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The molecular properties of polarizability, polarizability anisotropy and dipole moment have 
been measured for a series of mesogenic molecules having a terminal cyan0 group and a 
terminal n-pentyl chain. Molecules investigated were of the form n-pentyl-X-cyano, where X 
was biphenyl, cyclohexyl-phenyl, phenyl-cyclohexyl, bicyclohexyl and bicyclo-octyl-phenyl. 
Measured polarizabilities were compared with bond additivity calculations for the molecules 
having different alkyl chain conformations. The relative nematic stabilities of the mesogens 
and their physical properties are discussed in terms of their measured molecular properties. 

INTRODUCTION 

In order for a molecule to exhibit a liquid crystalline phase, it must satisfy 
certain structural requirements, and much research effort has been directed 
toward correlating liquid crystalline behavior with molecular structure. '** 
As a result of this work it has become clear that it is often very difficult to 
predict the effect of changes in molecular structure on the stability and 
properties of liquid crystals, and the relationships between structure and 
properties are very subtle. Such subtleties are not included in the existing 
theories of liquid crystals, which usually model the liquid crystal molecule 
by a rigid axially symmetric, impenetrable object. Some attempts have 
been made to include elements of flexibility3 or biaxiality4 into the models, 
but our real understanding of liquid crystalline behavior in terms of molecu- 

*Presented at the Ninth International Liquid Crystal Conference, Bangalore, December 
6-10. 1982. 
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242 D. A. DUNMUR and A. E. TOMES 

lar structure is still very limited. In reality the situation is very complicated 
because, in addition to molecular structure and properties, many-body 
interactions between molecules must also be considered. Furthermore the 
observation of a liquid crystal phase at achievable temperatures and pres- 
sures may be obscured by the formation of a crystalline phase. Thus a 
complete theory of solid and fluid phases is necessary to understand the 
stability of liquid crystalline phases. 

Within the context of existing theories of nematic liquid crystals and their 
physical properties, certain molecular parameters can be identified as being 
of particular significance. For example in the Maier-Saupe theory’ of ne- 
matic stability, only attractive intermolecular forces are considered, and the 
nematic to isotropic transition temperature TNI is predicted to vary as 
1(Aa)’/V2, where I is the ionization potential, ha is the polarizability 
anisotropy and V is the molecular volume. Hard particle theories6 of nemat- 
ic liquid crystals restrict attention to repulsive interactions and predict 
temperature independent order parameters which are much higher than 
normally measured. The only parameters in hard particle theories are the 
volume and length-width ratio of the molecules which are normally as- 
sumed to be sphero-cylinders; these theories predict that TNI increases as the 
length-width ratio and density increases. Combining mean field and hard 
particle theories leads to a generalized van der Waals description of nematic 
order.’,’ In this approach it is assumed that the attractive part of the inter- 
molecular potential can be written as a sum of isotropic and anisotropic 
contributions, while the repulsive interactions are accounted for by an angle 
dependent excluded volume. The resulting single particle pseudopotential 
is of the form: 

(1) & = -uop - U ~ P ~ ( C O S  e)(p,(cos el) 
where p is the number density, P,(cos 0) is the second Legendre poly- 
nomial and the angular brackets denote an ensemble average. The isotropic 
(uo) and anisotropic (u,) energy parameters in this expression both depend 
on the attractive and repulsive parts of the intermolecular potential, and 
in practice the major part of uz is determined by the isorropic attractive 
forces.’ 

