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The Effect of Carbonyl Containing 
Substituents in the Terminal Chains 
on Mesomorphic Properties in 
Aromatic Esters and Thioesters, 2. 
Acyloxy Groups on the Phenolic End 
MARY E. NEUBERT, PATRICIA J. WILDMAN,? MICHAEL J. ZAWASKI,$. 
CAROL A. HANLON, THERESA L. BENYO and ADRIAAN DE VRlES 
Liquid Crystal Institute, Kent State University, Kent, Ohio 44242 

(Received October 28, 1986) 

The effect of replacing an alkoxy (Y=OR') with an acyloxy (Y=OCOR') group on 
the phenolic end of the esters: 

on their mesomorphic properties has been studied. These esters were prepared by 
esterification of 4-acyloxyphenols with the appropriate acid chloride. The phenols were 
synthesized by acylation of 4-benzyloxyphenol with either an aliphatic acid or acid 
chloride followed by catalytic hydrogenolysis of the benzyl group. 

A comparison of the melting and clearing temperatures of these acyloxy esters with 
the corresponding known alkoxy ones showed small increases in both these temper- 

?Current address: Thibodaux, Louisiana. 
$Current address: Aurora, Ohio. 
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112 M. E. NEUBERT et 01. 

atures for the acyloxy esters. The same types of mcsophases ( N .  S,, S,, S,) were 
observed in both series. hut the S, was more favored when Y=OCOR'. The S,phase 
was found to occur in the acyloxy series at chain lengths beyond which it disappeared 
in the alkoxy series. 

Comparisons werc also made with the mesomorphic properties previously reported 
for the corresponding alkyl and a-keto esters. Some correlation was observed between 
increasing dipole moments of these substituents and increasing transition temperatures 
hut not in the types of mesophases observed. Fewer mesophases were found when the 
alkyl chain was attached to the benzene ring through a carbon atom than through an 
oxygen atom. 

INTRODUCTION 

As part of our interest in studying the effect of a carbonyl containing 
group in the terminal substituents on the mesomorphic properties of 
aromatic esters.' the 4-acyloxybenzoates Zc and d 

Y - X - 
a R 0 R' 
b RO OR' 

1 C R OCOR' 
d RO OCOR' 

and the corresponding cyclohexane diesters 2b: 

0 

y * o ! m  

2a Y=OR' 
b YrOCOR' 

were prepared and their mesomorphic properties determined. 

eral structure: 
Mesomorphic properties for a variety of compounds with the gen- 

Z = C H = N ,  N=N, N=N, CEC, CO, + 
0 
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MESOMORPHIC PROPERTIES IN ESTERS 113 

have been reported. A comparison of the melting transition for the 
OCOR' with the OR' series (Table I) shows that for all the central 
groups except the esters, this temperature is lower in the OCOR' 
series. For the anils, azo, and azoxy compounds this decrease is fairly 
large, 12-47". In general, the clearing transitions are also lower but 
not as consistently and by a smaller amount. The esters, however, 
generally show an increase in both the melting and clearing temper- 
atures, although not by a large amount. Since the chain lengths of 
the homologs reported that could be compared are short to mid-chain 

TABLE I 

Comparison of Mesomorphic Properties for 

Total N Phase Range 
Z R carbons in Y melting clearing for 0COR'-OR' 

CH=N Cs 

N=N C, 
c4 
c5 

C6 
C7 

N=N C, 
1 
0 

c 3  

C4 
CS 

c, 
c=c c, 

c6 

c6 

co2 c6 

2 
3 
4 
5 
3 
4 
5 
6 
7 
2 

3 
4 
5 
6 
7 
9 
6 
2 
3 
4 
5 
6 
7 
8 
9 

- 15 
- 22 
- 38.5 
-31.5 
-47.1 
- 37 
- 27 
- 20 
- 24 
-38.6 

-26.5 
- 23 
- 17.5 
- 15.3 
- 12.4 
- 3.5 
- 3.5 
10 
4 
0 

-3 
9.5 
9 
9 
5.5 

- 14 
3.5 

- 11 
- 3.5 

7 
0 

-4 
-3  
-8  
- 16.5 

- 5.6 
- 1.7 
- 6.2 
-7.1 
- 6.2 

2 
-8 
-0.9 
14.7 
10 
6.5 
6 
6 
6 
4.8 

1 .o 
26 

-26h 
-22b 
-206 
-26b 
-18b 

17 
-1 
22 

21 
21 
11 
8 
0 

-5' 
-7  

-11 
11 
10 
9 

-3 
- 3  
-3  

0 

"T = transition temperature in degrees centigrade; calculated using data from Ref. 
2. 
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114 M .  E. NEUBERT et al. 

length, few smectic properties were observed; most of these com- 
pounds have only N t  phases. The N phase length generally increases 
in the OCOR' series for the anils, azo, and azoxy compounds but 
fluctuates for the alkynes and esters between being larger or  smaller. 

The only series of compounds with a terminal acyloxy group with 
a structure similar to that of the cyclohexane diesters 2 that has been 
reported is the phenylenediamine series? 

In this series. the melting temperatures were 19-20" lower in the 
OCOR' than in the OR' series and the clearing temperatures were 
-2-26" higher. Both N and S phases were observed in these two 
series. The N phase range increased only slightly in the OCOR' series 
but the total S phase range increased substantially, especially at car- 
bon chain lengths greater than C, (35-115'). 

Although the mesomorphic properties of some of the acyloxyben- 
zoates I d  have been reported and the effect of this structural change 
on the N phase can be determined, longer chain homologs are needed 
to study the effect on srnectic phases. None of the acyloxycyclohexane 
diesters 2b or the analogous terephthalic acid diesters have been 
studied. Additionally, both the phenylbenzoates Zc and d and the 
cyclohexane diesters 26 are needed as standards for comparison with 
compounds that will be studied later with the acyloxy group moved 
further along the chain away from the benzene ring. 

SYNTHESIS 

The acyloxyphenylbenzoates Ic and d and the corresponding cyclo- 
hexane diesters 2b were prepared by esterification of the acyloxy- 
phenol 6 with the appropriate acid chlorides 7 and 8 (Scheme 1) using 
triethylamine as the base.3 Purified yields of the phenylbenzoates 
ranged from 26-94%. Finding a good recrystallizing solvent for many 
of these esters was difficult. Some tended to form gels instead of 
crystals, particularly when X=R. When X=RO, absolute ethanol 
worked best for R'=C,-C9. The longer and less soluble homologs 
required the addition of some chloroform to the ethanol. This mixture 

+See the experimental section for definitions of abbreviations. 
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MESOMORPHIC PROPERTIES IN ESTERS 

0 0 

R'Cf + H O a O C H , P h  Et,N + R'!*OCH,Ph 

2 
3 4 5 

2 = CI,OH 

0 

lcand d 

0 

0 

115 

SCHEME 1 

was also used to recrystallize the esters with X=R. Attempts to 
prepare these esters using the carbodiimide method with methylene 
chloride as the solvent4 gave low yields when R'=C1 and C2 and 
X=CloO. These homologs also had to be chromatographed (silica 
gel) and then recrystallized from ligroine to obtain pure materials. 
Determination of transition temperatures for these esters before and 
after chromatography indicated that the trace impurity shown to be 
present by thin-layer chromatography (TLC) had a negligible effect 
on the transition temperatures. 

Purified yields of the cyclohexane diesters26 ranged from 11-83%. 
These compounds were even more difficult to purify than the phen- 
ylbenzoates which is the reason for many of the low yields. Solubilities 
varied throughout this series with the short and long homologs being 
less soluble than the mid-chain length ones. These esters were re- 
crystallized from a mixture of absolute ethanol with either chloroform 
or  methylene chloride; more details are provided in the experimental 
section. Again the C2 and C3 homologs were purified by column 
chromatography. 

The acyloxyphenols 5 with R'=C,-C,, were prepared by acylating 
4-benzyloxyphenol(4) with an acid chloride 3 (ZCCl) using the same 
method as employed to prepare the esters Ic  and d and 2b. When 
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116 M. E. NEUBERT er al. 

