
A

o
C
l
s
(
b
m
t
b
w
t
r
©

K

1

(
d
c
B
T
g
w
t
c

g
f

(

0
d

Thermochimica Acta 459 (2007) 40–57

Possibility of mesophase formation in some model compounds
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bstract

Five series of N-aryl-4-alkoxybenzamides [RO–C6H4–CONH–C6H4–X] were prepared where the terminal alkoxy group (RO) possesses a number
f carbon atoms (n) that varies between 8, 10, 12, 14, or 18 carbons, while the other terminal substituent (X) alternatively changes from CH3O,
H3, H, Cl, and NO2. The terminal group X was introduced once in position 4- with respect to the anilide C O group, furnishing, as expected,

inear molecules, and others in the 2- (or 3-) positions aiming to induce some steric hindrance to the linear association of the rod-shaped molecules,
pecially in the solid phase. Further replacement of the anilide-H atom with a methyl (CH3) group was performed into the unsubstituted derivatives
X H) in order to disrupt any unfavourable hydrogen bonding between any two neighbouring molecules. Compounds prepared were characterized
y elemental analyses, infrared, and 1H NMR spectra, and their phase behaviour investigated by differential scanning calorimetry and polarized-light
icroscopy. The results were discussed in terms of mesomeric, steric, polarity, and polarizability effects. Independent of the polarity or position of

he substituent X, all compounds prepared were found to be non-mesomorphic. The N-methyl derivative (that excludes the possibility of hydrogen-

ond formation) was also found to be non-mesomorphic. In all five series of compounds, their tendency to form a mesophase (smectic or nematic)
as estimated from their binary phase diagrams with either of the smectogenic compound, 4-n-C16H33O–C6H4–COO–C6H4–OOC–C6H4–CN, or

he nematogenic compound, 4-n-C16H33O–C6H4–COO–C6H4–OOC–C6H4–CH3. Dipole moment calculations for the core structure (benzanilide)
evealed that such a group of compounds exists in a non-linear, non-planar conformation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Organic compounds that form mesophases upon melting
thermotropic) are those having either linear (calametic) or
isk-like (discotic) molecules. Calametic liquid crystals are
haracterized by being long, narrow, and rod-shaped molecules.
oth permanent dipoles and polarizable moieties are required.
he thermal stability of the mesophase formed depends, to a
reat extent, on subtle structural, steric, and electronic effects

ithin the central and terminal groups. Attempts to correlate

he mesophase stability with molecular structure, in liquid
rystalline compounds, are based on considerations of the
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ature and magnitude of the intermolecular forces that favour
he lateral association of their rod-shaped molecules. However,
ntermolecular forces due to dipole–dipole interactions have
howed [1–9] to be not the only factors important in promoting
esophase stability. Linking groups that maintain rigidity and

inearity of the molecules are satisfactory in this respect. The
ster group (COO) is one of the most commonly used linking
nits in liquid crystals since it is relatively stable. Mutual
onjugation within the ester moiety, in the phenyl benzoate
olecule, and the rings leads to some double bond character

nd the mesophase becomes more persistent when the mutual
onjugation between the substituents and the ester carbonyl
or oxygen) is increased [10]. The anilide linking group, in the
enzanilide system (I) furnishes compounds that are more or

ess electronically and sterically similar to the ester group. It
as been mentioned [11,12] that replacement of the ester group
COO) with an anilide group (CONH) enhances the nematic
ransition temperature (TN−I) by about 16 ◦C. Carboxylic acid

mailto:sayed-zaki.mohammady@stud.unibas.ch
dx.doi.org/10.1016/j.tca.2007.04.003
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erivatives, such as the anilide, hinder rotation around the single
ond, therefore, possess higher transition temperatures [11].
evertheless, the number of amide-based liquid crystals is small

ince amides have often comparatively high melting tempera-
ures and mesophases cannot be observed. Unfortunately, little
ttention has been paid to investigate such group of compounds.

The purpose of the present study is to investigate, first, the
ffect of the polarity of the substituent X as well as the length of
he alkoxy-chain R on the mesophase formation of compounds
f type I. Secondly, is to test the steric factors, due to ortho-,
eta-, or N-substitution of the anilide, that may affect, spe-

ially in the solid phase, the strength of lateral association or
ny unfavourable H-bond formation. Terminal substituents can
oth attract and repel one another in different molecules. They
an also affect the polarizability of the aromatic rings to which
hey are attached. In addition, terminal substituents may interact
ith the lateral portion of an adjacent molecule.

Substituents were chosen to cover a wide range of steric and
lectronic nature, which represent extremes in conjugated inter-
ction with the central linking group via the intervening benzene
ings.

. Experimental

Chemicals were purchased from the following compa-
ies; M.B. Biomedicals Inc., France; Sigma–Aldrich Chemie,
MBH, Germany; Fluka Chemie AG, Switzerland; and BDH
TD, England.

.1. Preparation of materials

All compounds were prepared according to the following
cheme:
imica Acta 459 (2007) 40–57 41

.1.1. 4-n-Alkoxybenzoic acid (A)
Ethyl 4-n-alkoxybenzoate were first prepared from ethyl 4-

ydroxybenzoate and the appropriate 1-bromo-n-alkane; the
sters were then saponified to the corresponding acid using
queous KOH, by the method previously described [10,13].
he resulting acids were TLC pure and exhibited phase tran-
ition temperatures agreed with those reported in the literature
10,13].

