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ABSTRACT: Model compounds (S,) of stilbene-unit containing copolymers are studied and compared with 
compounds T, and H, derived from terephthalic acid and hydroquinone, respectively. They have the following 
structures: A~[COOC~H~COO(CHZ),CH~~~, where Ar = -C&14CH=CHCBH4- (S,) and Ar = -C&- (T,); 
A~[~~CC~H~COO(CHZ),CH~IZ, where Ar = -C&- (H,). Their liquid crystalline behaviors are established 
by DSC, optical microscopy, and X-ray diffraction. The lower homologues in the T, and H, series show only 
a nematic phase. When the alkyl group is lengthened, both nematic and SA phases are formed. In the higher 
homologues purely SA behavior is observed, with compound H, exhibiting a monotropic SC phase. All the 
S, compounds studied give N and SC phases, with compounds SZ, Ss, and exhibiting a SC-SA transition. 
The effects of the central unit of the mesogenic group on liquid crystal properties are illustrated by reference 
to compounds T., H,, S,, and N, (containing a 2,6-disubstituted naphthalene central ring). The effects of 
relatively small structural changes are illustrated by reference to compounds in which the n-alkyl chains are 
connected to the mesogenic groups by ester (T,, H,), ether (T,,, Hm), and direct (Tb, Hb) linkages. 

Introduction 
Monomer units derived from stilbenic acid (S) exhibit 

interesting mesogenic properties in low and high molar 
mass liquid crystal compounds; they are self-mesogenic 
and can lead to thermotropic or lyotropic polymers without 
the need of preforming mesogenic blocks. 

Most polymers containing stilbene mesogenic groups 
are semiaromatic polycondensates with steadily distrib- 
uted stilbene units and aliphatic segments, mainly poly- 
methylene and po1yalkylene.l-l3 The synthesis of wholly 
aromatic polyesters has been the subject of very few articles 
and patents;14J5 their content in stilbene units is generally 
low; moreover, their is little information concerning the 
relationships between their synthesis, their structure, and 
their properties. 

In this series we want to discuss the interest in 
introducing stilbene units in copolyesters prepared from 
methylhydroquinone, diacids such as isophthalic, tereph- 
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thalic, and 4,4‘-oxydibenzoic acid, and p-hydroxybenzoic 
acid. 

The present paper is devoted to the study of stilbene 
model compounds (S,) and to the comparison of their 
liquid crystalline behaviors with those of model compounds 
derived from terephthalic acid (Tn)  and hydroquinone 
(Hf l ) .  

CH,.(CHd.O c ~ ( r c - ~ y - C - O ~ ~ - O  (CH,A-CH, 
I I  - ( I  - 

0 

where A r =  or 

Compounds with a central terephthaloyl group were 
the subject of several publications;*~24 however, some of 
the results led to contradictory conclusions, and it seemed 
important to remove these ambiguities. Both polymers 
Hn and Tn are of the same structure, the only difference 
being that in the polymers Hn the central ester linkage is 
placed in the chain in an alternating fashion. 
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The results are discussed in detail by comparing the 
properties of compounds S,, T,, and H, to those of the 
following compounds described in literature: To,,19-21 
Tdn,22-24 Ho,,19a,c,23.25-28 and Hdn,29 

The synthesis and properties of the copolyesters are 
described in the second paper of the series. 

Experimental Part 
Materials. Alkyl 4-Hydroxybenzoates. Methyl (n = 0), 

ethyl (n = l), and propyl (n = 2) 4-hydroxybenzoates are 
commercial compounds (Aldrich). 

Higher 4-hydroxybenzoates are prepared by refluxing a mixture 
of 4-hydroxybenzoic acid (0.1 mol), toluene (200 mL), CHa- 
(CHz),OH (3 5 n 5 6; 0.1 mol), and sulfuric acid (5 drops) for 
5 h. Water is then eliminated through azeotropic distillation, 
and toluene and alkanol in excess are distilled out under reduced 
pressure. 