R'=LZ1, the acid chloride was not commercially available so the acid 
was used in a carbodiimide esterification. Examples of these methods 
are given in the experimental section. Debenzylation of these esters 
5 by hydrogenation over Pd-C gave the acyloxyphenols 6. Data for 
the benzyl ethers are presented in Table I1 and for the phenols in 
Table 111. The phenols 6 were recrystallized from either ligroine or 
a combination of ligroine and ethyl acetate depending on their sol- 
ubilities. The phenol with R=C,, was too insoluble to be recrystal- 
lized and was therefore used without purification. 

The catalytic hydrogenolysis was initially done using 10% Pd/C in 
ethanol at ca. 50 psi until no further drop in hydrogen pressure was 
observed. Since it was necessary to heat the reaction mixture to obtain 
a solution, the reaction temperature initially used was 72". However, 
when the C ,  homolog was hydrogenated at this temperature for 48 
hours. TLC of the isolated material showed not only a spot for the 

TABLE I1 

Data for 

R'CO, e O C H , P h  
~~ ~~ -~ ~ 

Purified mP Recrystallizing 
R' Yield (%)" ("C) Solventh 

Cl 53.0 116-118 L 
C1 69.0 92-93 L 
C ,  93.7 79-82 E 
C4 54.8 62-64 E 
CS 84.3 63 - 65 E 
C6 78.2 63 - 66 L 
C ,  83.8 65.0-65.5 L 
c, 64.6 72-74 L 
C, 80.8 75-77 L 
CII 95.2' 80-81.5 L 
Cl.3 91.1L 79-85 E 
C,5 94.F 87-90 E 
c , ,  73.2 88-90 L 
C?, 18.0* 95 - 96 L 

"Yield after 3 recrystallizations unless otherwise noted. 
"L = ligroine, E = absolute EtOH. 
'Yield after 1 recrystallization. 
dPrepared using DCC in CH,CI,. 
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MESOMORPHIC PROPERTIES IN ESTERS 117 

TABLE I11 

Data for 

R' 
Purified 

Yield (%)" 

45.3 
83.3 
64.4 
90.2 
85.2 
75.0 
70.2 
43.0 
64.4 
78.4 
41.6 
68.9 
29.6 
42.9b 

62-63 
78-80 
53-55 
50-52 
59-60 
55-58 
72-74.5 
71-74 
79-83 
88-90 
90-92.5 
95 - 98 
95 - 97 

102-103 

"Yield after 2-3 recrystallizations unless otherwise noted. 
bNot recrystallized. 

desired phenol 6 but also one with an R, value similar to that observed 
for the starting benzyl ether 5 .  Thinking that this reduction was in- 
complete, it was repeated at 72" for another 5 hours with fresh ca- 
talyst. The material isolated this time showed only one spot by TLC 
with an R, value near that of the starting benzyl ether. An NMR 
spectrum of this material showed no aromatic or a-aromatic meth- 
ylene protons and the addition of a complex multiplet at -2.6-2.06. 
Distillation of this liquid gave a material which IR,  NMR, and ele- 
mental analysis confirmed was the cyclohexane alcohol: 

NMR also indicated that distillation had given predominately the trans 
isomer. This ring reduction is being studied more extensively to try 
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118 M.  E. NEUBERT et a!. 

to determine the best conditions for obtaining total ring reduction 
and isolating the tran5 isomer so that these alcohols can be used to 
prepare other new mesogens. More details will be presented in a later 
paper. 

To avoid reduction of the aromatic ring, several variations in the 
reaction conditions were tried. The benzyl ether was dissolved in 
ethanol at 50-80", hydrogenated at this temperature for 15 min until 
enough of the phenol formed to maintain a solution without heating,? 
and then the heat removed while the reduction was continued for 
another 1-3 hr. None of the cyclohexane alcohol was detected in 
material isolated using these conditions. Similar variations such as 
shorter reaction times with heating throughout the reduction were 
equally successful. Eventually, it was found that reduction at -50" 
for 1-2 hr using 5% PdiC was sufficient to cleave the benzyl ether 
and this became the preferred method. 

Typical detailed procedures used to prepare these compounds are 
given in the experimental section. NMR data used to identify these 
structures are presented in Table IV. Proton identifications were 
made with the help of data previously reported for the alkyl and 
alkoxy esters l a  and b.5 

MESOMORPHIC PROPERTIES 

Transition temperatures for the acyloxyphenylbenzoates fc and d 
prepared are presented in Table V. Although we now know that it 
is not necessary to synthesize a homologous series to determine the 
trends in mesomorphic properties in a particular structure, this was 
not so obvious at the time these esters were prepared. Additionally, 
the problems observed with identifying the SB phase near the melting 
temperature (discussed in more detail under microscopic studies) and 
the discovery that more smectic phases were observed at longer chain 
lengths than is usually found made it necessary to prepare more 
homologs than was initially planned. 

A comparison of the mesomorphic properties of the alkyl series 
where X-C,, and Y=OCOR' with those reported for the corre- 
sponding Y=OR' series in which the total number of carbon atoms 

tThe ether will not reduce if i t  crystallizes from the solution during hydrogenation. 
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MESOMORPHIC PROPERTIES IN ESTERS 119 

TABLE IV 

NMR Data foi 

n = 1.62.25 (s, CH, in a)-EM. CD 
n = 2.62.56 (4. b )  and 1.25 (1. CH, in u )  with 3 ~ 7 . 0  Hz-FT. CD 
n = 3:62.39 ( 1 .  b),  1.69 (sext.. CH, in a )  and 0.99 ( t .  CH, in a) with J = 7.0 Hz- 
EM, CT 
n > 3:9EM, CT): 

6 # of Protons Multiplicity J (Hz) ID 
- 7.37 5 S e 

6.96 4 S C 

5.02 2 S - d 
2.52 2 t 7.0 b 

1.30-0.88 2n + 1 rn a 

- 

- 

n = 1:62.27 (5, CH, in a)-FT, CD 
n = 2:62.52 ( 4 .  b )  and 1.43 (t, CH, in a) with J=7 .0  Hz-FT, CD 
n = 3:62.50 ( 1 .  b ) ,  1.78 (sext., CH, in u )  and 1.0 ( t ,  CH, in a)  with J = 7.0 Hz 
n > 3: 

6.87 2 
6.45 2 
5.79 1 
2.46 2 

2.0- 1.7 2n+ 1 

d 9.0 C 

d 9.0 d 

t 7.0 b 
rn a 

- 5 e 

- 

8.07 2 d 9.0 d 
7.26 2 C 9.0 d 
7.13 4 S - e +f 
2.68 2 t* 7.0 g 
2.49 2 t* 7.0 b 

2.0- 1.7 2n + 1,2m+I rn - a + h  

(continued) 
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120 M. E. NEUBERT et a1 

TABLE IV (cont.) 

NMR Data for 

8.17 2 d 9.0 d 

6.93 2 d 9.0 C 

1.02 2 t 6.0 b 

2.0-1.7 2n + 1.2m + 1 m - a + h  

7.18 4 S - e ,  f 

2.58 2 t 7.0 g 

3 c  b a  

n = 2:62.6 ( q ,  b )  and 1.23 (t. CH, in a)  with J = 7.0 Hz 
n > 3: 

S - 7.11 8 C 

2.51 2 t 7.0 b 
2.4-0.8 2(2n + 1) m a - 

m = unresolved multiplet, q = quartet. s = singlet and t = triplet. 
*overlapping triplets which are not well resolved. 

in Y is used? is made in Figure 1 (see also Table VI). Both the melting 
and clearing temperatures increase with increasing chain length and 
are higher for the OCOR' series. In all three homologs, the melting 
temperatures increase more than the clearing ones with this increase 

+It is difficult to decide whether to compare the total number of carbon atoms in 
chains containing carbonyl groups or only the number of carbons in the alkyl chain 
R' .  The former considers the carbonyl group as part of the chain; the latter as part 
of the rigid core. Both comparisons were made but little difference could be seen in 
the trends observed in the two series. More regular alternations of the data could 
sometimes be seen when R s  were compared. The plots in Figures 2 and 3 make it 
possible to compare either set of data for these esters. 
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MESOMORPHIC PROPERTIES IN ESTERS 121 

decreasing with increasing chain length for the melting transition but 
remaining fairly constant for the clearing one. Replacement of the 
OR' with the OCOR' group seems less favorable for all the meso- 
phases observed. The N phase predominates but is primarily mon- 
otropic. The only S phase observed, a monotropic Sc phase, occurred 
in the C, homolog. Since this series showed so few mesophases, no 
additional homologs were prepared. 

