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Effects of Molecular Length on Nematic 
M ixt u res 
II Anisotropic and Dynamic Scattering Properties of 4- 
Alkoxyphenyl 4-AI kylcyclohexanecarboxylate Mixturest 

J. DAVID MARGERUM, SIU-MAY WONG, ANNA M. LACKNER, and 
JOHN E. JENSEN 
Hughes Research Laboratories, 301 1 Malibu Canyon Road, 
Malibu, California 90265, U.S.A. 

(Rereiwd Augusf 11. 1980) 

The properties of nematic liquid-crystal mixtures of 6alkoxyphenyl frans-4-alkylcyclohexane- 
carboxylates are studied as a function of temperature and their av_erage molecular length (L). 
Mixturesareprepared with clearpoints near 72°C(f30C)and with L varying between21.2Oand 
26.15 A. At 25°C. their flow viscosity increases exponentially (from 16.3 t o  50.6 cP) as L in- 
creases. The conductivity anisotropy (U,~/UJ also vanes tremendously, decreasing from 1.62 
to 0.49 as  L increases, when compared at  25°C with tetrabutylammonium tetraphenylboride as  
dopant. The low values of ol /eland its temperature dependence indicate that cybotatic nematic 
characteristics occur when the average total number of alkyl carbons from both end groups is 8.5 
or more. Short range smectic effects are dominant in the longer mixtures. All of the mi_xtures have 
a negative dielectricanisotropy, which linearly becomes I_ess negative with increasing L. At 25°C. 
dynamic scattering (DS) is observed only in the shorter L mixtures (where oll/ol > I ) ,  and the 
DS decay timesare relativelyfast. Comparisonsare made with similar studies onp-alkoxyphenyl 
p-alkylbenzoate mixtures. 

INTRODUCTION 

In recent years, there has been considerable interest regarding the incorpora- 
tion of cyclohexane structures into liquid-crystal (LC) compounds and mix- 
tures.'-6 Most of the studies have been on materials with positive dielectric 
anisotropy, such as 4-~yanophenylcyclohexanes, for use in twisted nematic 
displays based on polarization These cyanophenylcyclohexanes 
have a lower viscosity and birefringence than do the corresponding cyanobi- 

' 

TPresented at the 8th International Liquid Crystal Conference, Kyoto, Japan, July 1980. 
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phenyl nematic liquid crystals. Esters with phenyl cyclohexanecarboxylate 
structures have been reported to have wide nematic temperature ranges,' but 
relatively little has been reported on their anisotropic and electrooptical prop- 
erties. We are interested in the h e  of cyclohexanecarboxylate esters as ne- 
matic mixtures for both dc- and ac-activated dynamic-scattering (DS) dis- 
plays, particularly to obtain wide temperature range mixtures with fast 
response times. Since we have found that the average molecular length (L) of 
p-alkoxylphenylp-alkylbenzoate mixtures has a large effect on their nematic 
proper tie^,^ the present study is directed particularly at the effects of molecu- 
lar length on the properties of mixtures 4-alkoxylphenyl trans-4-alkylcyclo- 
hexanecarboxylates. We are especially interested in the effect of L on the vis- 
cosity, dielectric anisotropy, conductivity anisotropy, and DS response of 
these mixtures, and in comparing these results with those from the similar 
phenyl benzoate mixtures. 

EXPE R I M ENTAL 

The cyclohexane liqujd-crystal compounds were prepared by reacting the ap- 
propriate 4-alkoxyphenol with a 4-alkylcyclohexanecarbonyl chloride. The 
latter are obtained by first carrying out a catalytic reduction (H2/ Rh ina Paar 
apparatus) of the p-alkylbenzoic acid and then treating it with thionyl chlo- 
ride. The catalytic reduction gives the cis-4-alkylcyclohexanecarboxylic acid, 
but heating the acid chloride converts it largely to  the rrans-4-alkylcyclohex- 
anecarbonyl chloride. The mixture of these cis and trans acid chlorides are 
esterified, and the lower melting cis ester is removed from the 4-alkoxyphenyl 
rrans-4-alkylcyclohexanecarboxylate by recrystallizations. Purity is checked 
by thin-layer chromatography and by high-pressure liquid chromatography 
(Waters Assoc. Model ALC-202/401, with a microporasil column). We esti- 
mate that there is less than 1% impurity in each ester. Thermal analysis data on 
the melting point (mp), clearpoint (clpt), and heat of fusion (AH/)  are obtained 
by differential scanning calorimetry (DSC) using a Mettler TA2000B thermal 
analysis system. 

