nearly similarFigure 1 (a–d ) represents the phase diagrams con-

structed for the four binary mixtures prepared from behaviour eVected by substituents of closely related
electronic nature. Both components of the mixturethe methoxy and methyl substituted compounds in the

four series I6 to I16, respectively. All the diagrams are exhibit polymorphic phase behaviour in their lower
(I6d,e and I8d,e) homologues; that is, each melts to aremarkably similar, each exhibits eutectic behaviour in

their solid–mesophase transition temperatures (Tm ), while SmA phase that transforms to nematic at higher temper-
ature and thence to the isotropic liquid. For the highertheir mesophase–isotropic transition temperatures (Tc )

vary more or less linearly with composition, irrespective (I14d,e and I16d,e) homologues only SmA phases are
observed. The gradual increase in the melting point of theof the alkoxy chain length, indicating that this exerts a

similar eVect in the molecules being compared. In all nitro-terminated derivatives by the addition of the cyano
compound suggests the formation of solid solutions.four diagrams, only the nematic phase was observed.

Such simple binary phase behaviour is expected since This indicates the resemblance of crystal structure between
the solid nitro and cyano substituted derivatives bearingboth components bear a substituent with compatible

electronic nature, i.e. both have an electron-donating the same alkoxy group. Such similar, and strong, inter-
molecular attractions are retained in the mesophase,nature. It can also be seen from � gure 1 that the meso-

morphic range (DT 5 Tm Õ Tc ) decreases as the alkoxy whether it is nematic or smectic. It can further be noted
from � gure 4 that the mesomorphic range decreases aschain length is increased. This suggests that as the alkoxy

end group becomes larger, its diluent eVect becomes the alkoxy chain is lengthened. This � nding again reveals
that, for a given system with de� nite polarity inter-dominant over polarity variation within the centres of

the molecules. actions, the diluent eVect upon increasing alkoxy chain
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932 M. M. Naoum et al.

Figure 1. Phase diagrams for the binary mixtures of the methoxy and methyl substituted derivatives: (a) I6a/I6b, (b) I8a/I8b,
(c) I14a/I14b, (d) I16a/I16b.
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933Phenylene bis-substituted benzoates

Figure 2. Phase diagrams for the binary mixtures of the chloro and cyano substituted derivatives: (a) I6c/I6d, (b) I8c/I8d,
(c) I14c/I14d, (d) I16c/I16d.
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934 M. M. Naoum et al.

Figure 3. Phase diagrams for the binary mixtures of the chloro and nitro substituted derivatives: (a) I6c/I6e, (b) I8c/I8e,
(c) I14c/I14e, (d) I16c/I16e.
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935Phenylene bis-substituted benzoates

Figure 4. Phase diagrams for the binary mixtures of the cyano and nitro substituted derivatives: (a) I6d/I6e, (b) I8d/I8e,
(c) I14d/I14e, (d) I16d/I16e.
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936 M. M. Naoum et al.

length becomes dominant over polarity variation within only nematic phase ranges were observed, while in the
molecules of this particular binary system. higher series, nematic phases are produced with a small

In the other two systems, Ic/Id and Ic/Ie, the chloro composition range of SmA mesophase. In the I14 series
derivative Ic is common (� gures 2 and 3). Since there the SmA mesophase of the chloro derivative I14c totally
exists a diVerence in the electronic nature between the disappeared upon the addition of # 20 mol % of I14a
chlorine atom, from one side, and the cyano or nitro or I14b. In the higher series, I16, the SmA mesophase
group, from the other side, complex phase diagrams are of I16c is retained up to the addition of #40 mol % of
obtained. This is attributed to diVerences in the phase I16a or I16b.
behaviour of the pure components. As mentioned above, As for the mixtures of either Ia or Ib with Id or Ie
the cyano and nitro analogues exhibit SmA and N (� gures 7–10) the diagrams for the lower series (I6 and I8)
mesophases in their I6 and I8 series, and only the SmA are characterized by (i) linear Tc–composition depend-
phase in the other I14 and I16 series. The chloro ence, (ii ) eutectic melting behaviour, (iii ) largely nematic
derivatives are monomorphic exhibiting only the N mesophase, with small composition ranges of SmA, for
phase in their I6 and I8 analogues, while the higher I14 mixtures possessing low concentrations of Ia or Ib. For
and I16 analogues are polymorphic, exhibiting, in addi- the higher series (I14 and I16 ), the clearing points suVers
tion to the SmA phase, a narrow temperature range a non-linear composition dependence due to the com-
nematic. Consequently, their binary phase diagrams plexity of the mesophase. The range of composition for
(� gure 2) with the cyano derivatives, i.e. Ic/Id, exhibit a the SmA mesophase increases and the solids exhibit
small composition range of semctic A phase that is eutectic behaviour. In all cases, the mesomorphic tem-
destroyed by the addition of 40 and 70 mol % of Ic in perature range decreases as the alkoxy chain length
the series I6 and I8, respectively. In the higher series, increases.
the nematic phase of Ic disappears on the addition of Irrespective of the alkoxy chain length, all phase
#20 mol % of Id. In all cases Tc varies almost linearly diagrams (� gures 5–10) constructed for binary systems
with composition, whereas a gradual increase in Tm of composed from an electron-donating substituted com-
Ic is observed upon the addition of Id. This again re� ects ponent (i.e. electron-rich) with another bearing an electron-
the resemblance of the crystal structures and molecular withdrawing group (i.e. electron-de� cient), unexpectedly
forces existing within the solid phase in each pair of exhibit negligible deviation from the linear Tc–composition
components, and the similarity between the crystal dependence. In contrast, in simpler molecules, namely,
lattices of the solids and the molecular arrangements in

