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Molecular Motions of 4-n-alkyl-4'- 
cyanobiphenyls in Liquid Crystal Phases 
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and 

G. J. MORO$ 
$Institute of Physical Chemistry, University of Parma, Italy 

(Received July 25, 1990) 

On the basis of a model which takes into account the couplings of the conformational transitions in the 
alkyl chain with the orientational diffusion of the molecule, the outcome of various experiments per- 
formed in the liquid crystal phases of n-alkyl-cyanobiphenyl (nCB) systems can be analyzed and in- 
terprctcd. The relaxation rates for the various positions in the flexible chain and in the biphenyl core, 
derived from 'H and "C NMR experiments, and the frequency dependence of the complex dielectric 
permittivity, obtained from dielectric relaxation data, have been considered in detail. 

Keywords: molecular motions, chain dynamics, N M R  relaxation, dielectric relaxation 

INTRODUCTION 

A dynamical model has been recently developed for molecular systems with internal 
motions superimposed to overall reorientations.' Both kinds of motions are as- 
sumed to be diffusive in character. The internal transitions are described by a 
master equation for jumps among configurational sites, derived by projecting the 
multidimensional diffusion equation for the torsional variables onto a suitable set 
of site functions, located at the minima of the torsional potential. The rate constants 
for the conformational changes are then obtained by an extension of the Kramers 
theory to the multidimensional The coupling with the overall diffusion is 
explicitly taken into account, by considering the conformational dependence of 
both the molecular diffusion tensor and the mean-field potential, which acts in the 
liquid crystal phase. 

The theoretical model has been applied to interpret the detailed NMR relaxation 
data obtained in the nematic phase of 5CB.4-6 Although a satisfactory understand- 
ing of the relevant factors which influence the complex dynamics of these systems 
was certainly reached, the relatively high number of physical parameters necessary 
to give a full description of the system seemed to prevent the possibility of opti- 
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160 A. FERRARINI. G. J. MORO AND P. L. NORDIO 

mizing all parameters to obtain quantitative estimates. In order to attempt quan- 
titative predictions, one should first have a detailed knowledge of hydrodynamical 
and energetic properties such as diffusion tensor anisotropy, frictional effects for 
the chain motions, potential profiles for the torsions about the chain bonds, mean- 
field forces exerted by the anisotropic environment. 

The analysis of experimental data available from different techniques, d e u t e r ~ n ~ , ~  
and carbon-136 NMR relaxation, and dielectric supplies some of the 
parameters entering into the theory and confirms the validity of a unified descrip- 
tion. 

DYNAMICS 

If the cyanobiphenyl group is treated as a single rigid unit, the motions of the 
flexible molecule can be described in terms of the variables R and a. The R variables 
are the Euler angles which give the orientation of a molecular frame, fixed in the 
aromatic cores, with respect to the laboratory axis system. The a variables are the 
torsional angles of the alkyl chain, defining the relative orientation of the various 
CH,-CH, segments. In the following, they will be referred to as external and 
internal coordinates, respectively. 

The probability distribution function of the system, P(a,  R, t ) ,  evolves in time 
according to 

where the operators R' and Re,  internal and external time evolution operators, 
describe the effects of overall reorientations, and torsions about the chain bonds. 
If the motions are assumed to be diffusive in character, these operators can be 
written as: 

&'(a, R) = L D"(a)P(a, R) * LP(a, R) ~ ( 2 )  

and 

k'(a, R) = - (") . D ( a ) P ( a ,  0) * (k) P(a,  R)-l. 
aa (3) 
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MOLECULAR MOTIONS IN 5CB 161 

In the above equations D” and D represent the diffusion tensors for the whole 
molecule and for the flexible tail, L is the generator of infinitesimal rotations about 
the molecular axes, and P ( a ,  R) is the equilibrium distribution function, i.e., the 
stationary solution of Equation (l), defined as 

V ( a ,  R) is the potential acting on the molecule with orientation R and conformation 
specified by the set of torsional angles a; it can be written as 

V ( a ,  R) = Vtorya) + P f ( a ,  R), ( 5 )  

where Vtors (a) is a torsional contribution, while Vmf(a, 0) is a mean-field potential, 
describing the interactions with the anisotropic environment. 