Our other experimental techniques are essentially the same as in paper I of 
this series.7 The density is measured in calibrated pycnometer tubes, as a func- 
tion of temperature. The flow viscosity (7)  is measured in calibrated Cannon- 
Manning-type viscometer tubes held in a temperature-controlled bath. The 
calibrated ranges were 3 to 15,7 to 35, and 20 to 100 cS, respectively, in three 
different size tubes. Overlapping results from different tubes are in good 
agreement (i.e., there is no tube size effect on 7) .  The refractive indices are 
measured with a Leitz-Jelly micro-refractometer at 589 nm. The dielectric 
anisotropy and conductivity anisotropy are measured as described pre- 
viously,'~* using 503-pm-thick cells in a 7-kG magnetic field. The samples are 
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EFFECTS O F  MOLECULAR LENGTH [I1071 159 

doped with tetrabutylammonium tetraphenylboride (TBATPB) or tetrabutyl- 
ammonium trifluoromethanesulfonate (TBATMS) by adding 0.1% of the 
salt, warming to dissolve, cooling at room temperature for 12 hr, and filtering 
through a 0.2-pm filter. The DS measurements are made in transmission with 
unpolarized green light using glass cells with indium tin oxide (ITO) transpar- 
ent electrodes. Threshold voltages are made at 30,20, and 10 Hz, in cells with 
nominal spacers of 25.4 pm, using baked polyvinyl alcohol (PVA) coatings 
rubbed for surface-11 alignment, and using an 800-A coating of sputter-depos- 
ited SiOz treated with C22H450H for surface-l-align~nent.~ The DS decay times 
are measured from 10% to 90%T at 25OC using SiO2-overcoated I T 0  elec- 
trodes on 12.7-mm-thick optical flats with SiO, pad spacers. The surface-I( 
cell (15.43-pm-thick spacing) has a rubbed PVA coating, while the surface-l 
cell (15.86 pm) is treated with CISHWOH. Undoped samples are used for the 
dielectric field effect transition threshold voltage at  1 kHz in surface-l cells. 

RESULTS AND DISCUSSION 

LC components and mixtures 
The thermal properties for the six nematic compounds used in these studies 
are shown in Table I, where R and R' are the n-alkyl groups in the general 
structure shown in Figure la. Our observed melting points and clearpoints are 
higher than the literature values, indicating that our compounds are of higher 
purity. We did not observe the low melting point of smectic-to-nematic transi- 
tion reported for 60-(C)5. Mixtures were prepared with the compositions 
shown in Table 11. These were primarily mixtures from calculated eutectic 
compositions that were chosen to be room-temperature nematics, to have sim- 
ilar clearpoint temperatures, and to have as wide a range of L as possible. The 

TABLE I 

Thermal properties of phenyl cyclohexanecarboxylates 

Compound mp, "C clpt, "C 
Mr 

Code RO R Obs. Lit.' Obs. Lit." kcal/mole 

10-(C)5 CHJO n-CsHII 40.9 36 71.3 63.5 5.01 
20-(C)3 CzHsO n-C3H, 49.0 47 79.8 78.5 6.60 
20-(C)5 CzHsO n-CsHII 56.9 55 85.9 85.5 1.69 
40-(C)4 n-C4H90 n-C4H9 40.5 38 70.0 68.5 4.12 
60-(C)4 n-CsH13O n-C4H9 26 25 70.0 69.0 5.36 
60-(C)5 n-C6H110 n-CsH11 32.2' 24(38.5)' 79.8 78.5 5.06 