The alkoxy series Id proved to be more interesting (Table V). A 
comparison of the plots of the transition temperatures versus the total 
number of carbon atoms in Y for Y=OR' and Y-OCOR' and for 

Y=OR'(data from ref.6) 

R' 

cfj c 'WFl I 

=a 

c10 

Y = OCOR' 

c5 

' 6  

c9 

c $ ! $ y l  

FIGURE 1 

- I : : : : : +  

30 40 50 60 70 80 90 
TRANSITION TEMPERATURE (OC 
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124 M. E. NEUBERT ef al. 

TABLE VI 

Comparison of Transition Temperatures ("C) for 

~ ~~ ~~ ~ 

Differences in Temperatures" 
~ ~~ 

Total 
Carbons in Y mP Cl P 

6 23.8 7.7 
8 13.8 7.9 

10 12.4 8.1 
~ ~ 

"Transition temperature for Y=OCOR' minus that for Y=OR' 

X=C,,,O is presented in Figure 2.t  A stronger odd-even alternation 
in the clearing temperatures  occurs when Y=OR' than with 
Y-OCOR'. In both series, this curve levels off at longer chain lengths 
and the curve for chain lengths >12Cf in the OCOR' series falls 
gradually at longer chain lengths. In both series, the maximum clear- 
ing temperature occurs in the short homologs; at 2C and 92.3" when 
Y=OR' and at 4C and 97.5" when Y=OCOR'. The minimum in 
the melting curves occurs at about the same chain length at 3C and 
60.5" when Y=OR' and at 4C (the same homolog which has the 
maximum clearing temperature) and 65.3" when Y=OCOR'. This 
curve rises much more slowly when Y=OCOR' and does not show 
the odd-even alternation observed when Y=OR'. At 22C, it appears 
that the melting curve will soon intersect with the falling clearing 
curve with loss of mesomorphic properties probably at 23C whereas 
this will occur at ca. 16C in the OR' series. 

A comparison of the differences in melting temperatures for each 
homolog of these two series (Table VII) shows that these can be 
either higher or lower in the OCOR' series than in the OR' series 

+Data for the Y=OR' series was taken from references 2 and 5. Transition tem- 
peratures for R'=C,,, were incorrectly reported in Reference 5.  The correct temper- 
atures are: 70.1-71.5" ( C-S,). 87.3-87.6" (Sc.+SA), 88.9-89.1" ( S c + N ) ,  90.2-90.5" 
( N + l ) ,  and 60.7" (SchC) The R ' S , ,  homolog is a new compound. Transition 
temperatures are given ill the experimental section. 

$This abbreviation is used to indicate the total number of carbon atoms in a terminal 
substituent as compared to C. for the alkyl (R') chain length. 
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MESOMORPHIC PROPERTIES IN ESTERS 125 

c .  I . .  . . i , c  
1 2 3 4 5 6 7 8 9 1 0  12 14 16 18 20 2 2  

NUMBER OF CARBON ATOMS IN Y 

FIGURE 2 Transition Temperatures ("C) Versus the Number of Carbon Atoms in 
Y for 

a. Y=OR' (data from references 2 and 5). 
b. Y=OCOR' 

by a range of - 11.2 to + 9.3" although an increase occurs more often 
than a decrease. Clearing temperatures were always higher in the 
OCOR' series (except for the 2C homolog) with the difference vary- 
ing from 3.4-12". 

The same types of mesophases were observed in both the OR' and 
OCOR' series (Table VII). However, as was true when X-R, the 
nematic phase seems to be more favored when Y-OCOR' having 
a wider range and persisting at a slightly longer chain length. Re- 
placement of the OR' chain by the OCOR' group does not seem to 
favor formation of the S, phase which disappears at 6C when 
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126 M. E. NEUBERT et a1 

TABLE VII 

Comparison of Mesomorphic Properties for 

0 

Total No. 
Carbons in Y melting clearing 

2 - 10.9 -2.1 
3 9.3 12 
4 0.8 8.4 
5 2.1 8.6 
6 6.4 4.5 
7 - 1.0 3.8 
8 3.1 3.4 
9 5.7 4.1 

10 -2.1 6.3 
12 - 7.8 4.8 
14 - 11.2 6.7 

Total Carbons for 

Mesophase 
Change OR' OCOR' 

N lost 
s, lost 
S, enters 
S, occurs 

- 12 
14 
4 

5 ,  6 

14 
6 
6 

3- 10 

Y=OCOR' as compared to its presence until 14C when Y=OR'. 
This change also causes the S ,  phase to enter the OCOR' series at 
a chain length 2 carbons longer at 6C than when Y=OR'. Surpris- 
ingly, this phase is still present at 22C and has a much wider range 
at long chain lengths with a maximum at 24.6" at 12C. The predicted 
intersection point for the OR' series mentioned earlier suggests that 
the S, phase will be lost by 16C in this series. The OCOR' group 
also seems to favor formation of the S, phase which occurred in more 
homologs than when Y-OR'. Even so, this phase was often mon- 
otropic and always had a short phase range. 
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MESOMORPHIC PROPERTIES IN ESTERS 127 

Our data for the esters I d  with X=CloO and R‘=Cl-C4 do not 
agree with that reported in the literature (see Table V).z Transition 
temperatures were carefully rechecked and NMR data obtained for 
both the intermediates and the esters to convince us that the structural 
assignments are correct. Since the primary source of the literature 
data has not yet been published, we are unable to comment on why 
these data are so different. 

Although the esters I d  with X=CloO showed smectic polymorph- 
ism, shorter homologs did not, as shown by the data for X=C,O and 
C80 (Table V) which has only N and Sc phases. However, the po- 
lymorphism observed in the ClOO series continued in the ClzO series. 
This emphasizes the need to prepare long chain homologs (i.e. >C,O) 
before making conclusions about smectic trends in a series. 

The effect of replacing the OR’ group with an acyloxy group in 
the cyclohexane diesters 2b is presented in plots of transition tem- 
peratures versus the total number of carbon atoms in Y in Figure 3 
and the data in Table VIII. From Figure 3, it is obvious that this 
structural modification causes the melting temperatures to increase 
(29-52”) more than the clearing temperatures (13-38.5’) narrowing 
the total range over which mesophases occur from 49-92 to 43-87’. 
Except for the unknown biaxial smectic phase found in the OR’ series, 
the same types of mesophases were observed in the OCOR’ series. 
A comparison of the types of mesophases found for the various hom- 
ologs in Table IX shows that the N phase begins at the same chain 
length (2C) in both series but persists to a longer one (8C) in the 
OCOR’ series where it also has a larger maximum range. This trend 
was also observed in the phenylbenzoates I d  suggesting that the OCOR’ 
group is a more favorable substituent for observing the N phase than 
the OR‘ group. The S, phase occurs at about the same chain length 
in both the OR’ and OCOR’ series, but the much smaller maximum 
range once again indicates that this phase is less favored when 
Y-OCOR’ than when Y-OR’. As was true in the phenylbenzoates, 
the S, phase enters the cyclohexane series at a longer chain length 
(12C) when Y=OCOR‘ than when Y-OR’ (7C) and persists in 
longer chain lengths. The Sc phase is still present at 22C and the 
curve in Figure 3b suggests that it will probably exist at even longer 
chain lengths whereas extrapolation of the plot for the OR’ series 
(Figure 3a)i suggests that the S, phase will disappear at -2OC. How- 

tThe C,, homolog of this series has been prepared since the earlier report in Ref- 
erence 7. Transition temperaturesobserved are asfollows: 113.3” (C-s,), 114.2-115.1” 
(Sb-Sc) ,  143.0-144.0” (Sc-I), and 94.9” (S,-C). 
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FIGURE 3 Transition Temperatures ("C) versus the Number of Carbon Atoms in 
Y for 

0 

a. Y=OR' (data from reference 7) 
b. Y=OCOR' 
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I30 M. E. NEUBERT e t a / .  