.1.2. N-Aryl-4-n-alkoxybenamides (Ina–m)
To 0.005 mol of the acid, 2 drops of dimethylforamide (DMF)

ere added followed by 4 ml thionyl chloride and the mixture
armed carefully on a water bath for 20 min. After cooling to

oom temperature, 20 ml of dichloromethane were added (solu-
ion I). In a separate Erlenmeyer flask, 0.01 mol of the amine was
issolved in 20 ml of dichloromethane. To the resulting mixture,
0 ml of 25% aqueous NaOH solution were added and the two-
hase mixture cooled in an ice-bath (solution II). The dilute
cid chloride solution (solution I) was added, in 1 ml portions
ith vigorous swirling, to the amine solution (II) and cooling

fter each addition in the ice-bath. The upper aqueous layer was
hecked with pH paper after each addition to ensure that the
H of the aqueous layer remained over 10. After the addition
as complete, the Erlenmeyer flask was swirled vigorously at

oom temperature for 10 min and left overnight with stirring.
he dichloromethane (lower) layer was separated and washed
ith 15 ml 5% aqueous HCl solution followed by 15 ml of water.
fter evaporating the dichloromethane solution to dryness, the

olid residue was crystallized twice from aqueous ethanol and
hird from acetone–petroleum ether, if necessary. The resulting
nilides were TLC pure and exhibited phase transition temper-
tures as summarized in Table 1.

.2. Physical characterization

Infrared spectra were measured (4000–400 cm−1) with a
erkin-Elmer B25 spectrophotometer, and 1H NMR-spectra
ith a Varian EM 3501.
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Table 1
Melting temperatures (Tm, ◦C), melting enthalpies (�Hm, kJ/mol), and freezing temperatures (Tf, ◦C) of the homologous series (Ina–e)

Compound no. n Substituent X On heating On cooling

Tm (◦C) �Hm (kJ/mol) Tf (◦C) �Hf (kJ/mol)

I8a 8 –OCH3 159.2 36.65 142.6 −35.07
I8b –CH3 154.0 40.36 145.8 −38.14
I8c H 150.0 54.98 129.8 −52.15
I8d –Cl 178.7 23.03 171.8 −20.90
I8e –NO2 150.0 19.68 137.1 19.68

I10a 10 –OCH3 148.2 22.0 135.3 −15.73
I10b –CH3 148.3 25.12 136.1 −22.76
I10c H 132.5 33.19 120.8 −31.03
I10d –Cl 179.8 12.52 174.3 −11.07
I10e –NO2 141.8 14.93 129.8 −14.28

I12a 12 –OCH3 147.5 16.95 128.0 −9.63
I12b –CH3 143.3 27.57 112.3 −25.67
I12c H 137.0 28.39 119.6 −24.14
I12d –Cl 174.3 5.29 168.0 −5.15
I12e –NO2 133.5 11.73 108.0 −8.09

I14a 14 –OCH3 150.0 23.88 135.1 −16.12
I14b –CH3 142.8 28.26 132.8 −27.86
I14c H 140.5 32.36 126.9 −31.30
I14d –Cl 172.9 17.18 163.1 −15.0
I14e –NO2 96.1 24.18 74.9 −22.51

I18a 18 –OCH3 140.8 34.68 129.5 −18.08
I18b –CH3 133.1 28.28 124.9 −25.05
I 1.2 30.83 114.7 −28.10
I 0.2 9.89 99.5 −9.09
I 8.6 10.75 111.3 −8.58
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Table 2
Characteristic infrared absorption frequencies (in cm−1) for compounds I8a–m

in KBr

Compound no. X, R νN–H νC O νC–N νNO2

I8a 4-OCH3, H 3310 1636 1404 –
I8b 4-CH3, H 3302 1639 1435 –
I8c H, H 3317 1643 1435 –
I8d 4-Cl, H 3333 1651 1435 –
I8e 4-NO2, H 3340 1659 1342 1504
I8f 2-OCH3, H 3325 1643 1435 –
I8g 3-CH3, H 3286 1643 1435 –
I8h 2-CH3, H 3310 1636 1451 –
I8i 3-Cl, H 3310 1643 1435 –
I8j 2-Cl, H 3310 1643 1435 –
I8k 3-NO2, H 3333 1659 1350 1512
I
I

4

4

l

18c H 13
18d –Cl 12
18e –NO2 11

Calorimetric investigations were made using Polymer Lab-
ratories (England) differential scanning calorimeter, PL-DSC,
ith nitrogen as a purge gas. The instrument was calibrated

rom the melting points of ultra-pure metals, and a value of
8.45 J g−1 was used for the enthalpy of fusion of indium. Typ-
cal heating rates were 20 K min−1, and a sample mass was
–3 mg. Transition temperatures were identified with a standard
olarized-light microscope (Wild, Switzerland), attached to a
ome-made hot-stage.

Thin layer chromatography (TLC) was performed with TLC-
heets coated with silica gel (E. Merck); spots were identified
ith uv-illumination.