Note that both frictional and potential couplings are explicitly considered by 
Equation (l), given the dependence of the diffusion tensors upon the chain con- 
formation, and the form of the equilibrium distribution function P ( a ,  a), where 
internal and external contributions cannot be factorized. Only the recoil effects 
produced by the internal rotations are neglected, but this is a minor approximation, 
if the frictional resistance of the flexible chain is small in comparison with that of 
the rigid fragment.’.’” 

According to the usual procedures, the dynamical problem can be solved by 
expanding the diffusion operator, Ri + Re,  on a basis of functions f(a, R). The 
easiest choice, the representation of the operator in a space which is the direct 
product of basis functions for the different degrees of freedom, is actually un- 
practicable, because of the rapid increase of the dimension of the matrices to be 
handled, with increasing chain length. A convenient set of basis functions is given 
by the products +fnk(R)gJ(a, a), where +L,(R) = ~ ‘ ( 2 1  + 1)/8.rr29Lt,(R) are mod- 
ified Wigner functions, and g,(a, R) is a set of “site functions,” localized at the 
minima of the torsional potential corresponding to the stable chain  conformer^.^ 

The introduction of the localized functions for the torsional variables, which is 
justified by the relatively high barriers separating the potential minima, can be 
viewed as an extension to the time domain of the RIS approximation.ll After 
projection onto the subspace of the site functions g,(ar, a), the time evolution of 
PJ (R, t ) ,  the probability distribution function for the J-th conformer, is described 
by the master equation: 

where &,(a) and WJJ8(R) are still operators in the Euler angles space. The former 
is given by 
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162 A. FERRARINI, G. J .  MORO AND P. L. NORDIO 

where D;” = D”’(aj) is the rotational diffusion tensor of the molecule in the J-th 
configuration. The operator W j j f  for the transition from the J’-th to the J-th con- 
formation has the following expression, obtained by generalizing to the multidi- 
mensional case the Kramers theory in the overdamped regime2: 

@ J J , ( W  = ( I~ , I /wexP{ - [Es(fi) - J5Jf(fi)l/k,T) (8) 

where EJr(fi) and Es(fi) are free energies, evaluated at the 1’-th configuration and 
at the saddle point connecting the two adjacent minima J and J ’ .  The parameter 
A,,  related to the reaction pathway for the J ’  + J conformational jump, depends 
upon both the energetics of the transition, and the frictional resistances opposing 
the rotating bond. The operator RJJ(fi), describing the loss of population from 
the J-th state, is determined by the detailed balance condition. 

In the usual approaches, the couplings among internal and overall variables are 
completely n e g l e ~ t e d . ~ ~ ’ ~ - ’ ~  The overall diffusion tensor D” is assumed to be in- 
dependent of the configuration, and the potential is separated as 

V(a,  a )  = vyn> + Vi(a) (9) 

where V‘(0) describes the anisotropic interaction exerted on the rigid core, and 
Vi(cx) takes into account both the torsional potential and the orientation pseudo- 
potential acting on the alkyl chain. The latter is assumed to be independent of the 
orientation of the molecule relative to the director; this means that the flexible tail 
tends to orient with respect to a molecular frame. This is hardly justified from a 
physical point of view, the wide use of such an approximation being uniquely due 
to the substantial reduction of the mathematical complexity of the dynamical prob- 
lem. 

GEOMETRY AND ENERGETICS 

The carbon positions in the alkyl chain of a nCB molecule are labeled as C1, . . . , 
C,, moving away from the aromatic core towards the free end. The ring carbon 
bearing the aliphatic chain and those bound to hydrogen atoms are denoted by C ,  
and C, respectively. 