TABLE IX 

Comparison of Mesophases for 

Chain lengths at which 
phase occurs" 

Maximum Mesophase 
length ("C chain length) 

Mesopha\e Y=OR' Y=OCOR' Y=OR' Y=OCOR' 

N 2-6 2- 8 103-2C > 142-4C 
s r\ 4- 12 5-12 73 - 6C 41-6C 
s, 7- 18 12- 18 44- 12c 26- 14C 
S B  5-18 7- 18 24- 10C 31-12C 

,'Total number of carbo'i atoms in Y 

ever, unlike the phenylbenzoates, the phase length of the Sc phase 
is less when Y=OCOR' than when Y=OR'. The SR phase enters 
the OCOR' series at a longer chain length (7C) than when Y=OR'(SC) 
and as in the phenylbenzoates, it seems more favored having a wider 
phase length. However, it does not disappear at longer chain lengths 
as in the phenylbenzoates but still occurs at 22C and will probably 
still be present at even longer chain lengths. Although this phase is 
still present at 18C when Y=OR', it has a short range and will 
probably disappear in the next homolog. 

The entry of the S ,  phase at 12C in the cyclohexane diesters 2b 
again emphasizes the need to be careful in determining the smectic 
trends in a series at chain lengths <lOC. The data for both OCOR' 
series also emphasizes the problem of trying to compare mesomorphic 
properties for the same terminal chain lengths. Smectic phases can 
be just as favorable but require a longer chain length for some ter- 
minal substituents as compared to others. Thus comparisons of only 
one chain length in various series is not very useful. At least 2 chain 
lengths-one medium and one long-on both ends of the molecule 
are needed. Although two homologs often give the smectic trends in 
a particular series, homologous series plots are still more useful for 
making accurate comparisons between various series as these give a 
more complete picture and make it possible to compare any desired 
chain lengths. The additional synthesis work needed is. however, not 
always easy to justify. 
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MESOMORPHIC PROPERTIES IN ESTERS 131 

Two of the acyloxy terphthalic acid diesters: 

0 0 

were also prepared by the method described in reference 8. Although 
the data are scanty, a comparison of the mesomorphic properties of 
these esters with those of the corresponding OR' series (Table X) 
indicates a tend towards higher transition temperatures and fewer 
smectic phases in the OCOR' series; a trend also seen in the cyclo- 
hexane series. A comparison of the effect of replacing the benzene 
ring with a cyclohexane ring in both the Y=OR' series and OCOR' 
series (Table XI) on the transition temperatures indicates that the 
melting temperature is lowered by about the same amount in both 
series (-65") and that this is considerably more than the lowering of 
the clearing temperature (-20"). A similar comparison of the 
mesophase lengths (Table XI) shows an increase in the total range 
for both cyclohexane series. The smaller ranges observed when 
Y-OCOR' is evident. The Sc phase observed in the terphthalic acid 
series seems to disappear in the cyclohexane series but actually occurs 

TABLE X 

Transition Temperatures ("C) for 

0 

~ 

Y C sc SA N I 

cso 163.3 167.6 170.4 175.5 214.1" 
c60 155.3 161.8 177.5 182.1 208.3" 

- 18tib - 153 - c,o 
C,OO 141.9 145.8-147.0 - 174.2-175.1 178.3 

0COC6 201.1 - - 206.1 -206.4 230.7- 230.8 
OCOCg 187.6 191.4-191.9 - 199.9-200.3 208.1-208.4 

"Data from Ref. 8. 
bData from Ref. 2. Only the melting and clearing temperatures (N+I) were reported. 
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132 M. E. NEUBERT et a1 

TABLE XI 

Comparison of Mesomorphic Properties for 

0 

A(T,,-Tcs)” for 

Y melting clearing 

- 67 
- 6.5 
- 62 
- 60 
- 65 
- 65 

- 21 
- 20 
-8  
-8 
- 25 
- 19 

Mesophase Length (“C) for 

CH B 

Y Sc S, N Total SB Sc S ,  N Total 

OC, 2.8 5.1 38.5 47.5 4 - 68 20 92 
OC, 15.7 4.6 26.2 46.5 10 - 73 7 91h 
OCI,, 28.4 - 4.1 32.5 24 35 24 0 86” 

ococ, 0 - 24.4 24.4 4.2 - 40.6 20 65.1 
OCOC, 8.9 - 8.1 17.0 22.7 - 40.3 0 62.9 

“CH: A = cyclohexane: CB: A = benzene 
hAn unknown srnectic phase was also observed. 

at longer chain lengths at OCl0 and OCOC,,. The N phase is less 
favored in the cyclohexane esters whereas the S, and S, phases are 
definitely more preferred. 

MESOPHASE AND TRANSITION IDENTIFICATION 

Mesophases were identified primarily by the textures observed by 
hot-stage polarizing microscopy. Textures observed for the N ,  S,, 
and Sc phases were typical of those usually seen for these phases (see 
Reference 7). In the cyclohexane diesters 26, the S, phase was easily 
identified by its nice focal conic fan texture with transition bars at 
the transition to either the Sc or S ,  phase. This was not true, however, 
of the S ,  phase in the phenylbenzoates Id .  In these esters, this phase 
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MESOMORPHIC PROPERTIES IN ESTERS 133 

was usually of short range with its S,+M transition very close to the 
melting transition. Many of the homologs which showed S, phases 
had a N-S,-S, sequence. Good fan textures are not always easily 
obtained in S, phases which occur directly below a nematic phase 
(see reference 9) making it difficult to obtain a good fan texture in 
the S, phase. Homeotropic textures in the N phase and schlieren 
textures in the S,  phase are also hard to obtain with a N-S, sequence 
making it difficult to obtain a good homeotropic texture for conos- 
copic studies in the SB phase. However, even when the S B  phase 
occurred below a SA phase (X,=CloO, R'=C3,C4) in which a good 
homeotropic texture was observed, cooling this texture gave a gray 
mosaic one rather than a good homeotropic texture making it difficult 
to obtain a good uniaxial cross. Yet the cover slip could be moved 
in the S ,  phase and occasionally it was possible to obtain a small 
homeotropic area good enough to suggest this phase was a uniaxial 
one. Similar problems were encountered earlier with the S, phase in 
the phenylthiobenzoates which was shown to be a crystalline S, phase 
by x-ray crystallography 

The identification of this SB phase by microscopy was made more 
difficult by the similarities of its textures with those observed for 
crystals. Cooling a good fan texture obtained in the SA phase of the 
C3 homolog (X=C,oO, Figure 4) caused the growth of sharp spears 
similar to the growth pattern often seen for a crystalline phase (Figure 
4a). Continued cooling gave the texture shown in Figure 4b, which 
could be mistaken for a crystalline phase. However, some areas of 
the sample had a more smectic-like appearance (Figure 5 )  with a 
texture that has a resemblence to the lancets reported by Demus and 
Richter for a S B  phase occurring below an isotropic liquid.12 This 
texture gradually became more of a gray mosaic one on standing 
(Figure 6) probably due to its tendency to form the homeotropic 
texture but with poor alignment to the slide. Some of these textures 
resemble those reported by Gray and Goodby for S, phases occurring 
below very short range smectic phases13 and the small SA phase is 
probably the reason why the S, textures differ from those usually 
observed. 