. Results

Transition temperatures (Tm) and transition enthalpies
�Hm), as measured by DSC, for all compounds investigated
re summarized in Table 1.

Since identical infrared absorption spectra were observed for
ll corresponding members in the five series (I8, I10, I12, I14,
nd I18), the absorption frequencies for compounds of series I8,
ith their assignments, are given as representative examples, in

able 2.

Infrared spectra and elemental analyses for compounds inves-
igated were consistent with the structures assigned. H1 MNR
ata observed showed expected integrated aliphatic-to-aromatic
roton ratios.

c
C
g
4
a

8l 2-NO2, H 3356 1674 1435 1497
18m H, CH3 – 1635 1470 –

. Discussion

.1. Infrared spectra

The almost identical infrared spectra observed for all homo-
ogues, bearing the same substituent X, in the five series of
ompounds, revealed that the mesomeric shift of: (i) the anilide
O group, attached to the 4-position with respect to the alkoxy
roup, and (ii) the aniline –C6H4NH– bridge attached to the
- (2- or 3-) position to the substituent X are not significantly
ffected by the length of the alkoxy-chain (n = 8, 10, 12, 14,
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r 18). Generally, the anilide C O group absorbs at lower fre-
uency compared with the ester C O group [14]. This indicates
hat replacement of the –O– bridge in an ester by a –NH– bridge
ecreases the double bond character of the C O bond and, con-
equently, lowers its absorption frequency. This can be explained
onsidering the inductive (electron-withdrawing) and resonance
ffects. These two effects operate in opposite manners to influ-
nce the C O stretching frequency. First, an electronegative
lement may tend to draw-in the electrons between the carbon
nd oxygen atoms, through its electron-withdrawing effect, so
hat the C O bond becomes somewhat stronger. A high fre-
uency (high energy) absorption then results, as in the case of
he ester analogues [9]. Second, the unpaired electrons on the
itrogen, in the anilide analogues, can conjugate with the car-
onyl group, resulting in an increased single bond character and
lowering of the C O absorption frequency. Oxygen is more

lectronegative than nitrogen, and the first effect dominates in
n ester to raise the carbonyl frequency. In an anilide, the sec-
nd effect is dominant since nitrogen is not as electronegative
s oxygen and more willingly back-donates its unshared elec-
rons, resulting in an absorption frequency lower than that of the
ster.

It has to be mentioned that the conjugative interaction
etween the oxygen atom of the 4-alkoxy group and the
nilide carbonyl in our investigated group of compounds (Ina–m)
ecreases the possibility of conjugation between the amide-N
nd the amide carbonyl.

As can be seen from Table 2, for a group of the anilide com-
ounds bearing the same alkoxy group, e.g., I8a–n, the anilide

O absorption frequencies are influenced by the nature and
osition of the polar group X. This could be attributed to their
nductive effect (through the –C6H4NH– bridge) on the extent of
olarization of the anilide C O group. Thus, due to the variation
n the electronic (and steric in the 2- and 3-substituted deriva-
ives) nature of X, its mesomeric interaction with the remainder
f the molecule is expected to be somewhat different. Thus,
n the electron-withdrawing (4-NO2) substituted homologues,
onjugative interaction takes place between the substituent X
nd the lone pair of the anilide nitrogen via the intervening ben-
ene ring, leading to an increase in the double bond character
f the anilide C O group by a positive inductive effect (+I).
onsequently, its absorption frequency is increased.
Conversely, the electron-donating (CH3O or CH3) sub-
tituent, supplies electrons to the carbonyl bond, via negative
imica Acta 459 (2007) 40–57 43

nductive effect thus, weakens the C O bond and lowers the
orce constant and absorption frequency.

The charged (mesomeric) form of the anilide analogues
ay lead to strong intermolecular hydrogen bonding. Gener-

lly, hydrogen bonding to a carbonyl group lengthens the C O
ond and lowers the stretching force constant. This results in a
owering of the absorption frequency.

It can be noted from Table 2 that compounds bearing the
lectron-withdrawing (4-NO2) group have their anilide car-
onyls that absorb at 1659–1674 cm−1. This may be attributed
o the mesomeric interactions affected by the two terminal (nitro
nd alkoxy) groups on both sides of the molecule; that is between
he alkoxy oxygen and the anilide C O, on one side, and between
he nitro group and the anilide nitrogen, on the other side. Thus,
hile the conjugated interaction in the former increases the sin-
le bond character of the C O, hence lower its force constant
nd consequently, its absorption frequency, the latter raises, by
he electron-withdrawing inductive effect, the C O stretching
requency and a value of 1659 cm−1 is observed.

Conversely, in the derivatives bearing the electron-releasing
4-CH3O, and 4-CH3) substituents, opposite interactions on

oth sides of the molecule results in compounds that absorb
t lower frequencies (1636 and 1639 cm−1, respectively). The
-chloro-homologues (Inh) absorb at intermediate frequencies
1651 cm−1).