The chain is described by an “extended atom” model, with fixed bond lengths 
lee, and bond angles 8,. The aromatic moiety is taken as a rigid body. Each 
methylene-methylene bond can exist in one of the three conformational states: 
gauche- ( 8 - ) ,  trans ( t )  and gauche+ (g,). The values of geometric and energetic 
parameters are taken from Reference 15. 

In the absence of unambiguous data about the internal potential around the 
aromatic-aliphatic C,-C, bond, different choices have been considered: 

1. A single conformation, with the C,-C, bond on the plane perpendicular to 

2. Two equivalent states, with the Cl-C, bond lying on the plane perpendicular 
the attached phenyl ring. 

to the attached phenyl ring, above or below the ring plane. 
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MOLECULAR MOTIONS IN 5CB 1 63 

3. Four equivalent states, with the C,-C,-C, plane making a dihedral angle 
E with the attached phenyl ring, above (states a and a ' )  and below the ring 
plane (states b and b') .  

The results obtained from these various options are discussed elsewhere,' so we 
shall concentrate here on case 3, with G = 45", which appears the most promising 
for the best agreement with the experimental data. 

In order to define the energetic parameters, let's first consider that, if the RIS 
model is assumed for the tail conformations, the potential acting on the J-th con- 
former can be written as: 

where V y  = Vtors(aJ) is": 

with ylg the number of gauche states, V, the gauche-trans energy difference, 
nRz,,+ the number of g,g, sequences and Vp a contribution accounting for the 
so called "pentane effect." Longer range effects are taken into account by rejecting 
the configurations in which parts of the chain would overlap. In the case of the 
5CB molecule this leads to the exclusion of the conformers containing g g g ~ 

sequences. 
The nematic mean-field potential acting on the molecule in the J-th configuration 

is written as a sum of contributions describing the interactions of the rigid molecular 
sub-units with the environment. l5 In the simplest approach, the units composing 
the molecule are the aromatic core (the whole cyanobiphenyl group), and the 
segments of the aliphatic tail. Then we can write 

where I/'"" represents the potential acting on the core, and V; the contribution 
of the i-th segment, corresponding to the C,-C, + bond, when the molecule is in 
the J-th configuration. The interactions of the various units with the environment 
are described by second rank tensors, with axial symmetry about the para axis for 
the aromatic core, and along the C-C bonds for the chain segments.lS If the 
director is assumed to be parallel to the laboratory Z axis, the two kinds of con- 
tributions are expressed by 

and 
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164 A.  FERRARINI, G. J .  MORO AND P. L. NORDIO 

where the parameters q and E are the major principal components of the interaction 
tensors for the core and the chain respectively, and Lnl are the Euler angles which 
relate the laboratory frame to a local frame having the z axis along the Ci-C,+l 
bond, for the molecule in the J-th configuration. 

Actual calculations have been performed for the 5CB system, and in this case 
the ratio q / ~  has been kept equal to 3.3,15 the q values being chosen in such a way 
to reproduce the experimental order parameters. It is interesting to calculate the 
value 9 would assume for an aliphatic chain with N segments in the all-trans 
configuration. According to the definition given in Equation (13), q is related to 
the difference in potential energy for the chain with the long axis parallel or 
perpendicular to the mesophase director, and so one finds 

7.r - 8,. 

where 8, is the tetrahedral angle. It follows therefore that the intensity of the mean- 
torque acting on the cyanobiphenyl moiety is the same as that acting on an extended 
aliphatic chain of approximately the same dimension (N = 10). This conclusion 
may indicate that the orientational torques originate mainly from steric interactions. 

The internal dynamics of the nCB molecule can be specified in terms of the 
parameter w,  Corresponding to the g C t transition rate for a chain with a single 
degree of freedom. The transition rates for the intermethylenic bonds are calculated 
by explicitly considering the frictional drag opposing the displacement of the rest 
of the chain, and the cooperativity in the barrier crossings.'.' The particular dy- 
namics about the C,-C, bond is taken into account by assigning a frequency cIw 
to the transitions a $ a' and h S b ' ,  and c2w to the transitions a e b and a' : 
b ' .  