For those homologs in which the S, phase occurred below a S, 
phase, the growth pattern often appeared as a moving front of con- 
centric arcs which was easier to photograph in a mixture (Figure 7). 
These arcs disappeared quickly suggesting that they are transition 
bars. The remaining texture often had a feathery appearance (Figure 
8) which also resembles textures sometimes observed in crystalline 
phases. 
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134 M. E. NEUBERT ef a1 

FIGURE 4 
of 

Growth of S, spears in the S,4 phase at 72.2” (magnification = 10 x 20) 

0 

c, OH2 I *( 
O ~ O C O C , H ,  

See Color Plate XI11 
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MESOMORPHIC PROPERTIES IN ESTERS 135 

FIGURE 5 
from that in Figure 4) in 

Microscopic Texture for S, Phase at 68.4” (M = 10 x 16, different area 

0 

See Color Plate XIV 

Another problem in determining if a S, phase was present was the 
observation of crystal-crystal changes preceeding the C-S, transition. 
At times, different melting temperatures were observed but these 
could not be determined with any degree of repeatability. Some hom- 
ologs also crystallized very slowly so that all melted samples were 
allowed to set for at least 24 hours before they were heated to obtain 
the C-S, transition. 

Additional support for the S, identification was obtained from a 
mixture study using the contact method14 with the acyloxy ester Id 
(R=CI0, R’=C,) and the dialkoxy ester Ib (R=ClO, R’=C6) which 
has been reported to have a S, phase.15 No interface was observed 
between the two SB phases.? The S, structure for the acyloxy ester 
was confirmed by x-ray diffraction studies which indicated that this 

?Care must be taken in interpreting such results, however, as a small region of 
immiscibility can go undetected, as was true of the tilted S, phase now known to be 
S, phase in TBBA (see references 16 and 17). 
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136 M. E.  NEUBERT er al. 

FIGURE 6 Microscopic Texture for S, Phase at 68.4" (M = 10 x 10) in 

0 

is a crystalline S, phase with Bragg spacings of d(S,) = 34.5 A and 
d(S,) = 30.2 A .  An earlier x-ray study of the dialkoxy diester 2a 
(R-C,) reported that the S,  phase in this ester was also crystalline.'* 
The obvious presence of transition bars in the acyloxy series 2b also 
suggests that the S, phase is a crystalline one in this series. 

At longer chain lengths (R'=C,,-C2,) for which no S ,  phases are 
reported in Table V. the bright birefringent S,. phase turned to a 
predominately black-gray mosaic texture with little birefringence on 
cooling to the crystalline phase. Such a crystalline phase is so rare 
that this phase was initially thought to  be a S, phase, especially since 
a gray mosaic texture was often observed for this phase in the shorter 
homologs. However, reheating this texture gave a transition back to 
the S, phase at a higher temperature than that observed on cooling, 
i.e. the S,. phase had supercooled to form the dark mosaic texture 
and therefore this is probably the texture for a crystalline phase. The 
large increase in birefringence observed at the melting transition made 
this one easier to observe than those in the shorter homologs. When 
these black crystals were allowed to set for a long time, they became 
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MESOMORPHIC PROPERTIES IN ESTERS 137 

FIGURE 7 Microscopic Texture (M = 10 x 10) at the growing front of the S, phase 
in 

0 

(on the right) in a mixture with the Sc phase of 

0 

See Color Plate XVI 

more birefringent making the transition to the S ,  phase much more 
difficult to see. 

DSC scans were obtained for those homologs of the phenylben- 
zoates Id (R=C,,) in which the transitions in the melting region were 
questionable. Several problems were encountered in interpreting these 
curves: 

1. The SB+M transition was often close to the C+SB transition 
and had a large AH value, sometimes larger than that for the 
melting transition (Figure 7a). 

2. As in the microscopic studies, some samples crystallized slowly 
and the first crystallization sometimes had a very low AH value. 
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138 M. E. NEUBERT et al. 

FIGURE 8 Featherly Texture of the S, phase (M = 10 X 10) in 

0 

(on the right) in a mixture with the S ,  phase of 

0 

See Color 

3. Various crystal forms were observed as shown by the differences 

For example, the scan for the R'=C2 hornolog (Figure 9$) shows 
a broad C+S, peak at 69.1" overlapping with the sharp S p N  peak 
at 70.5" when fresh crystals were heated at 2.5"/min (Figure 9a). 
Cooling the isotropic liquid gave a sharp peak for the N+SB transition 
but no crystallization by 40" (Figure 9b). This sample was allowed to 

in the melting from fresh and recrystallized crystals. 

tTypically, temperatures on the DSC scans differed from those obtained by mi- 
croxopy. Since the microscope temperatures are more accurate, these are used throughout 
this discussion and were also used to estimate transition temperatures observed only 
by DSC and to calculate the AH values. Some of the microscope temperatures have 
been added to the DSC curves for the convenience of the reader. 
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2.88 

0.88 

2. &1 

8. e 

_f 

58.88 88. 88 78.88 88.88 90.88 I62 

TEMPERATURE (C) 

FIGURE 9 DSC Scans for 
0 

a. heating; b. cooling; c. reheating after setting at RT for 24.5 hr. 
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140 M. E. NEUBERT et al. 

C p S g r N  68.8' I ( c )  

N+I 
94.P 

/ I  
A 

5&m a m  ?a m. m KP lSaM 

TEMPERATURE (C) 

FIGURE 9 (continued) 

set for 24 hours and then reheated to give a weak broad C p C ,  
transition at 50.6" (Figure 9c) and an unresolved broad intense peak 
at 68.8". This suggests two slightly different melting temperatures. 
The AH values calculated from the peak areas indicate that the S,+N 
transition involves a larger heat change than the C - 4 ,  transition 
(see Table XII). This suggests that the structure of the S, phase is 
much more like that of the crystalline phase from which it is formed 
than that for the S, phase. When fresh crystals of the R'=C3 homolog 
were heated, a large broad absorption was observed at 58.0" (Figure 
10a). A small broad peak at 65.4" preceded the SB-+SA transition at 
73.0". This small peak supercools by ca. 1.7" suggesting it is a crystal- 
crystal change (Figure lob). It also occurs at the crystallization tem- 
perature observed by microscopy. However, since the peak at 58" 
has a much larger AH value, suggesting it is the melting transition, 
the possibility that this small peak could represent a transition to a 
more highly ordered smectic phase that supercools slightly cannot be 
eliminated. The C3 homolog is the only one in this series which 
showed this behavior and the small AH value for the melting transition 
in the C, homolog lends support for assigning this small transition in 
the C3 homolog as the melting one. When this sample was allowed 
to set at room temperature for 23 hours and reheated, only a broad 
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MESOMORPHIC PROPERTIES IN ESTERS 

TABLE XI1 

Thermodynamic Data Obtained from DSC €or 

141 

Temperature AH AS Transition 
R R' ("K)" (KJhole) (J/mole/"K) Type 

Cl" c* 

Cl, 

342.2* 
342.0 
323.8* 
342.0 
343.6 
367.2 
331.2 
338.6 
344.6 
346.2 
370.6 
338.6 
341.4 
346.6 
367.2 
325.2 
343.1 
353.6 
365.4 
341.8 
342.2 
364.1 
369.6 
334.1 
312.2 
342.2 
366.2 
368.2 
330.8 
368.6 
347.2 
341.0 
356.0 
367.2 

-337.4 
-337.4 

355.6 
367.0 
339.0 
273.2% 
330.4* 

3.81 

0.75 
22.0 
15.5 

20.8 

22.8 

0.96 

0.75 

0.38 
1.30 

24.0 
13.6 
0.71 
1.22 

13.8 
32.4 
0.84 
1.55 

15.1 
33.4 

1.84 
2.26 
7.84 

14.66 
48.5 

2.26 
4.27 

43.1 
140.5 
27.6 

137.8 
151.72 
25.30 
47.9 
23.5 
0.88 
1.34 
6.95 
1.26 
0.25 

11.13 

2.32 
64.3 
45.1 
2.6 

62.8 
2.2 

66.2 
1.10 
3.5 

70.9 
39.8 
2.1 
3.3 

42.4 
94.4 

2.4 
4.2 

44.1 
97.6 

5.1 
6.1 

23.4 
47.0 

141.7 
6.2 

11.6 
13.0 

381.2 
79.5 

404.1 
426.18 
68.90 

142.0 
69.6 
2.47 
3.65 

4.61 
7.60 

20.5 
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142 M. E. NEUBERT et a!. 

