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Princeton, New Jersey 08540

Received December 2, 1971

Abstract—In a continued effort to synthesize compounds which exhibit
nematic mesomorphism at room temperature, homologous p-alkoxy-p’-
acyloxyazobenzenes and p-alkoxy-p’-acyloxyazoxybenzenes were prepared.
The p-substituted groups were normal alkyl chains containing from one to
seven carbon atoms. Of the 98 compounds which were prepared in both the
azo and azoxy series, 87 exhibited enantiotropic and 3 monotropic nematic
properties while only 8 showed smectic behavior. The azoxy “ compounds ”
were generally lower melting than the azo compounds. This is presumably
due to the fact that the former are mixtures of isomers (oxygen may be on
nitrogen attached to the alkoxyphenyl group or on nitrogen attached to the
acyloxyphenyl group). The higher nematic thermal stability of the azoxy
materials compared to the azo compounds and to analogous Schiff base
compounds may be attributed to broadening of the molecule as a result of the
presence of a lateral oxygen atom. This would have the effect of increasing
the terminal to lateral interactions.

1. Introduction

This paper®) is the seventh in a series devoted to the preparation of
nematic compounds which exhibit their properties at or below room
temperature. The discovery of several unusual electro—optic effects
in certain classes of nematic compounds®® prompted this investi-
gation. Much of our effort during the past several years has been
directed toward the synthesis of Schiff base materials in order to
accomplish this objective.®:4-") In the present study, however, the
related compounds were not Schiff bases but were unsymmetrical,
para-substituted azobenzene and azoxybenzene derivatives con-
taining both alkoxy and ester groups.

t This paper was presented at the 162nd National American Chemical
Society Meeting in Washington, D.C., September 1971.
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2. Experimental'®
P-ALROXY-p'-ACYLOXYAZOBENZENES

The coupling of para-substituted alkoxyanilines (obtained from
Aero Chemical Co., Newark, N.J.) with phenol was carried out by
the conventional procedure of Vogel® to yield the corresponding
p-alkoxy-p’-hydroxyazobenzene compounds. Esterification of the
hydroxy group was accomplished by stirring 0.01 M of the phenolic
azo compound with 0.011 M of the appropriate acyl anhydride in 50 ml
of pyridine for a 12-hour period at room temperature. At the end of
this time the mixture was poured over 200 ml of ice. The orange
crystals which separated were washed with water, dried i» vacuo and
recrystallized from 2-propanol. Recrystallization from 2-propanol
was repeated until the nematic-isotropic transitions were constant
and reversible. The transition temperatures of the compounds in
this series are presented in Table 1.

P-ALKOXY-p'-ACYLOXYAZOXYBENZENES

The oxidation of the azo compounds was accomplished by a
modified procedure previously described.®®> The resulting yellow
azoxy compounds which were obtained in 50-709, overall yield were
recrystallized from 2-propanol until the nematic—isotropic transitions
were constant and reversible. The transition temperatures and
thermodynamic data of the compounds in this series are presented in
Table 2.

p-ALKOXYBENZYLIDENE-p - ACYLOXYANILINES

The preparation and purification of these compounds was accom-
plished by previously reported procedures. “.5)

DETERMINATION OF TRANSITION TEMPERATURES

Transition temperatures were determined with both a Thomas—
Hoover melting point apparatus and a differential scanning calori-
meter (DuPont Model 900 Thermal Analyzer). In the latter case,
sample sizes were between 5 and 15 mg while the heating rate was
10° per minute. The materials were contained in hermetically
sealed aluminum cups. The transition temperatures were repro-
ducible within 1°. The transition enthalpies were obtained by
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TaBLE 1 p-Alkoxy-p’-Acyloxyazobenzenes

R10—©—N =N —O—ﬁ—R2
o)