NMR RELAXATION 

The experimental determination of static order parameters and dynamical behav- 
iour from NMR data are related to the presence of magnetic interactions described 
by second-rank tensors. In the most interesting cases ("C-H dipolar interactions, 
2H quadrupolar interactions) the tensors are assumed to be axially symmetric, with 
the symmetry axis along a specific C,-H bond. The relevant theoretical quantities 
are then the equilibrium averages of Wigner functions 9&](flF,), and the spectral 
densities for the corresponding correlation functions, 

where the Euler angles LnF, describe the transformation from the laboratory frame 
to the local frame Fj having the z axis along the C,-H bond. 
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MOLECULAR MOTIONS IN 5CB 165 

JI(12.0MHz) a 

Jl(30.7MHz) a 

Ji(0) 

Jz(24.OMHZ) a 

Jz(61.4MHz) 

J z ( 0 )  * 

Tables 1-111 show numerical results for 5CB molecules, with reference to the 
experimental data reported in Reference 5 .  Note that only the methylene carbons 
have been considered, the methyl group being characterized by motional processes 
of different nature. The spectral densities have been collected in the 
nematic phase at T = 303.5 K from deuteron relaxation times at the two Larmor 
frequencies w D  = 12.0 MHz and wD = 30.7 MHz. All entries in Table I1 and I11 
are scaled by the factor 3.rr2q:,/2, where the quadrupole coupling constant qcD 
= (e2qQ/h) has been taken equal to 168 kHz for alkyl deuterons, and 185 kHz for 
those bound to the aromatic ring carbons. 

In the calculations, an axially symmetric diffusion tensor DY has been taken, 
with a principal axis system obtained by diagonalization of the mean-field potential 
for each conformer. Alternatively, the principal diffusion axes can be obtained by 
diagonalizing the inertia tensor of the molecule for each configuration. Calculations 
performed with the two choices show only minor differences. The principal values 
D, and D,, are taken independent of the conformation. The following set of pa- 
rameters have been used: D ,  = 8 * 10' s- l ,  D,, lD,  = 20, w = 8 . lo9 s-l ,  cl= 
0.5 and c2 = 0.005. The value of D ,  has been taken from dielectric relaxation 
measurements,' by extrapolating the reported data to 303.5 K. The other param- 

and 

TABLE I 

C,-H order parameters for SCB, "experimental, hcalculated. In parenthesis, values 
obtained under decoupling approximation 

85 79 44 41 18 

79 54 35 29 15 

95 67 40 26 11 

(94) (75) (49) (35) (17) 

58 40 19 12 9 

54 30 15 11 7 

56 41 29 20 10 

(57) (37) (28) (20) (11) 

R 1 2 3 4 

0.185 0.123 0.133 0.089 

-0.183 -0.125 -0.124 -0.087 

I (-0.055) (-0.146) (-0.090) (-0.090) (-0.056) 

TABLE I1 

Spectral densities $,,,, "experimental, hcalculated, in ps units. In 
parenthesis, values obtained under decoupling approximation 

R 1 2 3 4 
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R "  

R b  

R i a 0  a 

R"" 

A. FERRARINI, G. J. MORO AND P. L. NORDIO 

295 174 70 

3 10 213 103 

(315) (205) (106) 

280 310 120 

359 284 122 

eters have been chosen to obtain good agreement with the experiments. All values 
are quite acceptable on physical ground, except perhaps D,,lD,, which appears a 
little too high. It is possible that this value accommodate for the neglect in the 
model of recoil effects, which would flip the aromatic ring as a consequence of 
conformational transitions in the tail. The conformational jump rate w should be 
compared with the accepted value of 10'' for a butane-like system at liquid vis- 
cosities of 0.5 + 1 c P . ~ , ~ ~  The values of c1 and c2 indicate that the delete rotation 
about the first methylene segment of the chain is strongly hindered, so that the 
motions about this bond can be visualized as large amplitude fluctuations of the 
chain, followed by relatively rare n-jumps. If this motion is completely frozen, an 
unrealistically high ratio D,, lD,  is required to reproduce the spectral densities at 
the various positions of the chain.' 