.2. Phase behaviour

The most common type of molecules that forms liquid crystal
hases, is linear rod-shaped molecules, i.e., one molecular axis
s much longer than the other two. The recipe of such molecule is
wo or more ring structures, linked via rigid linking groups plus
ydrocarbon chain at one or both ends. Alternatively, a polar
roup can replace one of the chain groups. The investigated
nilides of the type I satisfy these criteria. The ester linkage,
n the phenyl benzoate molecule, contains no multiple bonds
n the chain of atoms linking the two benzene rings, however,
onjugative interactions within the ester moiety and the rings
o lead to some double bond character. Hence, the mesophase
ecomes more persistent when the phase stability effect of the
utual conjugation between substituents and the ester C O and
is increased.



4 moch

b
i
e

r
m
t
i
h
m
[
l
s
o
T
t
f
m
w
a
h
s
t
l
c
m
o
m
a
O
fi
t
a

a
c
(
o
X
f
a
t
T
o
e
d
p
s
l

4

r
a
s
r

f
m
i
o
t
t
p

4

u
i
p
h
t
t
3
l
t
f
T
o
a
w
H
w
v
r
3
w
o
o

4
m

t
d
m
e
o
c
p
m
l
p
r
t
p
i
t
a
s

4 S.Z. Mohammady et al. / Ther

Expectedly, the anilide linkage, sterically and electronically,
ehaves in a similar manner to the ester group. Mesomeric
nteraction in the nitro-substituted benzanilide molecule, as an
xample, is represented above.

It is known that significant strong forces between linear or
od-shaped molecules give rise to an ordered parallel arrange-
ent that would be retained after melting at Tm. That is, if

he intermolecular forces (arising from dipole–dipole, dipole-
nduced dipole interactions, as well as dispersion forces and
ydrogen bonding) are strong enough, linear association of the
olecules will be affected and retained after melting at Tm

10]. At this temperature, a liquid crystalline phase is formed so
ong as the required parallelism for the anisotropic property of
uch a compound is satisfied and the obtained mesophase exists
ver an interval of temperatures until the clearance temperature
C is reached. At this stage, transition from the mesophase to

he isotropic liquid takes place. If, however, the intermolecular
orces are not sufficiently strong to maintain linear association of
olecules, the required parallelism for liquid crystal formation
ill be disrupted. Alternatively, it may happen that the associ-

tion, in the solid crystal phase, is so strong (as evidenced by
igh melting temperatures and enthalpies) that, by the time the
olid reaches its melting point, Tm, the thermal fluctuations are
oo intense to permit any preferred substantial order (i.e., paral-
el alignment of molecules) to remain within the fluid. In such
ases, the solid passes directly into the isotropic liquid at its
elting point, Tm. In such compounds, the melting of crystals

ccurs at a higher temperature than does the breakdown of the
esomorphic forces. Hence, there will be insufficient molecular

nisotropy to allow the formation of the mesophase on heating.
n the other hand, the possible super-cooling effect (i.e., solidi-
cation at significantly lower temperature than Tm) would allow

he persistence of the ordered alignment of the molecules and the
ppearance of a monotropic mesophase, only during cooling.

4-Substituted derivatives of the anilide I were prepared
nd their phase behaviour investigated by differential scanning
alorimetry (DSC) and detected by polarized-light microscopy
PLM). The results as given in Table 1, irrespective of the length
f the alkoxy-chain (n = 8–18) or the polarity of the substituent
, that none of the linearly (4-) substituted derivatives was

ound to exhibit any type of mesophase. This may be attributed,
s inferred above, to the strong intermolecular interaction in
he solid phase (evidenced by their high melting temperatures,
m, and enthalpies, �Hm). Such strong intermolecular forces
f attraction are due to the strong terminal as well as lat-
ral forces. Upon melting, both types of forces break down,
ue to the strong thermal agitation, and this results in a com-
letely disordered molecules with respect to one another. At
uch high temperatures, the solid passes directly to the isotropic
iquid.

.2.1. Super-cooling effect
If we assume that our group of compounds satisfies the
equirements for mesophase formation and the negative results
re due only to the strong intermolecular association in the solid
tate, supper-cooling effect would definitely be of help in this
espect. The effect of possible super-cooling on the mesophase

i
r
p

imica Acta 459 (2007) 40–57

ormation was investigated by determining (via DSC measure-
ents) the phase transitions during the cooling cycle from the

sotropic melts. The results were included in Table 1. In spite
f the strong super-cooling accompanying the solidification of
he melts at Tf, again, no mesophases were detected, in any of
he derivatives. This indicates the relatively poor stability of any
robable mesophase (TC) above the freezing temperatures at Tf.

.2.2. Effect of lateral substitution
Lateral substituents (in the 2- or 3-positions) are, generally,

sed to modify the mesophase morphology and consequently
ts physical properties. As far as the substituents, which occupy
ositions along the sides of the long molecules, are concerned, it
as been made clear [15–19] that lateral substitution decreases
he thermal stability of both solid and mesophases. In addi-
ion, the introduction of the lateral substituent (in the 2- or
-positions) would be expected to contribute to the molecu-
ar dissymmetry and possibly leads to lower crystal-mesophase
ransition temperatures (Tm). Long narrow molecules will be
orced apart so reducing the intermolecular lateral attractions.
he stability of both solids and mesophases depends, to a greater
r lesser extent, on these cohesive forces to maintain the parallel
lignment of the linear molecules. Therefore, lateral substitution
ill decrease both melting (Tm) and clearing (TC) temperatures.
ence, the homologues of the 2- and 3-substituted derivatives
ere prepared and their phase behaviour similarly investigated
ia DSC and PLM. The results obtained, as included in Table 1,
evealed that although the melting temperatures of the 2- and
-substituted homologues are significantly reduced compared
ith their 4-substituted analogues, again no mesophase was
bserved. This may add further evidence to the poor stability
f the mesophase.