T, Compounds. A mixture of 4-hydroxybenzoate (0.1 mol), 
terephthaloyl chloride (0.03 mol), and freshly distilled pyridine 
(200 mL) is stirred at room temperature for 12 h. The reaction 
mixture is then poured into water (pH = 4-5). The resulting 
precipitate is filtered off, dissolved in chloroform, and washed 
with water. The organic layer is separated and evaporated, and 
the residual product is crystallized from ethyl acetate. Elem 
anal. Calcd for CuHlsO8 (To): C, 66.36; H, 4.18; 0, 29.46. 
Found: C, 66.34; H, 4.20; 0,29.40. Calcd for CzsH~08 (TI): C, 
67.53; H, 4.79; 0,27.68. Found: C, 67.53; H, 4.88; 0,27.59. Calcd 
for CdmO8 (Tz): C, 68.56; H, 5.34; 0,26.09. Found: C, 68.48; 
H, 5.29; 0,26.14. Calcd for C&IwO8 (T3): C, 69.49; H, 5.83: 0, 
24.68. Found C, 69.50; H, 5.85; 0, 24.56. Calcd for C32HuO8 
(TI): C, 70.31; H, 6.27; 0, 23.42. Found C, 70.32; H, 6.23; 0, 
23.40. Calcd for CS&O~ (Tal: C, 71.06; H, 6.66; 0, 22.27. 
Found C, 70.87; H, 6.63; 0, 22.39. Calcd for &Ha08 (T& C, 
71.74;H,7.02;0,21.24. Found: C,71.74;H,7.02;0,21.10, Calcd 
for C&OS (T,): C, 72.36; H, 7.35; 0,20.29. Found C, 72.26; 
H, 7.37; 0, 20.35. 

&c. Tolyl chloride (28 g, 0.18 mol) is added dropwise to a 
solution of hydroquinone (6.6 g, 0.06 mol) in freshly distilled 
pyridine (100 mL); the temperature is maintained below 30 "C. 
The reaction mixture is poured into acidified water (pH = 3-4), 
and the resulting crude bo is filtered off, washed with a 5% 
NaCOaH solution, and crystallized from acetic acid (yield = 68 % 1. 
Elem anal. Calcd for CnH18O4: C, 76.29; H, 5.24; 0, 18.48. 
Found C, 76.34; H, 5.19; 0, 18.40. 

H,,. Oxygen (0.4 L m i d )  is bubbled through amixture Of HdO 
(45 g, 0.13 mol), propionic acid (1 L), CoCl2.6HzO (0.45 g, 1.89 
mmol), MnBrr4Hz0 (0.90 g, 3.14 mmol), and KBr (0.45 g, 3.78 
mmol) which is refluxed for 10 h (135-140 "C). Hpl, which 
precipitates as the reaction progresses, is filtered off from the 
warm solution, washed with boiling propionic acid, and dried. 
Hpl is not further purified (yield = 90%). Elem anal. Calcd for 
CBH1408: C, 65.03; H, 3.47; 0,31.50. Found: C, 66.47; H, 3.64; 
0, 29.96. 

H,a. A mixture of H,1(35.5 g, 0.08 mol), SOCl2 (400 mL), and 
DMF (4 mL) is refluxed for 6 h. The excess SOClz is then distilled 
out under vacuum, leaving a solid. Toluene (50 mL) is added 
and then distilled out. This procedure is repeated, and the crude 
product &Z is then dissolved in chloroform in the presence of 
active charcoal. After filtration of active charcoal, chloroform 
is removed (yield = 72%). 

H, and Hs. A mixture of pyridine (5 mL) and CH3(CH2),0H 
(20 mL) is slowly added to a chloroform (50 mL) solution of Hp2 

(4 9). The reaction mixture is maintained at 20 "C for 12 h. The 
alkanol is then eliminated through steam distillation, and 
chloroform is distilled out. Hz and H6 are crystallized from ethyl 
acetate. Elem anal. Calcd for C a m 0 8  (Hz): C, 68.56; H, 5.34; 
0,26.09. Found C, 68.50; H, 5.35; 0,2590. Calcd for CSHMO~ 
(Hs): C, 71.06; H, 6.66; 0, 22.27. Found C, 70.86; H, 6.48; 0, 
22.15. 
H,. Hpz (4 g) is solubilized in methylpyrrolidone (150 mL), 

and triethylamine (5 mL) then reacts with n-octanol(10 g, 0.77 
mol). The reaction mixture is poured into water, and the 
precipitate is filtered off. The crude product is crystallized from 
ethyl acetate. Elem anal. Calcd for C&uOa: C, 72.36; H, 7.35; 
0, 20.29. Found C, 72.40; H, 7.29; 0, 20.20. 

Stilbene Dichloride. Stilbene diacid% (20 g, 0.075 mol), 
SOClz (119 g, 1 mol), and DMF (0.5 mL) are refluxed for 24 h. 
The excess SOClz is distilled out. Toluene is added and then 
distilled out. This procedure is repeated, and the crude product 
is crystallized from toluene (700 mL) in the presence of active 
charcoal. The product is obtained as yellow needles (yield = 
85%). 