TABLE XI1 (cont.) 

Thermodynamic Data Obtained from DSC for 

Temperature AH AS Transition 
R R'  (OK)" (KJimole) (Jimo1el"K) Type 

324.6 
C" -344.0 

347.2 
-370.0 

319.2* 
338.8* 
345.4* 
370.0 

1.22 

8.09 
9.01 

59.5 
1.76 

20.32 
7.92 

29.7 
3.80 

86.3 
23.2 
24.4 

186.4 

58.8 
21.4 

5.19 

398.6 38.8 97.3 c+s, 
430.0 8.34 19.4 s,-s, 
458.0 9.09 19.8 S*+I 
398.6 28.8 72.2 s,-c 

"Temperatures used were those obtained by microscopy unless indicated by an 
asterisk. These were estimated from DSC scans using a transition observed by mi- 
croscopy as a standard. 

intense peak was observed for these three transitions (Figure 1Oc) 
which also indicates the presence of more than one crystalline form 
and two melting transition temperatures. The S,+N transition could 
not be seen in the heating scans (Figures 10a and c) even though 
microscopy indicated this transition was an enantiotropic one. It was 
observed in the cooling curve (Figure lob) but only as a very weak 
and broad peak near the much larger S,+S, peak. This suggests that 
it was just not possible to detect it on the heating scan. 

DSC scans of the remaining homologs presented no new problems. 
These scans indicated that the S, phase was enantiotropic in the 
R'=C, homolog, monotropic in the C ,  one and no longer present in 
the C, or longer homolags. These curves were relatively easy to  
interpret. A scan for the C ,  homolog with R=C,, (Figure 11) was, 
however, not so easily interpreted. This was not surprising as the 
transitions in the melting region were also difficult to determine from 
microscopic textures. The DSC heating scan for the C,  homolog 
(Figure l l a )  shows a broad melting transition on heating the fresh 
crystals. When this sample was cooled, an intense peak corresponding 
to the S,-S, transition observed by microscopy followed within a few 
degrees by a weaker but fairly sharp peak at -63" and then 2 weak 
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2.88 

0 

z w 

U Ld 

i 
rl U 

y 1.88. 

8 . 1  

2.88 

0 

z w 

u w 
y 1.u 

_I < 
U - 

8. 98 

r 
(b) T 

I 
I+N 

' sA+s, 

a. a m  3. m 68.1 m m a. 88 w.98 imm 
. 

59.88 mm 78. m E¶. m 98. 11.00 

TEMPERATURE (C) 

a. heating; b. cooling; c.  reheating after setting at RT for 24 hr. 
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a m  (Lm mm a m  sxm l a m  
am ' 

TEMPERATURE (C) 

FIGURE 10 (conrinued) 

broad peaks (Figure l lb ) .  The peak at -63" could represent a tran- 
sition to a monotropic more ordered smectic phase or it could be the 
crystallization transition. The temperature for this transition could 
not be determined by microscopy. When this sample was allowed to 
set for -47 hours and reheated, a broad peak was again observed 
for the melting transition, but there seemed to be some resolution 
between a peak at 64" and a shoulder at 66" (Figure llc). The shoulder 
corresponds to the S,-Sc peak observed on cooling, confirming that 
the S, phase is enantiotropic. The melting region for the R'=C, 
homolog was straightforward, but the ScN and N-I transitions oc- 
curred as a single peak; their temperatures being too close to resolve 
at a heating rate of 2.S0/min. 

The DSC scan for the cyclohexane diester 26 with R'=CI1 showed 
no anomalies agreeing with the microscope data. All the thermal data 
obtained from DSC scans of the compounds studied are presented 
in Table X11. Although the combination of DSC and microscopy data 
made it possible to convincingly identify the transitions in the melting 
region in these esters, the difficulties encountered were enough to 
humble any experienced liquid crystal microscopist to the point of 
being unwilling to identify any texture or transition with absolute 
certainty. 
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J 

0 - 

0 . I  

_t_ 

58. 88 6a. 88 78.88 88.88 sa. 88 103.88 
u2a J 

TEMPERATURE ( C )  

N 62.5' 

I 
65.80 
sc'58 . 

FIGURE 11 
TEMPERATURE ( C )  

DSC Scans for 

I 

a. heating; b. cooling; c .  reheating after setting at RT for 46.5 hr. 
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cam =PpI mm a m  a m  1U.U 

TEMPERATURE (C) 

FIGURE 11 (conrinued) 

DISCUSSION 

A variety of parameters are of interest when studying the relationships 
between molecular structure and mesomorphic properties: 

1.  transition temperatures, 
2. width of temperature range over which mesophases occur, 
3. types of mesophases, 
4. width of temperature range for specific mesophases, 
5 .  chain length at which specific mesophases occur. 

Mesomorphic properties for the phenylbenzoates I and the cy- 
clohexane diesters 3 have now been determined for four different 
phenolic carbonyl containing substituents making it possible to make 
some preliminary comparisons of the effect of these substituents on 
mesomorphic properties. 

A comparison of the melting and clearing temperatures for three 
different chain lengths of these four substituents in the phenylben- 
zoates I (X=RO) in Table XI11 indicates that these temperatures 
increase in the order: 

R < OR‘ 9 OCOR’ < COR’ 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
43

 1
9 

Fe
br

ua
ry

 2
01

3 



MESOMORPHIC PROPERTIES IN ESTERS 

TABLE XI11 

Comparison of Melting and Clearing Transition Temperatures ("C) for 

147 

Temperature Range" for Y= 

Chain 
Lengthb R' ORIC OCOR' CQR'" 

5 55-69" 64-89 66-98 93-121 
8 53-73' 71-88 70-92 106-121 

10 62-769 74-91 69-95 108-121 

Differences - - - 
5 9, 20 2, 9 27, 23 
8 18, 15 1 ,  4 36, 29 

10 12, 15 - 5 , 4  39,26 

"Temperatures were rounded off for convenience and do not include those for 

bThe total number of atoms in the terminal chain backbone. See the discussion 

'Data from Ref. 2. 
dData from Ref. 1. 
'Data from Refs. 2 and 5. 
'Obtained by estimation using a plot of data obtained from Refs. 2 and 5. 
gData from Ref. 5. 

monotropic phases. 

section. 

which is the same order observed for increasing dipole moments of 
the same type of substituents on the benzene ring (Table XIV). Even 
the magnitudes of the differences are similar. Thus, it appears that 
the larger the dipole moment of this terminal chain in the phenyl- 
benzoates, the higher the transition temperatures are. This trend also 
seems to occur in the cyclohexane diesters 2 (Table XV) but is broken 
by the lower temperatures observed when Y-COR' giving the fol- 
lowing order: 

R' < OR' < COR' < OCOR' 

A comparison of the number of mesophases observed for these 
substituents in both series (Table XVI) shows some interesting trends. 
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148 M. E. NEUBERT ef a1 

TABLE XIV 

Dipole Moments for 

Y CL(CCW 

Me 0.35-0.40 
1.24- 1.32 OMe 

OCOMe 1.50- 1.65 
COMe 3.00 

"Data from Ref. 19. 

TABLE XV 

Comparison of Melting and Clearing Transition Temperatures ("C) for 

Temperature Range a for Y= 
~ ~~ 

Chain 
Lengthh R" OR'd OCOR' COR" 

5 95- 154 107 - 209 150- >300 144-202 
8 71-140 95- 180 141-206 109-193 

10 66- 135 87- 174' 130- 195g 105-190 

Differences - - - 
5 12, 55 52, >91 -15, > -98 
8 24, 40 46, 26 -32, -13 

10 21, 39 43,21 -25, -5  

"Temperatures were rounded off for convenience and do not include those for 

hThe total number of atoms in the terminal chain backbone. See the discussion 

CData from Ref. 8. 
"Data from Ref. 7. 
'Data from Ref. 1. 
'Estimated from Figure 3a. 
gEstimated from Figure 3 b ~  

monotropic phases. 

section. D
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150 M. E. NEUBERT er al .  