'D. Demus, H.-J. Deutscher, F. Kuschel, H. Schubert, Offenlegungsschrift 2429093, Bundes- 

'Smectic to nematic transition reported at 383°C. but not obs. here. 
republik Deutschland, Deutches Patentant, (Jan. 23, 1975). 
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M13110 

f, L Y 

b) 
FIGURE I (a) General structure of mixture components. (b) Model of 4hexyloxyphenyl4- 
butylcyclohexanecarboxylate, or 60-(C)4, showing the molecular length (L = 26.15 A) used. 

results in Table 111 show a close correlation between the calculated and the 
observed nematic ranges of these mixtures. The resistivities of the undoped 
mixtures are greater than 1012fl-cm. The molecular length (L) of each com- 
pound is measured from theend-to-end distance in CPK models, as indicated 
in Figure I b. The average length, L, of a mixture is obtained by summing the 
product of the mole fraction and the L of each component. 

TABLE I1 

Composition of liquid-crystal mixtures 
~ ~~ 

Compound Mole fraction in mixtures 

Length, 
Code L, A A B C D E F G 

10-(C)5 21.40 0.497 0.463 0.394 0.283 - - - 
20-(C)3 20.06 0.311 - - - - - - 
20-(C)5 22.53 0.192 - 0.135 - - - - 
40-(C)4 23.84 - 0.537 0.470 0.358 0.507 0.483 - - - 1.000 60-(C)4 26.15 - - - - 
60-(C)5 27.41 - - - 0.359 0.493 0.517 - 

HRL mixture No. 6N7 6N4 6N5 6N10 6N6 6N6R 60-(C)4 
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TABLE I11 

Average length and nematic range of mixtures 

mp "C clpt, "C 
L, average NO. R + R 

Mixture length, di carbons Calc.' Obs. Calc.' Obs. 

A 2 1.20 5.88 16.2 14.4 76.7 76.1 
B 22.7 1 7.07 13.9 14.2 70.6 69.3 
C 22.70 7.07 8.8 4.8 72.6 71.6 
D 24.43 8.51 -1.1 -10.0 73.8 73.2 
E 25.60 9.48 - 13.4 - 75.4 
F 25.68 9.55 9.9 - 75.0 74.8 
G 26.15 10.00 - 26.00 - 70.0 

'Calculated eutectic mixture, using Schroeder-Van Laar equa- 
tion. 

Refractive index, birefringence, density, and dielectric constant 
Plots of refractive indices (n11 and nL), birefringence (An), density (4, and di- 
electric constant (EL) of the mixtures are shown in Figure 2 as a function of 
their L. Both rill and n l  decrease slightly as L increases, as expected since 
longer L increases just the aliphatic end group length of similar molecules al- 
ready containing a cyclohexane ring in the central group. Their birefringence 
is small and is nearly independent of L, with An = 0.085 f 0.003 at room 
temperature. This is substantially smaller than the birefringence of similar 
phenyl benzoate esters, in which An varied between 0.153 and 0.134 over the 
same L range.' The n l  of these cyclohexane ester mixtures is also lower than 
that of comparable length phenyl benzoate mixtures. The dand  t l  values de- 
crease approximately linearly as L increase. Both the magnitudes of d and EL 
and their rates of decrease with L are smaller in these mixtures than in the 
phenyl benzoate series, as expected since the central group contains a cyclo- 
hexane ring in place of a phenyl group. 