9, Compounds. A mixture of stilbene dichloride (5 mmol), 
alkyl 4-hydroxybenzoate, and freshly distilled pyridine (50 mL) 
is stirred for 12 h at room temperature and then poured into 
water. The resulting precipitate is filtered off and dissolved in 
dichloromethane. The solution is washed with water. The 
organic layer is separated and evaporated. The residual product 
S, is crystallized from ethyl acetate (yield = 6045%). Elem 
anal. Calcd for CSHBO~ (SI): C, 5.00; H, 72.33; 0, 22.67. 
Found C, 4.96; H, 72.35; 0, 22.59. Calcd for CBH~ZO~ (Sz): C, 
72.96;H,5.44;0,21.60. Found: C,72.72;H,5.26;0,21.18.Calcd 
for C&BO~ (Sa): C, 73.53; H, 5.85; 0,20.62. Found C, 73.57; 
H, 6.14; 0, 20.28. Calcd for C ~ H a 0 8  (SS): C, 74.98; H, 6.86: 0, 
18.16. Found: C, 74.91; H, 6.83; 0, 17.89. 

Analytical Techniques. NMR spectra were recorded on a 
250 FT Bruker spectrometer using the XHCORR impulsion 
sequence (A1 = 0.5Jc~ with JGH = 140 or 10 Hz) in the case of 
2D-NMR W-lH spectra. 

The thermal transitions were measured by means of a Du Pont 
1090 thermal analyzer with a DSC 910 attachment. All samples 
were under 15 mg and were heated at 20 OC/min. 

The transition characteristics were surveyed with a polarizing 
microscope (Olympus BHA-P) equipped with a Mettler FP-5 
hot stage. 

X-ray diffraction patterns were recorded on flat films using 
Cu Ka radiation. A flat graphite crystal with a pinhole collimator 
was used as a monochromator. The samples were contained in 
1-mm Lindemann glass tubes which were mounted in an 
electrically heated oven, the temperature of which was controlled 
within 0.2 "C using a platinum resistor as a sensing element. 

Results and Discussion 
Synthesis and Characterization of Compounds. T, 

and S, Model Compounds. They were prepared ac- 
cording to the following scheme:lg* 

3 4  

0 0 

with Ar = && T,(n=0-7) 

S. (n = 1-3,6) 

'H NMR spectroscopy with selective irradiation and 
bidimensional l3C-lH spectroscopy of these compounds 
were consistent with the assigned structures. The analysis 



Macromolecules, Vol. 26, No. 17, 1993 Aromatic Copolyesters 4393 

Table 11. Assignments and Chemical Shiftr (ppm) of 86 'w 
and 1H NMR Spectra 

Table I. Asrignments and Chemical Shifts (ppm) of T6 % 2  
and *H NMR Spectra 

'Bc 'H 

group (ppm) assignment (ppm) assignment constant (Hz) 
chemical 6 6 coupling 

-CHa 13.80 C'3 0.90 H13 Jiriz = 6.6 
22.38 C12 1.32 H'Z 
31.54 cl' 1.32 H" 

-CHr 28.74 C'O 1.37 H'O 
25.83 C9 1.42 H9 J w  = 6.7 
28.60 C8 1.785 Hs Js7 = 6.65 
65.13 C7 4.34 H7 

1 \a 121.34 C4 7.34 H4 
131.05 C3 8.155 H3 J u  8.8 c 130.19 Cy 8.35 H" 

133.65 C'' 
II 165.51 C1 - c- 
6 163.40 C6 

of the spectra permitted us to distinguish the peaks due 
to the 3 and 2' and to the 2 and 1' aromatic carbons, those 
due to the 1 and 6 carbonyl carbons, and those due to the 
aliphatic carbons (cf. reaction scheme). 

The assignments of T6 and s 6  spectra are given in Tables 
I and 11. 
Hn Model Compounds. They were prepared according 

to the following reaction ~ c h e m e : l ~ ~ ~ ~ *  

Hn n = 2. 5 ,  7 

The assignments of H7 lSC and lH NMR spectra are 
given in Table 111. 

Thermotropic Behavior. Model Compounds Tn 
Containing a Terephthaloyl Central Group. Table 
IV lists the transition temperatures of model compounds 
T,. 

Initial classification of the phase type was based on 
microscopic observations of the textures exhibited by these 
materials. Typically, for the methyl material, TI, the N 
phase separates from the isotropic liquid on cooling in 
droplets; these coalesce and form a Schlieren texture 
(Figure 1). Cooling of this texture produces a transition 
to the SA phase which is characterized by its simple focal- 
conic fan texture. 