Except when Y=OCOR‘, one more mesophase was observed in the 
cyclohexane diesters than in the phenylbenzoates. More mesophases 
were found in esters with the alkyl chain (R’) connected to the phe- 
nolic ring through an oxygen atom with (OCOR’) or without (OR’) 
an intervening carbonyl group than were observed when the con- 
nection was made through a carbon atom whether or not it contained 
a carbonyl group (COR’, R’) .  The order of increasing number of 
mesophases observed in both series: 

COR’ < R‘ < OCOR’ I OR’ 

has no correlation with the order of increasing dipole moments of 
these substituents suggesting that these do not determine the number 
of mesophases observed. 

A comparison of the maximum mesophase temperature rangest 
for these two series (Table XVII and XVIII) indicating that these 
ranges increase in the following orders: 

Series 1: 
Series 2: 

R‘ < OCOR’ = COR‘ < OR‘ 
R’ < COR’ < OR’ < OCOR’ 

with little agreement between the two series. A similar comparison 
of the maximum total smectic phase ranges: 

Series 1 :  
Series 2: 

R’ < OCOR’ < COR’ < OR’ 
OCOR’ < R‘ < COR’ < OR’ 

gives a better correlation between the two series. These data also 
show that although the smallest number of smectic phases are found 
when Y=COR‘, this one has the widest single phase range. 

A comparison of the types of mesophases observed in both series 
(Table XVI) also shows some interesting trends. No tilted phases 
occur in either series when Y=R’. The same types of mesophases 
were observed in both series (S,, N )  with an additional smectic phase 
(S,) occurring in the cyclohexane diesters. This is also true when 
Y=OR‘ but both tilted and non-tilted phases were found. When 
Y=OCOR, the types of mesophases were the same and included 
both tilted and non-tilted smectic phases. However, when Y=COR’ 
a total conversion occurred from the uniaxial S, phase to the biaxial 
tilted S, phase. Again an additional phase ( N )  was added in the 

+There is a problem in making this comparison since not all the homologs were 
prepared in all these esters so the actual maximum in a series might not have been 
reported. However, plots of available data suggest that either the maxima have been 
reported or will not vary appreciably from them. 
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MESOMORPHIC PROPERTIES IN ESTERS 151 

TABLE XVII 

Maximum Mesophase Ranges ("C) for 

Y 

Mesophase R'" ORIb OCOR' COR" 

N 4.5 10.6 24.5 0 
SA 15.6 16.2 5.3 29.4 
SC 0 16.1 23.8 0 
S B  0 ( 6.6 0 

Total M 15.6 45 29.1 29.4 
Total S 15.6 39 23.8 29.4 

"Calculated using data from Ref. 20. Data for all members of this series are not 

bCalculated using data from Ref. 2 and 5. 
'Calculated using data from Ref. 9. Data for all the members of this series are not 

dMonotropic phase only. 

available. 

available, but a plot of the available data suggests this is the maximum. 

TABLE XVIII 

Maximum Mesophase ranges ("C) for 

Y 

Mesophase R'" ORIb OCOR' COR'" 

N 58 103 > 142 82 
S.4. 34 73 41 0 
sc 0 44 26 86 
S B  63 24 31 0 

Total 83 103 >142 91 
Total S 83 92 63 86 

"Calculated using data from Ref. 8. 
bCalculated using data from Ref. 7. 
'Calculated using data from Ref. 1. Data are not available for all members of this 

series. 
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152 M. E. NEUBERT el al. 

cylohexane diesters.? At this time, it is difficult to explain these 
trends. 

Another structural feature to be considered is the steric hindrance 
between the Y substituent and the hydrogen atoms ortho to it on the 
benzene ring. It is known that if steric hindrance is too great, me- 
somorphic properties are not observed due to the increased bulkiness 
of the molecule in this area which is believed to affect the packing 
of the molecules in a parallel manner in the m e ~ o p h a s e . ~  A compar- 
ison of molecular models of benzene containing these four substi- 
tuents (Figure 10) shows that this steric hindrance increases in the 
following order: 

COR' < R' < OR' < OCOR' 

Since mesophases were observed when Y=OCOR', the steric hin- 
drance is not large enough to cause the loss of mesomorphic properties 
as is true when Y a - m e t h y l  alkyl group. However, it still can affect 
the packing of the molecules in two ways. As the steric hindrance 
increases, overlapping of the 7~ electrons of the benzene ring with 
electrons in the Y substituent decreases as the coplanarity of these 
two groups decrease. This decreases the lateral dipole moment of the 
substituent and polarizability of the molecule. The strength of this 
dipole moment is believed to be the major factor in determining 
whether a crystalline or hexatic S, phase is observed in biphenyl 
esters; the crystalline S, being favored by a weak dipole whereas the 
hexatic S, is favored by a strong one.21 Terminal dipoles are also 
considered to be important in the formation of S, phases.22 Although 
there is a strong lateral dipole in the esters 1 and 2 when Y=COR' . 
no hexatic S ,  phases were observed. Smectic C phases occurred with 
this substituent in the cyclohexane diesters 2 but not in the phenyl- 
benzoates 1. This phase was, however, prevalent when the Y sub- 
stituent was attached to the benzene ring through an oxygen atom in 
agreement with a variety of mesogens containing two terminal alkoxy 
substituents. 

Models indicate that there is no problem with either the R'  or 
COR' substituents being coplanar with the benzene ring, a possible 
steric hindrance begins when Y-OR'. Experimental results disagree 
as to whether the methoxy group is coplanar with the benzene ring 
in anisole. Dipole moments suggest it is not23 whereas NMR studies 

t N  phases do occur in shorter chain lengths in series 1. 
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MESOMORPHIC PROPERTIES IN ESTERS 153 

suggest that it is (both in solution).24 Models indicate that the sub- 
stituent OCOR’ cannot be coplanar with the benzene ring and studies 
on phenylacetate and similar structures agree with the angle to the 
plane estimated at 80-90”.2s This would increase the bulk of the 
OCOR’ group near the benzene ring but models indicate that this is 
not enough to extend beyond the molecular volume of either of the 
ester series studied. Goodby has proposed that holes or spaces within 
the molecular envelope created by such bumps can be used in close 
packing arrangements to give the more highly ordered S, and SE 
phases.26 Perhaps this is why the S, phase is more prevalent in the 
esters 1 when Y-OCOR’. He also suggested that the more unsym- 
metrical the molecule, the more a S ,  phase is favored. Although this 
seems to apply to the phenylbenzoates, the S ,  phase is highly favored 
in the symmetrical cyclohexane diesters 2 as well. In this series, the 
S, phase has a wider maximum range when Y=OCOR’ than when 
Y=OR‘ as expected by considering the bulkiness of these substituents 
but it is twice this large when Y=R‘. Of course, an unsymmetrical 
cyclohexane diester may be even more favorable for observing a S, 
phase. 

Steric hindrance between the Y substituent and the orho hydrogen 
atom affects rotation around the aromatic carbon-Y bond in two ways. 
The increased bulk simply decreases rotation but the decrease in 
coplanarity causes a decrease in electron overlap and therefore a 
decrease in double bond character which would give a more flexible 
single bond character in some of these substituents. NMR studies on 
mesophases have shown that the order in the first few carbon atoms 
in a terminal chain determines the order in the remainder of the chain 
until the last three carbon atoms which are less ~ r d e r e d . ~ ’  Usually in 
a homologous series, mesomorphic properties are lost when the alkyl 
chains become too long to maintain the rigid rod-like structure.6 The 
increased rigidity of the OCOR’ near the phenolic ring caused by the 
steric hindrance with the ortho hydrogen atoms could explain why 
the Sc phase continues to occur at much longer chain lengths in both 
series when Y=OCOR’ than when Y=OR’. It also provides an 
explanation for the very high clearing temperatures observed in the 
short chain homologs with this substituent. 