Crystal-Nematic Nematic-Isotropic
Transition Transition

No. R, R, °Q ¢

1 CH, CH, — 122 (112)@®
2 CH, C.H, 92 117
3 CH, C,H, 74 116
4 CH, CH, 82 101
5 CH, CH,, 70 106
6 CH, CeH, 4 72 95
7 CH, C,H,, 76 99
8 C,H; CH, 121 136
9 C,H; C,H, 103 141
10 C,H, C,H, 91 139
11 C,H, CH, 78 126
12 C,H, CyH,, 68 127
13 C,H, CoH,, 64 117
14 C.Hy C,H;s 87 118

15 C,H, CH, —_ 114 (109)®
16 C,H, C,H, 99 119
17 C;H, C,H, 96 118
18 C,H, CH, 77 107
19 C;H, C,H,, 80 110
20 C:H, CeH,, 80 102
21 C,H, C,H,, 83 104
22 CH, CH, 107 117
23 C.H, C,H, 103 125
24 CH, CH, 98 124
25 CH, C.H, 84 114
26 C.H, C,H,, 82 116
27 CH, C.H,, 81 109
28 CH, C.H,; 84 111
29 CeH,, CH, 101 104
30 C,H,, C,H, 86 114
31 C.H,, C,H, 88 113
32 CsH,, C.H, 86 104
33 C:H,, C,H,, 8 107
34 CeH,, CeH,, 3 100
35 CeH,, C,H,, 7 104
36 CoH,y CH, 101 108
37 C.H,, C,H, 95 116
38 CeH,s CsH, 89 115
39 CeHis CH, 80 108
40 CoH,yy CeH,, 82 111
41 CoH,5 CeH,y 70 106
42 C,H,, CH,, 78 107
43 C.H,, CH, 101 100
44 C,H,, C,H, 99 109
45 C.H,, C,H, 89 109
46 C.H,, CH, 77 104
47 7Hyg CHy,y 79 108
48 C1H15 CqHu 78 101
49 C1Hu C'IHu 80 108
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graphic integration of the peaks at the various temperatures. The
instrument constant was determined by calibrating with a number of
standard compounds.

3. Discussion

p-Azoxyanisole and p,p’-dialkoxyazoxybenzenes are among the
most widely known materials that form liquid crystals. Most of the
definitive synthetic work on this class of materials was performed
some years ago. Attempts to prepare azoxy compounds which
exhibit nematic properties at ambient temperatures have been
reported only very recently. Steinstrasser and Pohl®?) reported the
preparation of a series of p-alkyl-p’-alkoxy- and p-alkyl-p’-acyloxy-
azoxybenzenes which had melting points below 40°C. Our investi-
gation was concerned with the preparation of a series of p-alkoxy-
p’-acyloxyazo and azoxy benzenes which were prepared according to
the following synthetic route:

S 6.5 —

RO@—N =N©—OH +[R'C0L,0 ——
Ro—©—N -N OﬁR
0

VA
HCOOH

RO—@-—N=N —OCR' +RO—©fN N~©—OCR'
|
S
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The p-substituted groups were normal alkyl chains containing
from one to seven carbon atoms. The transition temperatures and
thermodynamic properties are presented in Tables 1 and 2.

In order to facilitate a better understanding of the effects of
changes in molecular structure as a function of mesomorphic behavior,
a series of phase transition plots were constructed. These illustrate
the changes in the phase transition temperatures and changes in
entropy with an increase in the length of an alkyl chain attached to
one of the terminal positions of the molecule.

The general relationships that hold true for the majority of
homologous series of mesomorphic compounds®? also hold true for
the series of azo compounds; that is, a regular alternation of the
nematic-isotropic transition temperatures occurs when the tempera-
tures are plotted against the number of carbon atoms in the alkyl
chain. In addition, the melting points decrease with increasing
length of the alkyl chain (Fig. 1). Since the melting characteristics
of a compound are largely determined by the strength of inter-
molecular interactions in the crystal lattice, it follows that areduction
in the strength of these interactions by the separation of the active
centers of charge would produce lower melting materials.