In the higher homologues, the SA phase separates from 
the isotropic liquid, on cooling, in the form of batonnets 
(Figure 2a) which, after further cooling, coalesce and build 
up the focal-conic fan texture (Figure 2b). 

Confirmation of the classification of the N and SA phases 
was obtained by X-ray diffraction. The X-ray diffraction 
patterns obtained with unoriented nematic phases mainly 

'3C 'H 

group (ppm) assignment (ppm) assignment constant (Hz) 
chemical 6 6 coupling 

-CH3 13.80 C" 0.90 H" J13-12 = 6.6 
22.46 C'2 1.325 H'* 
31.58 C" 1.325 H" 

-CHr 28.79 C'O 1.38 H'O 
25.86 C9 1.42 H9 J w  = 6.8 
28.63 C3 1.78 H8 Jc7 = 6.65 
65.12 C7 4.34 H7 
131.02 C3 8.14 H3 J a  = 8.6 

7.32 H4 ea 121.50 C' 
130.63 C" 8.22 
126.78 Cy 7.70 H3' 

-CH= 130.34 C6' 7.33 H5' 

H" Jy-y 8.4 

128.17 C2 
C C -  154.46 C6 

128.52 C" - C- 141.89 C4' 1 165.70 C' 
164.04 C6 

Table 111. Assignments and Chemical Shifts (ppm) of H7 
W and 'H NMR Spectra 

'42 'H 

group (ppm) assignment (ppm) assignment constant(Hz) 
chemical 6 6 coupling 

-CH3 13.91 C" 0.89 H" Jic18= 6.66 
22.50 C13 1.30 HI8 

1.30 HI2 31.66 Cl2 
29.10 Cl1 1.33 Hl1 

-CHr 29.10 C'O 1.33 HI0 
25.92 C9 1.46 H9 J w  = 6.8 
28.59 Cs 1.81 Ha J&7 6.7 
65.60 C7 4.37 H7 
129.60 C3 8.18 H8 JM 8.6 

8.28 H4 
7.33 H" 

ea 130.00 C4 
122.48 C" 

1 \ - 135.01 Cz cc 132.96 C5 - C- 148.33 C" 1 165.58 C' 
164.10 C6 

show two diffuse halos (Figure 3). The outer halo is related 
to lateral interactions between the mesogenic cores and is 
found near q - 1.5 A-l corresponding to an average 
molecular spacing of -4.5-4.6 A. The inner halo can be 
ascribed to intramolecular interferences. Ita position 
corresponds to a repeat distanced which is slightly shorter 
than the molecular length L estimated for the most 
extended all-trans conformation (typically L-d = 2 A and 
L -25-30 A). 

A typical diffraction pattern for an unoriented smectic 
A phase is shown in Figure 4. Again the outer ring is of 
a diffuse nature, thus characterizing the liquidlike ar- 
rangement of molecules in the layers. The two sharp inner 
rings, namely a base reflection and a second-order reflec- 
tion, indicate the existence of extensive layerlike corre- 
lations. For oriented smectics A, a typical diffraction 
pattern is shown in Figure 5. The anisotropy is clearly 
shown, and there are correlations of two distinct periods 
perpendicular and parallel to the director, which corre- 
spond to the average intermolecular spacing and to the 



4394 Leblanc et al. Macromolecules, Vol. 26, No. 17, 1993 

Table IV. Thermal Properties of Model Compounds T. 
Containing a Terephthaloyl Central Group 

model compd 

T O  

TI 

Tz 

transition temp (T), AH (&E) 

K-N-I 

ie&m 208,048 2u).o.az 
K -SA-N - I 

LW.LS.E WLO.M m a n  
K- SA-N-I 

ll(L29.9 902.0.68 

1%. 14.8 170.1.7 
K-SA-I 7'3 

T4 160.417.2 191.8.26 
K- S,-I 

B I . L Z . ~  i w ~ i . 3  1n.s.os 
K, - SA - I Ts 

K, - 
14115 17.8 175.27 

K-SA-I T 8  

T 7  1% 18.7 ,w, I.. 
K-SA-I 

b 

Figure 1. Nematic phase of T,: (a) droplets, T = 239.8 "C; (b) 
Schlieren texture, T = 210 "C. Crossed polarizers ( ~ 1 1 0 )  