As an outcome of the calculations we see that, according to the physical intuition, 
the isomerization constants for the intermethylene bonds increase moving towards 
the free end of the chain, the higher mobility being a consequence of the diminishing 
frictional effects and of the cooperativity of the transitions. As an example, the 
g -+ t transition rate goes from 3 * lo9 s - '  for the C,-C2 bond, to 1.6 . 10"'s- I 

for the C,-C, bond. 
As shown by a comparison of experimental and calculated quantities, the the- 

oretical analysis accounts rather well for the values of the order parameters and 
the spectral densities 8, and 8?, at the ring positions and along the chain. In the 
Tables, only zero frequency values of the calculated spectral densities are reported; 
actually, some frequency dependence is predicted, more pronounced for the less 
mobile chain b0nds.l 

The theoretical model gives also an explanation of the behaviour of the deuteron 
relaxation times %(w) = jl(o) + 4$,(2w) at the isotropic-nematic transition; in 
particular, the dramatic discontinuity of the relaxation rate for the first chain bond4 
can be reproduced. The numerical results, especially those concerning the carbon 
atom C,, are strongly influenced by the choice of the torsional potential about the 
aromatic-aliphatic bond, for which little information is available. 

As shown in the Tables, the results are only slightly affected by the use of the 
decoupling approximation, at least in the calculation of the dynamical quantities. 
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MOLECULAR MOTIONS IN 5CB 167 

This depends essentially on the relative timescales characterizing conformational 
transitions and overall reorientations in the 5CB case, the agreement between 
coupled and uncoupled calculations getting worse as the motions of the molecule 
as a whole slow down.' 

DIELECTRIC RELAXATION 

The alkylbiphenyl series has been subjected to extensive investigations by dielectric 
relaxation techniques, both in the isotropic7 and in the liquid crystal  phase^.^.^ The 
main characteristics exhibited by the Cole-Cole presentation of the data, where 
imaginary versus real part of the complex permittivity is displayed, are the follow- 
ing: 

i) In the isotropic case, small deviations from semicircular plots are observed in 
the high-frequency region of the spectra. 

ii) Almost perfect semicircles are obtained in the liquid crystal phases when the 
monitoring electric field is directed along the optical axis (parallel arrange- 
ment), with the maxima centered at frequency values (1-10 MHz) lower than 
in the isotropic phase. 

iii) Very broad Cole-Cole plots are obtained in the L.C. phases for the perpen- 
dicular arrangement. Three frequency regions can be roughly identified: a low 
frequency region similar to that characterizing the parallel arrangement, an 
intermediate one analogous to the isotropic case, and a third one two decades 
higher in frequency. 

The theoretical analysis proceeds as follows. The correlation function G,(t) for the 
component of the molecular dipole in the direction of the applied field is calculated 
and the Cole-Cole plots are obtained as graphs of imaginary versus real part of 
the Fourier-Laplace transform 9[ - +e( t ) ] ,  q,(t) being the time-derivative of the 
normalized correlation function 

We avoid in this way to go into the problem of the correct relation between $e(t)  
and the dielectric permittivity tensor, which is out the scope of this In 
the anisotropic phases, if ( X ,  Y ,  2)  is the laboratory coordinate system with the 
Z-axis in the direction of the optical axis, and (xyz) is the molecular diffusion 
principal system, one finally obtainsz0 that the approximate expressions for G,(t) 
in the two experimental geometries are 

(FZ(t)PZ(ON = glPSGh,(t) + gzo1: + P;)G&(t) (18) 

and 
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168 A. FERRARINI, G. J .  MORO AND P. L. NORDIO 

for the parallel and perpendicular arrangements respectively, GLJt) denoting cor- 
relation functions of first-rank Wigner components. The coefficients g, and g, are 
Kirkwood factors which take into account antiparallel correlation between molec- 
ular dipoles.21,22 These effects are expected to be of importance in the pure nCB 
phases, because of the interactions between nitrile groups. 