In this series monotropic behavior was observed for the p-alkoxy-
phenylazo-p’-phenyl acetates when the alkoxy portion contained one,
three and seven carbon atoms. When the chain length was five
carbon atoms & very narrow nematic phase was observed. When the
alkoxy portion contained two carbon atoms increasing the chain
length in the ester portion resulted in a compound (n = 5) with the
lowest crystal-nematic transition in the series. The greatest thermal
stability was also observed in this set at n = 1 as well as the broadest
mesomorphic ranges.

As the ether portion is extended a gradual decrease in the magni-
tude of the nematic—isotropic transition is seen. A difference of 24 °C
between the high and the low NL in the ethoxy homologs to a differ-
ence of 9°C in the heptyloxy homologs was observed.

No smectic mesomorphism occurred for any member of this
particular series. Even though an increase in the chain length of
both the alkoxy and the acyloxy portions of the molecule generally
results in decreased terminal and increased lateral interactions, the
lack of a dipole operating across the long axis of the molecule at the
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Figure 1. Phase transition plots for the p-alkoxy-p’-acyloxyazobenzenes.
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central linkage does not provide the molecule with sufficient lateral
attractive forces to induce smectic formation, at least for the seven
alkoxy members of the series that were prepared.

As will be seen with the azoxy compounds and the previously
reported benzylidene anilines, the presence of the dipole does induce
smectic behavior in the highest homologs.

The p-alkoxy-p’-acyloxyazoxybenzenes have much broader meso-
morphic ranges, greater nematic thermal stabilities and lower crystal—
nematic transitions than the corresponding azo series. This behavior
is most certainly a result of the transverse dipole created by the
addition of the oxygen atom at the central linkage. However, since
the oxygen atom protrudes laterally from the molecule, the lateral
attractive forces induced by the dipole are somewhat lessened by the
increased breadth of the molecule. Consequently, terminal inter-
actions are strong enough to ensure higher nematic thermal stabilities
when compared with the corresponding azo compounds.

The co-planar conformation of the aromatic rings in the azobenzene
molecule may also partly explain the higher melting points of series I
when compared with the azoxy compounds of series II. The presence
of the oxygen atom in the azoxy molecule disrupts the co-planarity of
the rings thus contributing to a less densely packed crystal lattice
which results in lower melting compounds.

A further complicating factor affecting the melting point is the fact
that the individual azoxy homologs are really mixtures of the two
possible isomers; the oxygen can be attached to the nitrogen nearest
the alkoxy portion of the molecule or to the nitrogen farthest from
the alkoxy group. NMR studies conducted by Steinstrésser!) on
the series of p-alkyl-p’-alkoxy and p-alkyl-p’-acyloxyazoxybenzenes
confirmed that a mixture of the two isomers does exist. Separation
of the isomers by gas-liquid chromatography has also been re-
ported.®® OQur own limited NMR studies showed that a marked
splitting of the alkoxy proton signals occurs in the spectra obtained
with the compounds of series II. One example is shown in Fig. 2.

When the alkoxy chain in series IT contained one carbon atom and
the acyloxy chain contained from one to seven carbon atoms, the
melting points observed were higher than the corresponding azo
analogs (Fig. 3). For example, the first member of series II has a
crystal-nematic transition which occurs at a fairly high temperature.
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Figure 3. Phase transition plot for the p-alkoxy-p’-acyloxyazoxybenzenes.
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The analogous azo compound showed monotropic behavior. This is
also the only azoxy compound to exhibit a mesomorphic range of less
than 29 °C.

When the alkoxy group contained two carbon atoms, the broadest
mesomorphic ranges in the series were observed—an average of 59 °C.
These compounds also had the highest nematic thermal stabilities.

With the alkoxy chain lengths at three and four carbon atoms, the
longer ester chains produce small decreases in the crystal-nematic
transition while the nematic-isotropic transitions show typical odd-
even effects. The mesomorphic ranges for the last five homologs in
this series level off at approximately 55 °C.

With the alkoxy chain set at five carbon atoms, an increase in the
length of the ester chain resulted in the lowest melting compounds of
the series. Because of reduced terminal interactions due to the
separation of the polarizable ester linkage and subsequent increase in
the lateral interactions, smectic behavior was introduced. Theranges
are relatively small to begin with but gradually increase as the ether
chain is extended to seven carbon atoms. As observed by Gray,t?
an increasing chain length causes increases in the smectic thermal
stability because of a decrease in the ratio of terminal to lateral
cohesions.