" *  .-. I 

lamellar thickness. The dependence of the lamellar 
spacing on the alkyl chain length is given in Figure 6. 
Our results are in g o d  agreement with those reported 

by different authors for compounds of the same series.1618 
It should be noted however that only the phase transition 
temperatures are available in the literature. Investigations 
by Galli et a1.I6 reveal that his~4-(ethoxycarhonyl)phenyl] 
terephthalate exhibits the following polymorphism: 

196% 207'C 241% 
K-S-N-I  

Thermal data obtained by Bilibin et al." indicate that 

t 

0 . 
t :  

Figure 2. Smectic A phase of Ts: (a) separation of the smectic 
A phase in the form of h8tonneta from the isotropic liquid, T = 
176.1 "C; (h) focal-conic fan texture, T = 175.2 "C. Crossed 
polarizers (X110). 

Figure 3. Diffraction patter 
210 "C.  

c phase of T,. T = 

Figure 4. Diffraction pattern for an unoriented sample of the 
SA phase of T7. T = 150 "C. 

compounds Ta-Tg form smectic mesophases while com- 
pounds To-T, could form nematic phases. Microscopic 
observations by Frosini et a1.'3 showed that bis[C[(dec- 
yloxy)carbonylIpheny11 terephthalate exhibits only one 
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7 1  

200 Figure 5. Diffraction pattern for mi oriented sample of the SA 
phaae of T1. T = 180 "C .  \ A  I 

f i r i t  order I 

/ 
/ 

0 1 2 3 4 5 6 7 8 9  

Figure 7. Thermal properties of model compounds T.. (A) T., 
( 0 )  SA-N, (A) TI: this work. (V) T., (V) TI: ref 16. (m) T., (0) 
TI: ref 17. (0) T., (0) TI: ref 18. 

series, the lower homologue exhibits only anematic phase. 
When thealkylgroupislengthenedtopropyl, bothnematic 
and smectic A phases are formed. In the higher homo- 
logues, purely smectic A behavior is observed. 

The manner in which the molecules pack together in an 
ordered arrangement and the thermal stability of the 
ordered arrangement depend on the molecular structure 
and geometry (anisotropy, rigidity, linearity, planarity ... ) 
of the mesogenic group, the specific details of the linking 
group, andthe equilibrium flexibilityoftheterminal group. 
Even though the change in molecular structure is quite 
small, the effects on liquid crystal behavior may be far 
reaching, and the reasons may he subtle to define. The 
effects of relativelysmall structure changes are illustrated 
by reference to compounds T,, and TdnZLz4 in 
which the alkyl chains are connected to the mesogenic 
groups by ester, ether, and direct linkages. The following 
useful observations may be made: 
(1) Of the three classes of campounds under discussion, 

the n-alkoxy compounds, T,, have the highest melting 
points and clearing temperatures. The latter are in the 
same temperature range for the systems Tdn and T. (Figure 
7) with the n-alkyl group attached directly to the ring and 
by an ester group, respectively. 

(2) As the alkyl chain is lengthened, the clearing 
temperature decreases in an approximately even-odd, 
zigzag fashion. For thedi-p-alkoxyphenyleneterephthal- 
ates, To,, the points fit two falling curves, the upper for 
even and the lower for odd numbers of carbon atoms in 
the alkyl chains. For the systems Tdn and T,, the reverse 
situation arises. Similar trends in the clearing temper- 
atures have been observed for a large number of homol- 
ogous series.32 Such even-odd effects are induced by 
changes in the molecular polarizability of the molecule in 
its normal and perpendicular components. In the liquid 
crystalline state, the chain extends with some statistical 
preference for the regular all-trans conformation. As a 
result, in the compounds Tdn with the n-alkyl chain 
attached directly to the ring, the polarizability along the 
molecular axis is greater than that perpendicular to the 

i 
1 second Order 

Figure 6. Dependence of the lamellar spacing. d. as a function 
of .-alkyl chain length. 

smecticmesophase. The thermal data for compounds To- 
T g  are collected in Figure 7. As shown in this figure, 
lengthening of the alkyl end groups mainly results in the 
following three effects: 

(1) Reductionoftheclearingtemperature. Thisreflects 
the decreasing thermal stability of the mesophase with 
decreasing polarity (or increasing n-alkane character) and 
molecular rigidity. Lower transition temperatures are the 
result of the dilution of the mesogenic groups and the 
increased flexibility of the molecule since the only parts 
of these compounds which can give rise to a large number 
of conformations are the alkyl end groups where each C-C 
bond can exist in either the trans or gauche state about 
the preceding C-C bond. A large number of gauche 
conformations present in the terminal groups distort the 
cylindrical shape of the mesogen and destroy the liquid 
crystalline order. The melting point also decreases when 
the alkyl group is changed from methyl to propyl. With 
further increase in the length of the terminal groups, the 
melting point increases and then levels off. 