For a model of interacting triaxial ellipsoids in which attractive forces 
were neglected, Gelbart and Barboy” predicted that the transitional order 
parameter decreased as the ellipsoid deviated from axial symmetry, sug- 
gesting that the width-breadth ratio or biaxiality of a molecule might be an 
important factor in determining nematic stability. Other factors which may 
play a role in stabilizing liquid crystal phases are dipole-dipole inter- 
actions,” molecular shape and flexibility, although it is difficult to quantify 
the latter two contributions. 
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CYANO-MESOGENS: MOLECULAR PROPERTIES 243 

With regard to physical properties such as electric permittivity, refractive 
indices and magnetic susceptibilities, it is much easier to correlate the 
macroscopic properties with molecular parameters, ’’ primarily because 
these properties are single particle properties, i.e. they are proportional to 
the number density. Elastic properties do not fall into this category and are 
a direct manifestation of intermolecular interactions; their dependence on 
molecular properties is therefore much more complicated. Most theoretical 
models for the elasticity of nematic~’~-’~ concentrate on the importance of 
molecular dimensions (i.e. length-width ratio); other cal~ulationsl~~’~ using 
empirical intermolecular potentials also demonstrate the importance of the 
anisotropy of the potential. No systematic dependence of elastic constants 
on molecular properties such as polarizability and dipole moment has been 
observed,” but short range effects” resulting from dipole-dipole correlation 
or other sources may influence elastic properties. 

To test the proposed relationships between liquid crystal properties 
and molecular properties, we have measured some molecular parameters 
for a series of mesogenic molecules having identical end groups 
but different core structures. The molecules have the basic structure 
C5HII-X-Y-CN, where X and Y may be phenyl, cyclohexyl or 
bicyclo-octyl. The properties measured for each molecule were dipole 
moment, mean polarizability, polarizability anisotropy and molecular vol- 
ume. The orientation of the dipolar axis with respect to the principal axes 
of the polarizability tensor was calculated using a number of bond additivity 
schemes for the polarizabilities. Comparison of calculated and experi- 
mental values of the polarizabilities provided a test of the additivity 
schemes and also yielded information on the conformation of the terminal 
alkyl chain. 

EXPERIMENTAL 

The mesogens studied in this investigation are given in Table I. All mea- 
surements were carried out on dilute p-xylene solutions at concentrations 
up to 5% by weight of mesogen. The materials were used as supplied, but 
for the electro-optical experiments the solvent (p-xylene) was filtered 
through a 0.25 pm millipore filter before use. 

Dipole moments and mean polarizabilities were obtained from electric 
permittivity and refractive index measurements on the solutions. Molar 
volumes were evaluated from accurate density measurements on the solu- 
tions over a range of concentrations. The molar Kerr constants of the 
solutions were measured for different solution compositions over a range 
of temperatures, and analysis of these measurements provides values for 
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244 D. A. DUNMUR and A. E. TOMES 

TABLE I 

Materials 

Compound Nematic range Abbreviation 

CB5 CSHII @@ CN 22.5-35.2"C 

C&I @@ CN 30.0-55.O"C PCHS 

65 .O-88.ODC CCHS 

62.0-101.0"C BC05 

the polarizability anisotropies. Our experimental techniques for making 
these measurements have been reported in an earlier pape#' and will not be 
described here. 

RESULTS 

Values for various molecular parameters obtained for the mesogens studied 
are Iisted in Table 11. Results for CB5 have been previously reported2' by 
us, but the measurements were repeated in this work and are included in the 
table for completeness. In order to extract a value for the polarizability 
anisotropy from Kerr constant measurements, it is necessary to assume 
axial symmetry for the polarizability tensor and also to know the angle (8) 
between the dipolar axis and the axis of maximum polarizability in the 
molecule. Neglecting hyperpolarizabilities, the molar Kerr constant at in- 
finite dilution for a molecule with a spheroidal polarizability ellipsoid is: 

N Asp' 
405~&T 2kT 

,K, = -{ (AcI)~ + - (3 cos2 6 - 1) 

In principle 8 can be determined by fitting the variable temperature mea- 
surements, but for small 8 the precision of our results is not sufficient to 
allow this. The angle 8 has therefore been obtained by calculation; the 
consequent small uncertainty attached to the angle will not significantly 
affect the derived values for the polarizability anisotropy. Table III lists our 
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CYANO-MESOGENS: MOLECULAR PROPERTIES 245 