F i ~ w  viscosity 
The flow viscosities of these mixtures are shown as a function of temperature 
in  Figure 3. Note that the plot for G includes a point abpve the clearpoint 
where q increases. In each mixture, the plots of log q versus T' deviate from 
the linear relationship often found for liquids and LCs. The effect of L on the 
flow viscosity at a given temperature is quite large, as shown in Figure 4. At 
25" C, the viscosity increases exponentially with increasing molecular length. 
This rapid increase of q with L is probably related to the strong cybotactic 
nematic character observed (described below) for these mixtures as their L in- 
creases. At 25OC, the short length RO-(C)R mixtures have lower q's than do  
the corresponding length R O - R  (phenylbenzoate) mixtures (e.g., 16 and 34 
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Refractive indices, birefringence, density, and dielectric constant of RO-(C)R' FIGURE 2 

mixtures as a function of L. (An at 22.8OC, d and tl at 25.0OC.) 

cP, respectively, at L = 21 A). However, the longer length RO-(C)R' mix- 
tures have higher q's than do the RO-R mixtures (e.g., 48 and 41 cP, respec- 
tively, at L = 26 A). Thus, the substitution of cyclohexane rings for benzene 
rings in  LC components does not always give a lower viscosity nematic mix- 
ture; it does so only for the short length ester mixtures in this series. 

Conductivity anisotropy 
The conductivity anisotropy (all/ al) of five of the mixtures is shown in Figure 
5 as a function of temperature. Although the solubility and conductivity of 
TBATPB in a mixture decrease as L increases, our experience indicates that 
this should have no significant effect on the anisotropy meas~rernents .~ '~ ' '~  
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I I I I I 1 I - -  I 
2 8  2 9  3 0  3 1  3 ?  3 3  3 4  

T 1 103, "K 1 
FIGURE 3 Effect of temperature on flow viscosity of R O - ( C ) R  mixtures. 

The a l l / a l  values in A, the shortest L mixture, are high (1.61 to 25°C) and 
decrease with increasing temperature, as is characteristic of a nematic liquid 
crystal. The values i n  C ,  a slightly longer length mixture, are not quite as high 
as in mixture A and are nearly constant over a wide temperature range. The 
all/ alvalues in  D increase as the temperature increases, which is taken as evi- 
dence for some cybotactic character"-14 (short range smetic order) at temper- 
atures below about 50" C. Mixture E and compound G have the longest L's, 
and their all/alvalues are considerably below 1.0, which is characteristic ofa 
smectic LC or very strongly cybotactic nematic LC. From the curves in Figure 
5 ,  we conclude that RO-(C)R' mixtures with an average of 8.5 or more 
R + R' alkyl carbons have cybotactic nematic characteristics. The corre- 
sponding number of R + R'carbons for cybotactic effects in the R O - R  mix- 
tures is 10 carbons or more.' Thus, the presence of a cyclohexanecarboxylate 
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FIGURE 4 Effect of L on viscosity of RO-(C)IY mixtures. 
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9248-12 

I I 

E '  

DOPANT 

FIGURE 5 Conductivity anisotropy of TBATPB in RO-(C)R' mixtures as a function of 
temperature. 

group in place of a benzoate group reduces the average length at which cybo- 
tactic effects are observed in their alkoxyphenyl ester LCs. 

Because of the limited solubility of TBATPB in these cyclohexane esters, we 
also studied TBATMS, which is a smaller, more polar salt. It is more soluble 
and provides adequate conductivity for DS studies. Since we have previously 
found','' that the ail/ a 1  values for TBATMS at a given temperature increase 
at low resistivity, we kept the p 1  (25") of these samples in the range of 
8.4 X 10' to 5.8 X lo9 a-cm. The results are shown in Figure 6. Thecybotac- 
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I 20 30 40 50 60 70 3 

FIGURE 6 Conductivity anisotropy of TBATMS in RO-(C)R mixtures as a function of 
temperature. 