(2) An even-odd relationship for the clearing temper- 
ature in which compounds with even-numbered alkyl 
groups have lower transition temperatures than those with 
odd-numbered alkyl groups. As for many series, the 
melting points do not show regular trends. 

(3) Changefromnematictosmectic Aphases. According 
to  a common pattern of behavior in various homologous 
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Table V. Thermal Properties of Model Compounds Ha. and 
H. Containing a Eydmquinone Central Group 

model compd 

Hw 
transition temp (OC), AH (cal/g) 

K-N-I 
288.81.8 244.1.3 

Macromolecules, Vol. 26, No. 17, 1993 

iw1.w an.o.28 
T/K-N-I tiz 

116.6 190.6 111 
T\K - SA - N - I 

H6 128 1%. IM.O.24 
K-SA- N-I 

121.1 130.8 133.6 laQ.6 
T k  K - Sc-S,-N- I 

OOverlapping peaks; total enthalpy change AH = 9.25 d / g .  
*Overlapping peak, total enthalpy change AH = 17.9 d / g .  

axis for alkyl chains with an odd number of carbon atoms 
but is about equal for alkyl chains with an even number 
of carbon atoms. Stronger attractions exist between the 
mesogens with odd-numbered alkyl chains, and, conse- 
quently, these compounds have higher clearing temper- 
atures. For esters, the COO group is equivalent to the two 
first CH2 groups next to the ring, which explains why 
compounds T. also show this trend. For ethers, however, 
the 0 atom replaces the first CHz group next to the ring, 
and, as a consequence, the even members are on the upper 

(3) As ObEeNed for compounds T. with ester links, the 
di-p-alkoxyphenylene terephthalates, Tom, exhibit smectic 
mesophases for higher alkyl chain lengths. It should be 
noted, however, that  the tendency for purely nematic 
behavior to give way to predominantly or purely smectic 
behavior is observed when the alkyl group is changed from 
methyl to ethyl and from butyl to pentyl in compounds 
T. and Ton, respectively. These results suggest that ring- 
COO bonds enhance smectic thermal stabilities. It is 
obvious that dipole moments acting across the long 
molecular axis may strongly favor smectic behavior, and 
for this reason compounds with terminal ring-COOR 
functions are inclined to be smectogenic. When a direct 
link between the alkyl group and the mesogenic unit is 
used, the resulting derivatives form only nematic mesc- 
phases to the best of our judgment from the scarce data 
available in the literature. 

ModelCompounds H. and HbConta in inga  Hydro- 
quinone Central Group. The transition temperatures 
for these compounds are Listed in Table V. Microscopic 
observations indicate the existence of N, SA, and Scphases 
depending on the chemical structure. Upon cooling from 
the isotropic state, the nematic phase begins to separate 
in the form of droplets which, after further cooling, join 
together and result in a Schlieren texture (Figure 8). Thin 
layers exhibit other nematic characteristics such as scin- 
tillation effects and a marked tendency to be homeotropic. 
On cooling the nematic phase of HP. H e  and H,, a transition 
to theSAphasetakesplace,andatransientstriatedtexture 
with typical transition bars forms (Figure 9). This texture 
changes on standing for some times into the stable 
homeotropic and focal conic fan textures (Figure 10). There 
is some indication that H, forms a SC phase at lower 
temperature. Indeed, on cooling the SA phase a transition 
takes place with the fans becoming broken and mottled 
in appearance. The homeotropic areas become birefrin- 
gent and exhibit a Schlieren texture (Figure 11). 

curve. 

Figure 8. Schlieren texture of the nematic phase of H7. T 
136.7 "C. Crossed polarizers (X110). 

Figure9. TransitionnematicISAfor Hi. T = 133.5%. Crossed 
polarizers (X110). 

Figure 10. Focal-conic fan and homeotropic textures of the 
smecticAphaseafH7. T = 132.5 "C. Crossed polarizer8 (X110). 

Theassignmentofstableenantiotropic N and &phases 
was confirmed by X-ray diffraction. The X-ray patterns 
obtained for compounds Hdn and H. are quite similar to 
those previously described for compounds T,. In par- 
ticular, in the SA state, the d spacings of the layers are 
found to be almost identical for each pair of analogs. For 
example, the layer thickness is 33.82 A for HE and 34.84 
A for Tg.  