TABLE I1 

Molecular properties 

Mean Polarizability Dipole Ionisation Molar 
polarizability anisotropy moment potential volume 

Compound (lo-“ J-IC’m’) (lo-” J-’C2m2) (lo-” Cm) J) m’) 

CB5 37.5 k0.2 19.4 20.9 15.9 k0.2 7.0 247 
PCH5 36.2 k0.2 16.0 20.8 13.8 k0.2 8.5 265 
Reversed 

PCH5 36.2 20.2 12.2 k0.6 12.1 20.2 8.5 265 
CCH5 35.5 k0.2 12.6 20.6 12.0 aO.2 8.5 282 
BC05 38.8 *0.2 16.6 t0.8 13.6 20.2 8.4 278 

TABLE 111 

Calculated and experimental molar Kerr constants 

Molar Kerr constants ( C2J-’mS) 

PCH5 Rev-PCH5 CCH5 BC05 
Temperature (“C) calc. expt. calc. expt. calc. expt. calc. expt. 

10 3.45 3.34 2.01 2.05 1.99 1.95 3.55 3.49 
20 3.23 3.19 1.88 1.90 1.86 1.86 3.31 3.29 
30 2.92 3.03 1.76 1.78 1.74 1.77 3.10 3.10 
40 2.83 2.87 1.65 1.62 1.63 1.67 2.91 2.92 
50 2.57 2.72 1.55 1.51 1.53 1.59 2.74 2.76 

measured values of &, together with those calculated using Eq. (2) and the 
derived molecular parameters from Table 11. The agreement at all tem- 
peratures is good, indicating that the molecular parameters obtained are 
fully consistent with our Kerr effect measurements. 

CALCULATIONS 

The prediction of molecular properties from bond or group properties has 
frequently been for mesogenic molecules because of the lack of 
experimental data on the free molecule properties. While the simple bond 
additivity scheme is probably satisfactory for dipole moments, at least of 
nonconjugated molecules, there are difficulties in predicting the compo- 
nents of the polarizability tensor from assumed bond polarizabilities. For 
flexible molecules, the contributions of different conformations to the 
average measured polarizability must be considered, and this is of particu- 
lar significance in mesogenic molecules with long alkyl chains. In this 
section we report calculations of the molecular polarizability tensor for the 
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246 D. A. DUNMUR and A. E. TOMES 

various molecules listed in Table I. We have used three different bond 
additivity schemes and have also calculated the effect of chain flexibility 
on the results. 

The method of calculation is to assume a particular geometry for the 
molecule, sum the bond polarizability components in an arbitrary fixed axis 
system and then diagonalize the resultant tensor to obtain the principal 
polarizabilities and the orientation of the principal axes with respect to the 
molecular frame. Results for different conformations can be obtained and 
an average calculated using the appropriate statistical weights. 

All-trans-conformations 

For these calculations the conformations of the molecules were assumed to 
be as illustrated in Figure 1. Chain positions 1 and 2 were considered to be 
equally probable for CB5, reversed PCH5 and BC05, but for PCH5 and 
CCH5 the relative probabilities of 1 and 2 were assumed to be 0.845 and 
0.155 respectively. These values were obtained from the relative energies 
of the rg't and trr conformations of the all-trans-alkyl chain with respect 
to the chair cyclohexane ring (see below). 

Using values for the bond polarizabilities from the literature% and re- 
produced in Table IV, the principal polarizabiiities and angles between the 
major axis and the dipolar axis (assumed to be along the CN bond) were 
calculated, and the results are given in Table V. In these calculations, no 
allowance was made for conjugation between the aromatic rings and the 
cyano-group and the aromatic ring. Including the effects of conjugationzs 
produced a second set of bond polarizabilities also listed in Table IV. These 
enhanced bond polarizabilities were obtained empirically by requiring good 
agreement to be maintained between the calculated and measured mean 
polarizabilities. Revised values for the molecular polarizability compo- 
nents using the enhanced bond polarizabilities are also given in Table V. 