.2.3. Estimation of the type and stability of the latent
esophase
When two mesomorphic compounds are mixed together,

he melting points and mesophase transition temperatures are
epressed. On the other hand, binary mixtures, of certain non-
esomorphic compounds with a mesomorphic one, frequently,

xhibit mesophases that are sometimes enantiotropic and in
ther time only monotropic. Obviously, the non-mesomorphic
ompound should consist of molecules that are structurally com-
atible with the mesomorphic molecular arrangement, and the
ost favourable conditions would arise with molecules that are

ong and lath-shaped, as is expected for our groups of com-
ounds. In the work of Bogavlensky and Winogradow [20],
eference was made to the latent mesomorphic property of
he non-mesomorphic component of the binary mixture. The
ossibility of the occurrence of liquid crystalline properties,
n a mixture, therefore resolves itself into a question whether
he solid–liquid transition temperature of the mixture occurs
t enough low temperature for the anisotropic arrangement of
uitably shaped molecules to persist.
Even if the solid mixture melts to an isotropic liquid, it
s possible that the two-component melt may crystallize less
eadily than would the melts of either of the two pure com-
onents. That is, quite marked super-cooling of the melt may
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ake place, and when the temperature falls, the molecules may
dapt themselves in an anisotropic arrangement over a range
f temperatures below the melting point of the mixture. The
ixture will then exhibit a monotropic mesophase. In order

o investigate the type and stability of the latent (nematic or
mectic) mesophase, the mesophase-isotropic transition temper-
tures (TC) for the investigated compounds could be estimated
rom their binary phase diagrams with compounds exhibit-
ng enantiotropic mesophases, by the method of Bogavlensky
nd Winogradow [20]. The linearly substituted (4-) derivatives
i.e., X = 4-CH3O, 4-CH3, H, 4-Cl, and 4-NO2) were chosen
o account for optimum requirements (expected lath-shaped
onformation) to the mesophase formation. The other compo-
ents of the binary mixture should be one possessing a nematic
hase only and the other possessing the smectic phase only.
hat is one compound should be a nematogen and the other

s a smectogen. It would have been better to use the closest

tructure to our group of compounds, i.e., substituted phenyl ben-
oate. Unfortunately, 4-substituted phenyl-4′-alkoxybenzoates
21] are either monotropic nematogens (the methoxy and methyl
erivatives) or monotropic smectogen (the nitro and cyano

4
b
s

ig. 1. Binary phase digram of the smectogenic derivative IIb with the N-4-substitu
-NO2.
imica Acta 459 (2007) 40–57 45

erivatives). Other alternatives were chosen to be the methyl and
yano substituted derivatives of compound II having the general
ormula:

-C16H33O–C6H4–COO–C6H4–OOC–C6H4–X, IIa and b

The first (the 4-methyl derivative IIa) is purely nematogenic,
aving a nematic stability (TN–I) = 166.5 ◦C, while the second
the 4-cyano derivative IIb) is purely smectogenic, having SmA
tability (TA–I) = 229.7 ◦C.

.2.4. Tendency of the 4-substituted anilides to form a
mectic mesophase

The tendency of the linearly (4-) substituted 4-alkoxy
enzanilides, Ina–e, to adapt their molecules within a smec-
ic A mesophase could be investigated by constructing
heir binary phase diagrams with the smectogen 4-n-

16H33O–C6H4COOC6H4OOCC6H4–CN-4, IIb.
.2.4.1. Effect of polar substituents. Figs. 1–4, represents the
inary phase diagrams for compounds bearing different sub-
tituents, X, and of alkoxy-chain length n = 8, 10, 12, and 18

ted phenyl-4′-n-octyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) H, and (d)
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ig. 2. Binary phase digram of the smectogenic derivative IIb with the N-4-subs

arbons, respectively. As can be seen from Fig. 1, for all of the
ctyloxy (n = 8) analogues, irrespective of the polarity of the sub-
tituent X, the binary solid mixtures exhibit two types of solid
odifications, denoted in the figure as solid I and solid II as the

emperature increases, respectively. The binary mixtures with
Ib of the unsubstituted derivative I8c, as well as the substituted
methoxy, methyl, and nitro) analogues, exhibit eutectic compo-
itions at about 72, 46, 46, and 48 mol% of IIb, respectively. In all
our systems, the addition of I8c to IIb disrupts the SmA arrange-
ent of the molecules of IIb but to varying extents, depending

pon the substituent X. For the unsubstituted derivative I8c, no
ore than 30 mol% were enough to disrupt completely the smec-

ic A alignment of the molecules of IIb. This percent increases to
bout 60, 62, and 78 mol% of the methoxy, I8a, methyl, I8nb and
itro, I8e analogues, respectively. These findings indicate that
oth types of the polar substituents (i.e., either electron-donating
r electron-withdrawing) facilitate the linear arrangement of
he anilide molecules within the smectic A mesophase of IIb.

urthermore, it can be observed from Fig. 1 that the most
olar (nitro) derivative possesses the highest tendency towards
mectic A mesophase formation (up to 78 mol%). That is,
he tendency for smectic A mesophase formation increases in

t
i

H

phenyl-4′-n-decyloxy benzamide, (a) 4-OCH3, (b) H, (c) 4-Cl, and (d) 4-NO2.

he order:

< CH3 < CH3O < NO2.