The data from Table V are presented graphically in 
Figure 12. Inrelationtopolymorphism, it isalsoofinterest 
to recall the behavior of the compounds Hdn (Table V P  
and H,'9he23,25-28~ith the n-alkyl group attached directly 
to  the ring or by an ether group. The results parallel the 
trends in liquid crystal thermal stability with increasing 
lengthofthe n-alkylchain already discussedfor themodel 
compounds containing a terephthaloyl central group, 
particularly the regular changes in clearing points between 
odd and even carbon number homologues. Again for 
n-slkylethers,H,, theclearing points fit two falling curves, 
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(1) The clearing points for the p-phenylene di-p- 
alkoxybenzoates, H,, are slightly higher than those for 
the corresponding p-alkoxyphenyl terephthalates, T,, 
implying that for each pair of analogs, the isomer H, forms 
the more stable mesophase. 

The isomers H.. have lower melting points than those 
of the series To,,. As a result, temperature ranges of 
mesophase stability, AT, are increased in the former. As 
pointed out by Dewar and G~ldherg,'~"in thep-phenylene 
di-p-alkoxyhenzoates, H,, there is mutual conjugation 
between the alkoxy and carboxy groups; this should 
increase the polarity of the carbonyl oxygen and so help 
to stabilize the mesophe .  In the corresponding p-alkox- 
yphenyl terephthalates, T,, such mutual conjugation is 
lacking; this could explain why, for each pair of analogs, 
the isomer H. forms the more stable mesophase. 

(2) Similar trends are observed for the series I&,, and 
Tdn. hut the situation is the opposite for the systems H, 
and T.. Indeed, as can be seen from Figures 7 and 12, the 
model compounds containing a terephthaloyl central 
residue, T., provide liquid crystals which are more 
thermallystable than those oftheanalogs, H.. Aprohlem 
is that the polymorphism is not the same for these two 
series. In the T. series, the C1 member (n = 0) is purely 
nematic hut the Cp (n = 1) and CS (n = 2) members exhibit 
both nematic and smectic A mesophases, with the higher 
homologues giving only smectic A mesophases. On the 
other hand, in the H, series, no smectic properties occur 
up to and including the C, (n = 3) member. The higher 
homologues exhibit both nematic and smectic mesophases. 

Atleast four featuresofthemolecules havebeenthought 
tocontribute tomesophase stability, Le., rigidity, linearity, 
polarizability,and enhancement of polarity by conjugation. 
In this regard it is important to note that the geometries 
of the mesogenic groups T and H are not the same. 
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Figure I I .  Broken focal-conic fan and Schlieren textures o 
smecticC phase of H7. T =  130.6 "C. Crossed polarizers (X 
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Figure 12. ThermalpropertiesofcompoundsH.. 1 Monotropic 
transition. (W T,, (+) S-N, (0 )  TI: refs 19a and 33. (A) T,, 
(*) S&A, ( 0 )  SA-N, (A) TI: this work. 

theupperforevenandthelowerfor oddnumbersofcarbon 
atoms in the n-alkyl chain. The reverse situation arises 
for the systemsHd.and H,with then-alkylgroup attached 
directly to the ring or by an ester group, respectively. The 
n-alkyl ethers, H,,", give rise to liquid crystals which are 
more thermally stable than those formed by compounds 
HhandH.. However,direct attachmentof analkylgroup 
to the aromatic ring strongly represses smectic properties 
relative to those for ring-0 bonds and to a greater extent, 
ring-COO bonds. For example, when the alkyl group = 
CS (n = 7), the system with a direct link is purely nematic; 
the corresponding system with a ring-0 bond gives 7 ' ~ s ~  
= 121 OC,T%N = 125 'C.TN-I = 193.5°C;theesterexhihits 
smectic A and N phases ( T K ~ ~  = 126 O C ,  Ts~-N = 136 "C, 
TN-I = 140.5 "C) and shows in addition a monotropic Sc 
phase (Table V). 