Recently Jernigan has suggestedz6 that induced-dipole-induced-dipole 
interactions in all-trans-alkyl chains can increase the effective polar- 
izability anisotropy of each segment by a factor of two. Incorporating this 
effect into the calculations gives a new set of molecular polarizability 
anisotropies which are listed in Table V. Since the Jernigan scheme does 
not calculate the influence of dipolar interactions on the individual compo- 
nents of the bond polarizability tensor, we have not calculated the separate 
components of the molecular polarizabilities. 

Statistically averaged conformations 

Different molecular conformations result from internal rotations about the 
carbon-carbon bonds in the alkyl chain. For simplicity we adopt the three 
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CYANO-MESOGENS: MOLECULAR PROPERTIES 241 

1 1  
CB5 

C-N 2v 

CCH 5 
1 

BC05 
Figure. 1 Molecular structures 

rotational isomeric state model developed by in which the dihedral 
angle between two carbon-carbon bonds separated by a third can be 
60°(g+), 18Oo(r) or 30O0(g-). The energy of the all-trans-conformation is 
taken as zero, and the relative energies (Ei) of the other conformations of 
the pentyl chain may be calculated from the isomeric state energies of 
E,g' = Egfg' = 2.1 kJ mol-' and Egzg* = 12.5 kJ m01-I.~~ The polar- 
izability tensor was evaluated for each conformation and an average calcu- 
lated by attributing a statistical weight to each conformation of 
exp(-E,/RT). Conformations involving g'g' contributed less than 1% of 
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248 D. A. DUNMUR and A. E. TOMES 

TABLE IV 

Bond Dolarizabilities in units of lo-" J-'CZm2 

Bond (111 4 a, 

C", - c,, 
car-c, 
c,-c, 
C*-G 

C,, - CN 
C,-CN 
C-N 
C-H 

1.091 1.091 
2.582 2.582 
1 .091  1.091 

3.061 
2.471 
4.675 

3.450 3.450 
0.712 0.712 

0.300 
0.490 
0.300 
0.490 
0.300 
0.300 
1.558 
0.712 

*Enhanced bond polarizabilities resulting from conjugation. 
The subscripts sat and ar refer to bonds between saturated and aromatic carbon atoms, and 

I$ indicates a bond within biphenyl rings. 

the total because of their high energy, and they were excluded from the 
analysis. 

For CB5, reversed PCHS and BC05, interactions between the chain and 
the core were excluded; however, for PCH5 and CCH5 the statistical 
weight of a particular conformation depended on the conformation of the 
chain segment attached to the cyclohexyl ring. Finally it should be pointed 
out that conformations corresponding to rg'r and trt contributed equally to 
the molecular polarizability anisotropy. 

The results of our calculations of the polarizability components including 
all possible conformations are given in Table VI. The differences between 
the values in Tables V and VI are fairly small; this reflects the fact that most 
of the polarizability of these molecules comes from the core and cyano 
group, and also that the rrr and tg't states account for about 40% of 
the conformations. 

DISCUSSION 

The most satisfactory agreement between the calculated and measured 
polarizabilities is obtained if the enhanced bond polarizabilities are as- 
sumed and induced-dipole-induced-dipole effects are included. Further- 
more, our calculations indicate that the chain conformation is likely to be 
ttt or tg't. This result is in agreement with results obtained from light 
scattering measurements on the homologous series of alkyl cyano- 

where it was concluded that for less than six carbon atoms 
in the chain, only the all-trans-conformations contributed significantly to 
the polarizability anisotropy . 
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CYANO-MESOGENS: MOLECULAR PROPERTIES 25 1 

Magnetic resonance  measurement^^^ of the ordering matrices of chain 
segments in nematic CB5 suggest that there is considerable chain flexibility 
even in the ordered liquid crystalline state, and the order parameter aver- 
aged over all conformations’’ is substantially less than the order parameter 
resulting from the all-trans-conformation. Our conclusions on chain con- 
formation are based on the assumption of a particular bond anisotropy for 
the chain segments. The work of Jernigan26 suggests that the segment 
polarizability depends on the chain conformation, but we have not included 
this effect in our calculations. 