In the isotropic phases, the correlation functions are independent of the index 
p ,  and so the two expressions become equivalent, as expected. 

In the nCB systems, a perpendicular component of the molecular dipole can 
result from the deviations of the major diffusion axis from the para axis, due to 
the alkyl tail in the different conformational states. This situation is accounted for 
by our model, where a configuration dependent diffusion tensor is explicitly con- 
sidered. 

Calculations for 5CB have been performed with the same set of parameters used 
for Tables 1-111. Kirkwood factors g, = 0.5 and g, = 1, suggested from the 
experimental values of the static permittivities2',22 have been adopted. 

The numerical results confirm that the low frequency shift of the dielectric ab- 
sorption and dispersion curves at the isotropic-nematic transition is well rationalized 
by the diffusion equation. The frequency shift is related to the hindering of the 
dipole reorientations due to the onset of the mean-field potential in the L.C. phase. 
The theory correctly predicts an increase of the dipole correlation time by a factor 
of 5 ,  going from the isotropic fluid to a nematic state characterized by an order 
parameter = 0.34, at constant viscosity. This factor amounts to almost 20, when 
the order parameter reaches the value 0.56. In agreement with the experimental 
findings, a perfectly circular Cole-Cole plot is obtained for the parallel arrangement. 

There is no simple way, however, to interpret the broad Cole-Cole plots reported 
for the experimental geometry with the electric field perpendicular to the meso- 
phase optical axis. By using the standard set of physical parameters, barely per- 
ceptible deviations from the semicircle shape result. In order to obtain more pro- 
nounced effects, the average tilt angle Po between the molecular dipole vector, 
directed along the C=N bond, and the major diffusion axis, should have a value 
of at least 20". Such a value is roughly twice as large as that obtained by the 
theoretical analysis, where instantaneous tilt angles result from the dependence of 
the diffusion tensor DY upon the chain conformation. A value of 10" is also sug- 
gested by the experimental data. Even if this discrepancy does not appear too 
dramatic, one should note that the higher value of Po brings about deviations from 
the semicircular plot also for the parallel geometry, in contrast with the experiment. 
The Cole-Cole plots calculated for Po = 20" and for the two experimental geom- 
etries, in an oriented phase with 

The most serious difficulty is concerned with the high frequency component of 
the dielectric relaxation. The correlation function ( ~ ~ ( t ) p ~ ( O ) )  is described by a 
multiexponential but the highest decay rates are of the order of D,,. 
Therefore, contributions due to the conformational jumps cannot be invoked to 
justify relaxation frequencies two order of magnitude larger than D,. In addition, 
the high frequency relaxation component appears to have similar weights in nCB 
homologs of different chain length, and this observation is in contrast with the 

= 0.44, are shown in Figure 1. 
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. 5  

0 I 

0 . 5  1 

FIGURE 1 Imaginary vs. real part of the Fourier-Laplace transforms of the time derivatives (kz(t)pz(0))/ 
( ~ ~ ( 0 ) ~ )  (full line) and (~x( t )~x(0) ) / (~x(O)z)  (dashed line). The Cole-Cole plots are calculated for an 
average tilt angle of the chain p,, = 20", in an oriented phase with Pz = 0.44. 

hypothesis that recoil effects are actually operating, because they should vary with 
the chain length. 

In view of the very satisfactory interpretation offered by the theory for all other 
aspects of the NMR and dielectric relaxation behaviour, the unexplained charac- 
teristics of the Cole-Cole plots in the perpendicular arrangement remain an in- 
triguing problem. Possible solutions may emerge either from novel experimental 
data, or by an extension of the theory to include specific interactions between the 
probe dipole and the surrounding polar molecules.23 
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