Fig. 2 represents the corresponding binary phase diagrams for
he mixtures of IIb with the decyloxy (n = 10) analogues. In these
ystems, only the unsubstituted (I10c) and the chloro-substituted
I10d) derivatives, both, showed two solid modifications. Again,
he four derivatives (I10a, I10c, I10d, and I10e), each exhibits
eutectic composition at about 71, 49, 63 and 50 mol% of IIb,

espectively. With respect to the smectic A mesophase forma-
ion, again the unsubstituted (I10c) possesses the least tendency
owards smectic A phase formation. It disrupts the mesophase
ompletely upon the addition of about 30 mol% of I10c. The
itro-substituted derivative, I10e, on the other hand, possesses
he greatest tendency towards smectic A mesophase formation,
.e., up to 84 mol% addition of I10e. The chloro (I10c) and

ethoxy (I10a) substituted analogues occupy intermediate posi-

ions. Again, the tendency for smectic mesophase formation
ncreases in the order:

< Cl < CH3O < NO2.
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of smectic A mesophase formation, is more pronounced than
that in the latter. A general order for smectic A formation,
ig. 3. Binary phase digram of the smectogenic derivative IIb with the N-4-su
d) 4-NO2.

Comparable results were obtained with the dodecyloxy
n = 12) analogues. Thus, as can be seen from Fig. 3, eutec-
ic compositions were detected in all four systems. Smectic

mesophases were observed in the four systems investigated,
ut to varying extents dependent upon the polarity of the sub-
tituent X. The tendency of smectic A mesophase formation
gain increases in the order:

H3 < Cl < CH3O < NO2.

The binary phase diagrams for the mixtures of the analogues
18 with the smectogen IIb are depicted in Fig. 4. As can be
een from this Figure, none of the four systems investigated
howed but one solid modification. On the other hand, all binary
ixtures, independent of the substituent on component I pos-

ess eutectic composition at about 77, 57, 54, and 57 mol% of

Ib, with the analogues I18a, I18b, I18c, and, I18e, respectively.
gain, the smectic A mesophase of IIb extends upon the addition
f component I, to varying extents dependent on the polarity of
he substituent X on I. The tendency for smectic A mesophase

i
g

H

ted phenyl-4′-n-dodecyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) 4-Cl, and

ormation decreases in the order:

< CH3 < CH3O < NO2.

General conclusions that can be drawn from Figs. 1–4 are: (i)
wo solid modifications were observed in the binary mixtures
f the lower homologues (I8), whereby they form independent
f the substituent X, whereas in those of the highest homo-
ogues (I18), only one solid modification was observed. (ii) In
ll systems investigated, independent of either X or n, the com-
onents Ina–e form eutectic mixtures with the smectogen IIb.
iii) The tendency for smectic A mesophase formation in com-
ounds having the formula I is enhanced by substitution, either
ith an electron-withdrawing substituent or with an electron-
onating one. The effect in the former case, on the tendency
rrespective of the alkoxy-chain length (between 8 and 18) is
iven by:

< CH3 < Cl < CH3O < NO2.



48 S.Z. Mohammady et al. / Thermochimica Acta 459 (2007) 40–57

F ubstitu
(

4
t
A
g
d
s
d
t

m
s
t
c
t
o
7
m
t

I

s
s
o
(
t
i

(
S
h
o
c

4
m

ig. 4. Binary phase diagram of the smectogenic derivative IIb with the N-4-s
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.2.4.2. Effect of alkoxy-chain length. The effect of increasing
he length of the alkoxy-chain on the tendency of the smectic

mesophase formation in binary mixtures with the smecto-
en IIb, was investigated. Figs. 5–7, represent the binary phase
iagrams of IIb with the most electron-withdrawing (nitro) sub-
tituted, and the most electron-releasing (methoxy) substituted
erivatives, as well as with the unsubstituted derivatives, respec-
ively.

Fig. 5, which represents the binary phase diagrams for the
ethoxy-substituted homologues Ina with the smectogen IIb,

hows that only the shortest (n = 8) alkoxy homologue exhibits
wo mixed-solid phase modifications, together with a eutectic
omposition at about 46 mol% of IIb. The other three sys-
ems (where n = 10, 12, and 18 carbons), each, exhibits only
ne solid modification and eutectic compositions at 72, 76, and
6 mol% of IIb, respectively. The tendency to form a smectic A
esophase increases, as the alkoxy-chain increases in length, in
he order:

8a < I10a < I12a < I18a.

o
w
s
C

ted phenyl-4′-n-octadecyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) H, and

The corresponding binary phase diagrams for the 4-nitro sub-
tituted homologues with IIb are depicted in Fig. 6. As can be
een from this figure, solid phase modifications are observed
nly with the shortest homologue (n = 8). All binary mixtures
with IIb) exhibit eutectic compositions. Again, the tendency
owards smectic A mesophase formation increases with increas-
ng the alkoxy-chain length.