From our measurements of polarizability, ionization potential and molar 
volume there is no correlation between the Maier-Saupe predictions of the 
nematic to isotropic transition temperatures and observed values. Neither 
do the results for the mean polarizability give any support to the generalized 
van der Waals theory which suggested that isotropic dispersion forces 
might be a dominant factor in stabilizing the nematic phase since the mean 
polarizabilities for the mesogens studied are approximately equal. The 
overall length of the molecules is very nearly constant, and variations in the 
length-width ratio are relatively small. Values for the ring sizes calculated 
from bond lengths and van der Waals radii are given in Table VII. TNI 
appears to increase as the length-width ratio decreases, but the more sym- 
metric molecules do have higher transition temperatures than the lath-like 
CB5. There is some theoretical basis for this observation from the work of 
Gelbart and Barboy” who calculated that nematic stability was over- 
estimated by the assumption of cylindrical symmetry. 

In this discussion of nematic stability the role of core flexibility has been 
neglected. No theoretical models have attempted to include this as a sta- 
bilizing influence, but it has been suggested” as a possible explanation for 
the relative stabilization of some nematogens when a rigid aromatic ring is 
replaced by a more flexible cyclohexyl ring. The case of reversed PCHS is 
interesting in this respect, since its physical properties are almost identical 
with CCH5, but it does not form a stable nematic phase. One explanation 
is that the lack of flexibility in the aromatic ring attached to the alkyl chain 
prevents the adoption of linear conformations, which would enhance the 

TABLE VII 

Ring sizes and width-breadth ratios 

Ring Width (A) Breadth (A) Ratio 

Phenyl 
Cyclohexyl 
Bicyclooctyl 

3.4 6.7 2.0 
5.3 6.1 1.3 
6.3  6.3 I .o 
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TABLE VIll 

Physical properties of mesogens at a reduced temperature of 0.96 

Compound anisotropy Birefringence constant ratio 
Dielectric Bend-splay elastic 

CBS 12.5 0.20 1.46 
PCHS 11.0 0.125 1.77 
CCHS 4.0 0.05 1.59 
BC05 10.0 0. I4 2.35 

anisotropy of intermolecular interactions. Further evidence for this is pro- 
vided by the molecule reversed BC05, which although it does not have a 
stable nematic phase, has a virtual TNI at 50°C.33 

Values for the physical properties of the nematic phases of the com- 
pounds studied are listed in Table VIII. The birefringence and dielectric 
anisotropy of the mesophases increase as the molecular polarizability aniso- 
tropy and the square of the dipole moment increase. There is significant 
dipole-dipole correlation in the more polar nematogens which complicates 
the simple interpretation of dielectric proper tie^.^^ It is difficult to correlate 
the elastic constants with any molecular property, and the only molecular 
feature that has emerged so far as being significant is the length-width 
ratio.” However this cannot explain the increase in the ratio of bend-splay 
elastic constants in going from CB5 to BC05. One possible explanation is 
based on the strong intermolecular correlation that exists in the nematic 
phases of cyano-phenyl liquid crystals. ” The effective length-width ratio 
then refers to associated pairs rather than individual molecules, and while 
this might explain the variation in elastic constant ratios for CB5, PCHS 
and BC05, the mesogen CCHS is anomalous. 

In conclusion, the prediction of liquid crystalline properties from mo- 
lecular parameters is still far from being possible. Even the nematic to 
isotropic transition temperatures cannot be correlated in any simple way 
with the molecular properties that are thought to determine them. The 
absence of reliable empirical relationships between liquid crystalline be- 
havior and molecular structure suggests that simple theories are unlikely to 
be successful in explaining the properties of liquid crystals, and features 
such as molecular flexibility and short range order will have to be included. 
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