tic nematic criterion (all/al increasing with temperature) is less pronounced 
with TBATMS than with TBATPB, especially in mixture D. In other nematic 
LCs, we have found that at  room temperature theail/u1of TBATMS was less 
than that of TBATPB, as is the case in mixture A. However, they are about the 
same in mixture C, and TBATMS has higher ull/alvalues than TBATPB in 
mixtures D and G. This is seen more clearly in Figure 7, where the values are 
compared at two reduced temperatures. (In these mixtures, the reduced 
temperatures of 0.86 and 0.96 correspond to an average of about 26 and 60" C, 
respectively.) At T/ T, = 0.86, the curves for the two dopants cross because 
the values for TBATPB decrease more rapidly than those for TBATMS as L 
increases. However, at the higher reduced temperature of 0.96, the all /al  
values for TBATMS are less than those of TBATPB throughout the L range. 
The cybotactic nematic character of the RO-(C)R mixtures clearly has a 
larger effect on the conductivity anisotropy of the TBATPB dopant than of 
the TBATMS dopant. In Figure 7, both plots of al l /a l  versus L at 
T/ T, = 0.86 show a large deviation from linearity due to the strong cybotactic 
nematic ordering in the longer L mixtures. 
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L, AVERAGE MOLECULAR LENGTH, 
FIGURE 7 
tures. ( T  = measurement temperature and T, = clearpoint, both in ' K). 

Dielectric anlsotropy 
The effects of temperature on the dielectric constants of these mixtures are 
shown i n  Figure 8. Because €1 decreases appreciably while € 1 1  changes only 
slightly with increasing temperature, the values of -A€ decrease linearly as 
temperature increases in the 20 to 60°C range. This effect of temperature on 
A€ is the one we would expect in  the absence of molecular associations. Thus, 
while all/ a l a n d  viscosity effects show strong evidence for cybotactic nematic 
molecular order, the AE effects do  not indicate any molecular pairing of polar 
groups. (In contrast, the longer RO-R mixtures' showed less cybotactic 
nematic association than these RO-(C)R' mixtures, while the shorter L 
RO-R mixtures showed evidence of polar associations-as inferred by 
their -A€ values going through a maximum as temperature increased.) These 

Effect of L on conductivity anisotropy of RO-(C)R' mixtures at reduced tempera- 
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FIGURE 8 Dielectric constants of RO-(C)R' mixtures as a function of temperature (5 kHz).  
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mixtures have much more negative Ac values (between -1.34 and -1.20 at  
25OC) than do the corresponding R O - R  mixtures. As shown in Figure 9, -Ae 
at a given reduced temperature decreases linearly with increasing L. (In the 
R O - R  mixtures, -Ac increased with i.) The nearly parallel changes of -Ae 
with temperature (Figure 8) and with L (Figure 9) indicate that the dielectric 
effects in these R O - ( C ) R  mixtures are not significantly affected by the large 
differences in viscosity and cybotactic nematic character. 

Field effect transition and elastic constant 
The threshold voltage for the field-effect realignment, ( V ~ ) F E ,  of these un- 
doped LC mixtures is shown by the lower line in  Figure 10. It is nearly un- 
changed by the changes in L. The corresponding k33 (bend elastic constant) 
values also do not vary much with L, as shown in Table IV. 

9248-1 R1 
-1 1 

A €  
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-0. E 

A C D E G  

4 - -  = 0.96 

- 0.98 
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26 28 7 22 24 

i#& 
FIGURE 9 
temperatures. 

Effect of L on dielectric anisotropy of RO-(C)R' mixtures at four reduced 
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NO DOPANT ( 1 1 ,  

FIGURE 10 Threshold volgtgesat 25°Cforfield-effecttransition(l kHz)anddynarnicscatter- 
ing (10 H z )  as a function of L in RO-(C)R' mixtures. 

TABLE IV 

Bend elastic constant at 25°C 

Mixture (VQFE At k,, X lo", N 

A 3.50 -1.34 1.47 
C 3.20 -1.26 1.16 
D 3.56 -1.24 1.41 
E 3.23 -1.25 1.17 
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8599-8 

I / I"  TBATPB DOPANT 

10 20 30 40 
V,,, AT 10Hz 

FIGURE I I Dynamic scatteringcurvesformixtures A. B,and CcontainingTBATPBdopant. 
(22°C. 13-pm-thick cells surface-11 alignment). A: p L  = 5.1 X lo9 fl-cm; B: pL = 6.1 X lo9 fl- 
cm; C: pI = 7.4 x lo9 fl-cm. 