The binary phase diagrams for the unsubstituted homologues
Ic) with the smectogen IIb are represented graphically in Fig. 7.
olid modifications were observed only in the case of the lower
omologues I8 and I10. It obeys the same general smectic A
rder of formation, that increases with increase of the alkoxy-
hain length.

.2.5. Tendency of 4-substituted anilides to form a nematic
esophase
The tendency of the linearly (4-) substituted derivatives
f the 4-alkoxy benzanilides, Ina–e, to adapt their molecules
ithin a nematic phase could be investigated by con-

tructing their binary phase diagrams with the nematogen
16H33O–C6H4COOC6H4OOCC6H4–CH3-4, IIa.
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.2.5.1. Effect of polar substituents on the tendency towards
ematic phase formation. In order to investigate the effect of
he polar substituent, X, on the tendency of the molecules on I
o adapt themselves within a nematic ordering, four groups of
inary phase diagrams (Figs. 8–11) were constructed. Within a
roup of diagrams, the alkoxy-chain length was kept constant
hile the polar group X is varied. Fig. 8 represents the phase
iagrams constructed for the four binary systems of octyloxy
n = 8) analogues of I, bearing the same alkoxy-chain but differ
n their polar groups, with the nematogen, IIa. As can be seen
rom Fig. 8, irrespective of the polarity of the substituent X, the
ematic ordering of the molecules of IIa is gradually disrupted
y the addition of the molecules of I to an extent dependent upon
he polarity of X. For example, the nematic order of IIa is retained
p to the addition of 78 mol% of the nitro derivative, I8e, whereas
he unsubstituted analogue, I8c, destroys completely the nematic
rrangement of IIa upon addition of only 33 mol% of I8c. One
ay conclude from Fig. 8 that the tendency of the molecules
f I to adapt themselves within the nematic arrangement of IIa
ecreases in the order:

-NO2 > 4-CH3O > 4-CH3 > H.

w
p
m
u

phenyl-4′-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 12, and (d) n = 18.

This order is coincident with that deduced for their tendency
o adapt within a smectic A arrangement. The other groups of
iagrams (Figs. 9–11) represent the corresponding diagrams
or the I10, I14, and I18 analogues with IIa, respectively. As
an be seen from these figures, irrespective of the alkoxy-chain
ength, the tendency for compounds Ia–e towards nematic phase
daptation decreases in the following order:

-NO2 > 4-CH3O > 4-CH3 > 4-Cl > H.

That is substitution with either an electron-withdrawing or
n electron-donating group increases the tendency of molecules
f I to adapt within nematic arrangement. The un-substituted
erivatives, Ic, possess the least tendency.

.2.5.2. Effect of alkoxy-chain length on the tendency towards
ematic order adaptation. In this part of the study other groups
f binary phase diagrams were constructed (Figs. 12–15). In
ach group of diagrams, the substituent, X, is kept constant,

hile the alkoxy-chain length is varied. Fig. 15(a–d), for exam-
le, represents the binary phase diagrams constructed for the four
ethoxy-substituted homologues (I8a–I18a) with IIa. These fig-

res revealed that, the nematic ordering of IIa is retained up to
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he addition of 42.6, 53, 46.5, and 42.6 mol% of I8a, I10a, I14a,
nd I18a, respectively. For the methyl-substituted analogues, the
endency towards nematic phase formation, as measured by the

ol% addition of I, were found to be, respectively, 38.7, 49.1,
1.7, and 51.9 mol%. For the nitro-substituted analogues the
endency for nematic order adaptation is 86.6, 49.3, 44, and
2.6 mol%, respectively. As can be deduced from Figs. 12–15,
here is no regular trend for the variation of the tendency towards
ematic ordering with increasing alkoxy-chain length, n. It
eems that it increases first with “n” up to a value of “n” depen-
ent on the polarity of the substituent, X, then decreases. This
rend may be attributed to the increased tendency towards smec-
ic A phase formation, as the alkoxy-chain length increases,
ccompanied with a decreasing tendency towards nematic phase
ormation, with increasing the alkoxy-chain length.

.3. Mesophase behaviour of the N-methyl derivative
I18m)
As mentioned before, strong intermolecular forces result
rom strong polarization of the anilide C O group as evidenced
rom their infrared spectra (Table 2). These strong intermolec-

N
w
D
i

enyl-4′-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 12, and (d) n = 18.

lar forces may arise from a hydrogen-bonding between two or
ore neighboring molecules.

In order to investigate the influence of intermolecular hydro-
en bond formation on the tendency of mesophase formation, the

-methyl analogue of the unsubstituted derivative (I18n, X = H)
as prepared, as an example, and similarly investigated. The
SC and infrared data for the N-methyl homologue (I8m) are

ncluded in their corresponding tables. As can be seen from these
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Fig. 7. Binary phase diagram of the smectogenic derivative IIb with the N

ables, there is still no mesophase observed, either on melting
he solid crystals, or cooling the isotropic melts. This means that
new factor, other than hydrogen bonding still exists.