4-substituted phenyl 4¾ -alkoxybenzoate s [5], the diVerence
the mesophase to which they melt.

between the nitro and methoxy substituted derivatives,
Similar phase behaviour was observed in the case of

with respect to the mesomeric interaction within the
the binary mixtures Ic/Ie formed from the chloro and

molecule, has led to a signi� cant diVerence in the electron
nitro substituted derivatives (� gure 3), except that the

density on the mesogenic portion of the molecule con-
SmA mesophase of the nitro component Ie is retained

cerned, and consequently to a signi� cant positive deviation
up to the addition of 60 and 80 mol % of Ic in the lower

in their mixtures. The latter indicates the formation of
two series I6 and I8, respectively.

a donor–acceptor complex between electron-rich and
electron de� cient molecules.

3.3. Mixtures of compounds bearing electron-
withdrawing and electron-donating groups

The phase diagrams constructed for binary mixtures
of components one bearing electron-donating (CH3O
or CH3 ) groups, i.e. Ia and Ib, and the other bearing
electron-withdrawing (Cl, CN, or NO2 ) groups, i.e. Ic,

In our investigated compounds, both electron-donatin g,Id, or Ie, are presented in � gures 5–10. Figures 5 and 6,
the CH3O (or CH3 ) and alkoxy, groups on both sideswhich illustrate the phase diagrams of binary mixtures
of the molecule would lead to an increase of electroncomposed from the CH3O or CH3 substituted com-
density at the centre of the mesogenic group, thus leavingpounds, as one component, and the chloro derivative as
the two terminals with nearly equal positive charges.the second, show that they are of typical eutectic type

with almost linear Tc–composition dependence. This
indicates that the similar electronic nature of the two
electron-donating groups (CH3O or CH3 ) would have
similar eVects on their mixed phase behaviour with the
chloro analogue Ic. Furthermore, it can be observed
from � gures 5 and 6, that in the lower I6 and I8 series,
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937Phenylene bis-substituted benzoates

Figure 5. Phase diagrams for the binary mixtures of the methoxy and chloro substituted derivatives: (a) I6a/I6c, (b) I8a/I8c,
(c) I14a/I14c, (d) I16a/I16c.
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938 M. M. Naoum et al.

Figure 6. Phase diagrams for the binary mixtures of the methyl and chloro substituted derivatives: (a) I6b/I6c, (b) I8b/I8c,
(c) I14b/I14c, (d) I16b/I16c.
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939Phenylene bis-substituted benzoates

Figure 7. Phase diagrams for the binary mixtures of the methoxy and cyano substituted derivatives: (a) I6a/I6d, (b) I8a/I8d,
(c) I14a/I14d, (d) I16a/I16d.
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940 M. M. Naoum et al.

Figure 8. Phase diagrams for the binary mixtures of the methoxy and nitro substituted derivatives: (a) I6a/I6e, (b) I8a/I8e,
(c) I14a/I14e, (d) I16a/I16e.
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941Phenylene bis-substituted benzoates

Figure 9. Phase diagrams for the binary mixtures of the methyl and cyano substituted derivatives: (a) I6b/I6d, (b) I8b/I8d,
(c) I14b/I14d, (d) I16b/I16d.
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942 M. M. Naoum et al.

Figure 10. Phase diagrams for the binary mixtures of the methyl and nitro substituted derivatives: (a) I6b/I6e, (b) I8b/I8e,
(c) I14b/I14e, (d) I16b/I16e.
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943Phenylene bis-substituted benzoates

On the other hand, in the nitro, chloro, or cyano On the other side of the molecule, the varying electronic
nature of the substituent X results in extremes in thederivatives (Ie, Ic, or Id ), the electron-releasing nature

of the alkoxy group, on one side of the molecule would electronic interactions between the substituent and the
second ester carbonyl group. Such diVerences lead to aincrease, to smaller extent, the electron density at the

centre of the mesogenic group; while competitive inter- signi� cant variation in the mesophase behaviour in the
pure components and, consequently, in their binaryactions between the nitro (chloro or cyano) group and

the second carbonyl group, on the other side of the mixtures.
molecule, will add no further eVect. The result is a

M.M.N. wishes to thank the German DAADrelatively lower electron density in the case of the electron-
Foundation for the scholarship that enabled him towithdrawing substituted compounds compared with
prepare the compounds used in this investigation.those bearing the electron-donating substitutions.
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