Dynamlc scattering 
Typical DS curves (where %S = 100 - %T) for mixtures A, B, and C are 
shown in Figure I I .  These are run at  low frequency (10 Hz) to minimize effects 
from the cut-off frequencies of these samples, which have relatively high resis- 
tivities due to the low solubility of the TBATPB dopant. The (V,I,)DS values 
from these curves are shown in Figure 10. In the other mixtures, TBATPB 
does not provide adequate conductivity for DS studies, and mixtures E, F, 
and G are not expected to show DS at  25°C anyway because their a l l /a l  ra- 
tios are less than 1.0. The TBATMS dopant is more soluble and gives better 
DS curves; the DS threshold voltage for mixtures A, C, and D are shown in 
Figure 10 for both surface-11 and surface-l  alignment. (These samples have 
resistivities of p l  = 1.6 X lo9, 1.8 X lo9, and 4.9 = lo9 R-cm, respectively.) 
The general trend is that (V&S increases with with either the TBATPB or 
the TBATMS dopant. These results are consistent with the conductivity an- 
isotropy effects shown in Figures 5 through 7. Temperature effects on DS also 
correspond to the a ~ / a l  changes. TBATMS doped mixture F shows high- 
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FlGURE 12 Effect of L on DS decay time in RO-(C)R' mixtures. 

level scattering curves at  higher temperatures (e.g., 60°C). Its (V&S value de- 
creases sharply as temperature increases, going from an ill-defined 30 to 40 V 
value at room temperature, to -20 Vat 42"C, and down to 13.5 V at 53°C in 
surface-11 cells. Sample G does not show any DS below 35°C with either do- 
pant, as expected since all/al is less than 1.0 in this temperature range. 
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The DS decay time ( T D )  of TBATMS-doped samples of mixtures A, C, and 
D are shown in Figure 12. For comparison, the decay times are corrected to 
16.0 pm thickness, using a 162/12 correction factor. The actual thickness be- 
tween the optical flats are 15.43 pm for the surface-ll and 15.86 pm for the 
surface-l cells. Although high voltages (50 V,,,) are applied to  mixture D to 
obtain high scattering levels (10% T), secondary scattering is not observed 
with our relatively short periods of DS activation. Theeffect of L on TD is very 
similar to that observed in the RO-R mixtures.' As increases, TD for sur- 
face-I[ cells decreases slightly, while T D  for surface-l cells increases substan- 
tially. However, all of these decay times are much faster than those of the cor- 
responding phenyl benzoate mixtures. In the same L range, the TD*S of the 
RO-R mixture were about 375 msec for surface-11 and between 610 and 780 
msec for surface-l cells. 

CONCLUSIONS 

Studies of nematic mixtures of 4-alkoxyphenyl truns-4-alkylcyclohexanecar- 
boxylates show that their viscosities, conductivity anisotropies, and DS thresh- 
old voltages are very strongly dependent on the average molecular length of 
the mixtures. As L increases, their viscosities increase exponentially and their 
cybotactic nematic character increases greatly. At 25OC, the short Lcyclohex- 
ane ester mixtures have higher a,,/  a1 values and much lower flow viscosities 
than do the comparable benzoate esters. The longer cyclohexane ester mix- 
tures have stronger cybotactic nematic characteristics and much lower a,,/ uI 
values (less than 1.0) and are just as viscous as the same length benzoate mix- 
tures. The dielectric anisotropies of the cyclohexane esters also vary with L, 
linearly becoming less negative as L increases. Their birefringences are nearly 
independent of L. The solubility of organic salt dopants is low, and becomes 
worse as L increases. Comparisons with similar length p-alkoxyphenyl p-al- 
kylbenzoate mixtures show that the short length cyclohexane ester mixtures 
have much more negative Ac, higher all /al ,  lower DS a t  a given V/ Vth ,  and 
much faster DS decay times in both surface-[[ and surface-l cells. 
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