.4. Estimation of the linearity and/or planarity of the
nilide molecule

The only possible reason left for the poor ability of the
olecule of compounds Ina–e to form a mesophase is that

ts mesogenic portion, i.e., the benzanilide moiety, is non-
inear and/or non-planar. To elucidate the exact conformation
f the molecules of compounds Ina–e, it is possible to esti-
ate the extent of linearity and/or planarity, an essential criteria

or mesophase formation, in the core molecule, namely, benz-
-substituted anilides (C6H5CONHC6H4–X-4). This can be
ealized by calculating the resultant dipole moment of the
olecule, by the vector summation method of bond moments,
or all possible conformations starting from a planar one by rotat-
ng the Ar–N–H grouping around the carbamoyl C–N bond, and
omparing the results with the observed dipole moments, as
ollected from the literature [22,23].

c
t
o
a

yl-4-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 12, and (d) n = 18.

.4.1. Vector summation of bond moments
For the deduction of the most probable conformation of the

nilides (C6H5CONHC6H4–X-4) molecule, the vector summa-
ion method of bond moments for each of the 4-substituted
enzanilides (4-CH3O, 4-CH3, 4-Cl, H, and 4-NO2) is estab-
ished. The 4-substituted benzanildes were chosen as they
epresent the core structure of the investigated anilides, Ina–e.
he fixed set of reference axes, which is chosen for the ben-
anilide molecule, has as shown in Fig. 16, its origin at the
itrogen atom of the carbamoyl group, y-axis along the C–N
ond of this group, x-axis in the plane of the molecule, and the z-
xis perpendicular to the plane constituting the whole molecule.
lso indicated in Fig. 16 are the bond moments and bond angles

s taken from the literature [22,23]. Starting with the anilide
ryl group in plane while the anilide-H atom protruding out-of
lane, and rotating the H–N–Ar group around the C–N bond by
n angle that varies between 0 and 360◦, the various possible

onformations could be calculated. It should be mentioned here
hat the remaining part of the molecule is planar for reasons
f conjugation between the carbonyl and alkoxy groups via the
ttached phenyl ring. The dipole moment components along the
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Fig. 8. Binary phase diagram of the nematogenic derivative IIa with the N-4-substituted phenyl-4′-n-octyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) H, and (d)
4-NO2.

Fig. 9. Binary phase diagram of the nematogenic derivative IIa with the N-4-substituted phenyl-4′-n-decyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) H, and (d)
4-NO2.
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Fig. 10. Binary phase diagram of the nematogenic derivative IIa with the N-4-substituted phenyl-4′-n-tetradecyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) H, and
(d) 4-NO2.

Fig. 11. Binary phase diagram of the nematogenic derivative IIa with the N-4-substituted phenyl-4′-n-octadecyloxy benzamide, (a) 4-OCH3, (b) 4-CH3, (c) H, and
(d) 4-NO2.
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Fig. 12. Binary phase diagram of the nematogenic derivative IIa with the N-4-methoxy phenyl-4′-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 12, and (d) n = 18.

Fig. 13. Binary phase diagram of the nematogenic derivative IIa with the N-4-methyl phenyl-4′-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 14, and (d) n = 18.
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Fig. 14. Binary phase diagram of the nematogenic derivative IIa with the N-4-nitro phenyl-4′-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 14, and (d) n = 18.

Fig. 15. Binary phase diagram of the nematogenic derivative IIa with the N-4-phenyl-4′-n-alkoxy benzamide, (a) n = 8, (b) n = 10, (c) n = 14, and (d) n = 18.
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Fig. 16. The bond moments and bond angles are indicated as taken from the
literature [22,23].

Fig. 17. Dependence of the calculated moment (μ) on the angle of rotation (φ)
for the N-(4-substituted phenyl) 4′-octyloxybenzamide.
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-, y-, and z-axes, denoted, respectively, as Mx, My, and Mz, are
alculated using the expressions (1–3):

x = (0.9397δm + 0.6108)cosφ + 1.0579sinφ + 2.5674 (1)

y = 0.3420δm − 1.3823 (2)

z = (0.9397δm + 0.6108)sinφ − 1.0579cosφ (3)

here δm is the group moment acting along the 4-X–C6H4–N
oiety, as taken from the literature [22,23], and φ is the angle by
hich the Ar–N–H grouping rotates around the C–N bond. Since

n these calculations inductive effect has not been taken into con-
ideration, the variation of ±5◦ in bond angles and of ±0.1 D in
ond moments can be regarded insignificant, and the possible
rror in the computed dipole moments may not exceed ±0.4 D.
he calculated dipole moments, as a function of the angle of

otation (φ) are depicted in Fig. 17, for the 4-CH3O, 4-CH3, H, 4-
l, and 4-NO2, substituted derivatives. Comparing the observed
ipole moment value [24] for each derivative with those calcu-
ated this way revealed that none of the N-4-substituted phenyl
enzamide derivatives is co-planer, and all are consequently non-
inear. The extent of non-planarity is dependent on the polarity
f the substituent, the nitro-substituted derivatives possesses the
aximum (φ = 79◦), while the un-substituted one possesses the
inimum (φ = 25◦). It has to be mentioned here that the lin-

ar, co-planar conformations have φ = 0◦, whereas the other
o-planer, non-linear conformations have (φ = 180◦), and the
ngle of rotation φ represents the degree of non-planarity.
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