In relation to the results for the model compounds with 
a terephthaloyl central group and for the systems with a 
hydroquinone central residue, the following useful oh- 
servations may he made: 

X-ray crystallographic data reported for benzoate and 
terephthalate estersw'indicate that the internal rotation 
angles qi which define the orientation of an aromatic ring 
with respect to the adjacent carboxyl groups are confined 
to values near Oo and 180". The observed deviations are 
usually less than loo. On the basis of experimental 
evidencem0 and from the conclusions drawn from con- 
formational energy calcdations,"l4 the torsional angles 
involving phenylene groups in type H compounds can be 
assumed to be @i = f60-65' and qi = 0 or 180'. In type 
T compounds, the central terephthalate unit can he 
assumed to he planar, and the torsional angle @i, equal to 
f60-65". At the melting point, the conformation of the 
central terephthalate unit will remain unchanged because 
of relatively restricted rotation ahoutthe ring-COO bond. 
If the crystal preceding the mesophase adopts a layered 
lattice, the lateral intermolecular attractions will remain 
able to keep the lateral arrangement in the liquid 
crystalline state, hence stabilizing smectic mesophases. 

Model Compounds S.Containinga Stilbene Central 
Group. The transition temperatures for the model 
compounds S. are listed in Table VI. 

Initial classification of the phase type was based on 
microscopicobservations ofthe textures exhibited bythese 
materials. All the S, compounds studied give N and Sc 
phases, with the compounds Sz, SB, and SS exhibiting a 
&-SI\ transition. The nematic phases formed from the 
isotropic liquid possess two textural forms, namely, the 
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Table VI. Thermal Properties of Model Compounds 9. 
Containing Stilbene Groups 

iiz8.0 imk,i*.z -180 mwm 
K, - K, - Sc - SA- N-I 

ISLS.ISS m m  =no mm 
K- Sc-SA-N-I 

,140.76 120,10.1 m <m 

SZ 

ss 

ss K, - K, - Sc - SA- N - I 
-The enthalpiea associated with the WA, SA-N. and N-I 

transitionsaresosmd thattheaetransitionsmundetected hyDSC. 
Accordingly, the transition temperatures are t h e  corresponding to 
microscopic observations. 

I 

t 
I 

Figure 13. Nematic-isotropic liquid transition of Sg .  Crossed 
polarizers (X110). 

Schlieren and the homeotropic texture. A t  the isotropic 
liquid-mesophase transition droplets are observed, but 
they are transient and give way rapidly to the formation 
of the Schlieren texture. The nematic sparkling phe- 
nomenon is also clearly observed. The smectic A phases 
adopt one of the two texures, the focal-conic fan-shaped 
or homeotropic texture. Occasionally i t  is possible to 
observe oily streaks which appear as bright hands or 
ribbons starting from air bubbles in the dark homeotropic 
regions. At  the SA+ transition a Schlieren texture is 
ohtainedfrom theclear focal-conictexture ofthe preceding 
A phase. I t  should he noted that the birefringence colors 
of the Schlieren texture change with temperature, which 
is due to tilt angle changes. Typical textures are shown 
in Figures 13-15. 

Confirmation of the classification of the N, SA, and Sc 
phases was obtained by X-ray diffraction. Typically, the 
X-ray patterns obtained with powder samples of these 
materials in the nematic state consist of the broad, diffuse 
halo related to the lateral spacing between mesogenic 
groups. I t  corresponds to an average intermolecular 
spacing of approximately4.74.8 A. The X-ray diffraction 
patterns obtained for SI, which has a S r N  transition, 
have an additional diffuse ring a t  small angles. It 
corresponds to a distance of about 31 A at 230 "C which 
islessthan themolecularlengthcalculated forthemolecule 
in the fully extended, all-trans conformation ( L  = 33 A). 
This indicates the existence of cyhotactic groups having 
a tilt angle of about 20". 

The X-ray patterns obtained in the SA state have a 
diffuse outer ring reflecting the absence of order within 
the layer planes and a sharp inner ring which can be 
attributed to the regular packing of smectic layers (Figure 

"I 
I 

Figure 14. Focal-conic fan (a) and homeotropic (b) texturesof 
the smectic A phase of SS. Crossed palarizers (X110). 

Figure 15. Schlieren texture of the smectic C phase of Ss. 
Crossed polarizers (X110). 

Figure 16. X-ray diffraction patterns of the SA (a) and Sc (b) 
phases of SS. 

16a). As observed for numerous low molar mass smectic 
A, the smectic layers are shorter than the corresponding 
extended molecular lengths (L) (e.g., d /L  5 0.97/1), which 
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elongation of the molecules. Besides, systems involving 
thie linking unit are planar. Replacement of the 1,4- 
disubstituted benzene ring by a 2,&disubstituted naph- 
thalene ring giving N, gives clearing temperatures inter- 
mediate between those for compounds Tn and Sn, 
consistent with the molecule having been elongated but 
broadened. 
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