Still another factor to consider is the direction of the dipole moment 
of the Y substituent. The angle of the dipole to the benzene ring 
(which bisects the bond angle) is smaller in the OR’ compounds (bond 
angle -110”) than in the COR’ and OCOR’ analogs? (bond angle 

tThe dipole moment has been shown to be along the C=O bond.zR 
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154 M. E. NEUBERT et al. 

-120") but it is not known how this would affect the mesomorphic 
properties. 

Subsequent papers will provide data for additional phenolic and 
acid substituents with carbonyl-containing groups. It will be inter- 
esting to see how these groups fit into the trends already observed. 

EXPERIMENTAL 

The Pd-C catalyst was obtained from Matheson Coleman and Bell 
or Strem Laboratories: the latter being more reactive. The ligroine 
used had a bp of 60-90". The elemental analysis was obtained from 
Spang Microanalytical Laboratories, Eagle Habor, Michigan. 

TLC data were obtained using Anal-Tech Silica Gel GHLF Uni- 
plates" with CHCI, as the solvent and UV light as the detector. 
Melting points ("C) were determined using a Hoover-Thomas melting 
point apparatus and are corrected. IR spectra were obtained using 
either a Perkin-Elmer 700 or a Pye Unicam 3-200 instrument. NMR 
spectra were determined using a Varian EM 360 (E) or  FT80 (F) 
instrument in either deuterated chloroform (CD) or carbon tetra- 
chloride (CT) with TMS as an internal standard. Transition temper- 
atures ("C) were determined using a Leitz-Ortholux or Laborlux 12 
Pol polarizing microscope fitted with a modified and calibrated Met- 
tler FP-2 heating stage at a heating rate of 2"/min as described in 
Reference 29. Abbreviations used for phases are C = crystal, M = 
mesophase, S = smectic, S, = smectic E, S, = smectic B, S ,  = 
smectic C,  S, = smectic A ,  N = nematic, and I = isotropic liquid. 
Monotropic phases are indicated by parentheses. Samples were cooled 
until they crystallized so that no monotropic phases would be missed 
unless otherwise noted. DSC scans were obtained at a rate of 2.5"/ 
min using a Perkin Elmer DSC 2 instrument interfaced with a model 
3600 data station. Photographs of microscopic textures were taken 
using a Leitz 35mm camera and Ektachrome 160 film. Microscope 
transition temperatures for the ester Zb (R=Cl0, R'=C,,) are as 
follows: 84.8-85.7 (C-S,), 90.7-91.1 (Sc- -+l ) ,  and 72.7" (S,+C).  

4-Benzyloxy-n-nonanoyloxybenzene, 5 (R'=C,H,,). 

To a stirred soln of 20.0g (0.10 mole) of 4-benzyloxyphenol in 100 
ml CH,CI, containing 13.8 ml Et,N at RT  was added dropwise, a 
soln of 18.0g (0.10 mole) of decanoyl chloride in 40 ml CH2Cl2. The 
rxn mixture was stirred at RT  for 1 hr and then washed with 150 ml 
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MESOMORPHIC PROPERTIES IN ESTERS 155 

each of H20 ,  5% aq KOH, and H20 .  The organic layer was dried 
over anhyd Na2S04, filtered, and the solvent removed from the fil- 
trate in vacuo to give 45g (129%) of a light yellow solid. Recrystal- 
lization of this material 3 x from ligroine gave 23.48 (68.8%) of the 
desired ester 5 (R=C8H1,): mp 71-74", TLC showed one spot with 
R,=0.76 (R, for 4 = 0.21) and IR (CHCl,) 1750 (str CO,R'), 1600 
(wk Ar), and 1500 cm-I (str Ar). 

4-Benzyloxy-n-behenoyloxybenzene, 5 (R'=C,, H4J. 

To a s o h  of 17.0g (0.05 mole) of behenic acid, 250 mg 4-N7N-di- 
methylpyridine and 1O.Og (0.05 mole) of 4-benzyloxyphenol in 150 
ml CH,CI, was added 10.9g (0.05 mole) N,N-dicyclohexylcarbodi- 
imide (DCC) and then the mixture refluxed for 6 hr. Chloroform was 
added to keep the product in s o h  during filtration to remove DCU. 
The filtrate was extracted with 100 ml each of 5% aq KOH and H,O, 
dried over anhyd Na,SO,, and filtered. Concentration of this filtrate 
to half its volume by boiling and then cooling allowed for crystalli- 
zation of the product to occur. The resulting crystals were collected 
by filtration to give 16.5g (74.3%) of the crude product. Recrystal- 
lization of this material from ligroine gave 4.7g (18.0%) of the purified 
ester5 (R=C21H43): mp 95-96", TLC showed one spot with Rf=0.53 
(Rf for 4=0.07) and IR (Nujol) 1760 (str, CO,R'), 1600 (wk, Ar), 
and 1500 cm-1 (str, Ar). 

The phenylbenzoates l c  and d and cyclohexane diesters 2b were 
prepared in the same manner. As reported earlier,' the cyclohexane 
diacid chloride is very sensitive to moisture and must be stored in a 
vacuum or prepared in situ. Infrared data for these esters are as 
follows: Ic  1730 (str, COR' + CO,Ar), 1610 (wk, Ar), and 1490 
cm-' (med Ar); I d  1750 sh (CO,R'), 1730 (str, CO,Ar), 1600 with 
sh at 1580 (str Ar) and 1500 (med Ar), and 2b 1750 (str C0,Ar) and 
1510 cm-' (str Ar). See the synthesis section for purification infor- 
mation. 

4-n-DecanoyloxyphenoI, 6 (R=C,H,,). 

A soln of 22.38 (63.0 mmoles) of the ether 5 (R=C9H19) in 200 ml 
abs EtOH containing l.8g of 5% Pd-C (Strem) was hydrogenated at 
52' and 50 psi for 3 hr. The catalyst was removed by filtration of the 
rxn mixture through CeliteO on hardened filter paper and the filtrate 
filtered again through hardened filter paper to remove traces of car- 
bon. Removal of the solvent from the filtrate in vacuo gave 16.3g 
(98.3%) of the crude phenol with mp 68-80'. Recrystallization of 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
43

 1
9 

Fe
br

ua
ry

 2
01

3 



156 M. E. NEUBERT e t a / .  

this material 3 x  from ligroine gave 15.Og (90.4%) of the purified 
phenol 6 (R=C,H,,): mp 79-83"; TLC showed one spot with Rf=O.ll 
(R, for 5 = 0.76) and IR (CHCI,) 3400 (sharp, med OH), 3180 (br, 
wk OH), 1750 (str, CO,R), 1600 (med Ar), and 1500 cm-' (str Ar). 

trans-l,4-Octanoylcyclohexanol, 9 (R'=C,H,,). 

A soh of 15.Og (44.1 mmole) of the benzyl ether 5 (R'=C8HI7) in 
200 ml abs EtOH containing 1.2g of 10% PdiC (MC&B) was hydro- 
genated at 48" and 50 psi for 18 hr. Removal of the solvent from the 
filtrate in vucuo gave 12.3g of a colorless solid. TLC showed two 
spots with Rf=0.78 and 0.61 (R, for 5 d . 6 1 ) .  This material was 
hydrogenated again in 200 ml EtOH using 1.8g of catalyst at 72" for 
5 hr and worked up in the same manner to give 17.6g of a liquid. 
Distillation gave 2.4g of a forerun fraction (bp up to 123") and then 
5.lg (45.1%) of the major fraction at 123-125" (8 mm) identified as 
the alcohol 9 (R'=CsH1,): TLC showed one spot with R,=0.34 
(R, for 5-V.53); IR (film) 3000 (wk br OH), 1700 (str CO,R'), and 
no 1600 cm-I absorption and NMR (CDCI,,F) 611.72 (s, 1, OH) and 
2.33-0.87 (m,26,C6H,, + C8H1,). Calcd for CISH,,O3: C, 70.26; H, 
11.00; 0, 18.72. Found: C, 69.89; H,  11.16; 0, 18.98. 
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