A comparison of transition temperatures for p-alkoxy-p’-acyloxy-
azoxybenzenes, azobenzenes and benzylidene anilines was made in
order to evaluate the effects of the central linkage on mesomorphic
behavior. In 1938, Weygand and Gabler'4) conducted a similar
study of p,p’-dialkoxy azoxybenzenes, azobenzenes and benzylidene
anilines. Their results for compounds with chain lengths of five
carbon atoms or less indicated a pattern for nematic thermal
stabilities as follows: azoxy greater than azo greater than Schiff
base. Young, Haller and Aviram®® in their work on homologous
nitrones made the same comparisons, the nitrone falling between the
azoxy and azo in stability for its nematic phase.

In our study (Fig. 4), the azoxy homologs were found to have the
highest stabilities, the benzylidene anilines the lowest, while the azo
homologs fell intermediate between the two. This relationship is
true for alkoxy chains with up to four carbon atoms and acyloxy
chains with up to seven carbon atoms. However, when the alkoxy
chain is increased from five to seven carbon atoms, the azo and
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x

benzylidene aniline stabilities overlap with the Schiff base stabilities
predominating. The relationship of azoxy to azo remains the same
throughout the entire series.

A study of the heats of transition for the azoxy derivatives showed
no anomalous behavior. The enthalpies and derived entropies for
the crystal-nematic transitions, as expected, showed no predictable
trends when plotted against increasing chain length. However, the
entropies for the nematic-isotropic transition when plotted against
ascending chain length showed the now familiar odd-even relationship
(Figs. 5 and 6). This has also been reported by Haller and Cox®®
for substituted Schiff bases and by Arnold®? for p,p’-dialkoxyazoxy-
benzenes. The only definite conclusion that can be drawn from the
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Figure 5. Entropy-chain length relationships for p-alkoxy-p’-acyloxyazoxy-
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Figure 8. Entropy-chain length relationships for p-alkoxy-p‘acyloxyazoxy-

benzenes.
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rather familiar results is that the lack of sufficient increments of
change in the entropy at the nematic-isotropic transition for each
increase in the chain length indicates that terminal alkyl chains do
not exist in a single elongated conformation in the nematic state.
This is in agreement with the previously reported results of Young
et al.1®

4. Conclusions

Some general observations can now be made concerning meso-
morphiec azo and azoxybenzene derivatives:

(1) Azoxy compounds have more thermally stable nematic
mesophases than their azo counterparts. This has been attributed to
the presence of a transverse dipole in the azoxy group. The average
difference between the nematic stabilities of the two series shows a
maximum for the methyl ethers and a decrease through the propyl
ethers, & minimum for the butyl ethers and an increase through the
heptyl ethers.

(2) The melting points of azoxy compounds are lower than the
corresponding azobenzenes. The co-planarity of the aromatic rings
in the azo derivatives allows for dense packing in the crystal lattice
and hence high melting points. A second contributing factor to the
differences in melting point is that the azoxy derivatives are obtained
as isomeric mixtures.

(3) The broadest mesomorphic ranges for both the azo and azoxy
series! were observed when the alkoxy chain contained two carbon
atoms and the acyloxy portion was increased through seven carbon
atoms. The mesomorphic ranges for the azoxybenzenes steadily
increase over the ranges for the azobenzenes as the alkoxy and
acyloxy chain lengths are increased through seven carbon atoms.

(4) No smectic behavior was observed for the azo derivatives over
the range covered. This is probably due to a lack of a transverse
dipole at the central linkage. However, smectic behavior appeared
in the azoxy series when the total of carbon atoms in both chains
was 11, 12, 13 and 14, This trend is similar in other homologous
series.

(5) The unusually small increments in entropy for nematic-
isotropic transitions per increase in methylene group indicate that
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terminal alkyl chains cannot exist in a single, elongated conformation
in the nematic state.
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