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It is shown that at constant AT the viscosity coefficient a, does not depend on pressure. It is 
established that as T, is approached the combination of the viscosity coefficients 7 increases 
because of the slowing down of the order-parameter relaxation. Analysis shows that the order- 
parameter relaxation time is a function of AT and that at constant A Tit is independent of pres- 
sure. It is revealed that the change of the dissipative parameters that describe the angular depen- 
dence of the quantity a/f with changing pressure is determined by a relaxation process connected 
with conformational transitions in the terminal molecular chains. 

PACS numbers: 61.30.Eb, 5 1.20. + d, 36.20.E~ 

The dynamic properties of nematic liquid crystals The acoustic method of investigation uncovers new 
(NLC) that are characterized by the presence of an ordered possibilities of determining this dissipative parameter. In- 
orientational structure, are described by a system of hydro- deed, the coefficient a of absorption of a longitudinal ultra- 
dynamic equations' that include as an additional variable sound wave propagating at an angle 9 to the director is de- 
the unit vector of the local optical axis (the director n). The fined by the expression5 
viscosity properties of NLC are determined by the dissipa- a 2n' 

-(8) = ,[ ( k l f  a,) S (,u,f  p,+aj+as) cos2 0+a, cos4 01: tive part of the stress tensor tii, which in contrast to the case 
f? P C  

of an isotropic liquid can be represented in the form ( 2 )  
t ~ = -  (pidu+p2nknpQp) 6u- ( p s d a f  pcnknpdw) ninj where f is the ultrasound frequency,~ is the density, and c is 
- psN,nj- psn3Nj- p,dG-p,d,n,nj- p,n,n,du, ( 1 ) the ultrasound velocity. It follows from the foregoing rela- 

tions that a study of the angular dependence of the ultra- 
wherep,-, are dissipative coefficients with the dimensiona- 

sound absorption coefficient makes possible a direct deter- 
lity of viscosity, mination of a,. In addition, using (2) we can determine the 

(av,lazj+av,/axi) bulk viscosity coefficients p, , information on which cannot 

is the strain-rate tensor, v is the velocity of the liquid, and 

Nc= (anJat+vaVani) -'I,  [ (rot  v)xn] 

is the rate of rotation of the director relative to the liquid. 
In the case of an incompressible NLC (div v = 0) the 

terms containing p , ,  p,, and p, vanish in analogy with the 
term that contains the coefficient of bulk viscosity of an iso- 
tropic liquid; in this case expression (1) takes a form fre- 
quently used in hydrodynamic problems, with the notation 
change ai=p, - , , where 3 < y(9. The quantities p,-, have 
the meaning of the bulk viscosity, and the quantities ai (the 
Leslie coefficients), which are connected by the known On- 
sager relations a, - a, = a, + a,, determine the coeffi- 
cients of shear viscosity of NLC under various experimental 
conditions. The determination of certain independent vis- 
cosity coefficients ai from experiments on the influence of 
shear flow, of a rotating magnetic field, and of many other 
factors on the orientational structure and on the rheological 
properties of lilquid crystals entails substantial difficulties. 
In particular, to calculate ai it is necessary to measure the 
shear viscosity in three different experimental geometries of 
NLC flow in a rectangular ~apil lary,~ and the results ob- 
tained for this parameter are subject to large errors. There- 
fore, obviously, information on the temperature dependence 
of the coefficient ai is as a rule either nonexistent or contra- 
dictory (e.g., for MBBA, Refs. 2-4). 

be obtained by other methods. We note that in accord with 
the deductions of Ref. 6, expression (2) retains its form at 
finite ultrasound frequency; in this case the coefficients pi 
must be regarded as frequency-dependent parameters. In 
particular, in the simplest case of only one relaxation pro- 
cess, the bulk viscosities depend on the frequency in accor- 
dance with the relation 

Here T is the relaxation time, and pp are the values of the 
bulk-viscosity coefficients in the limit as w 4 .  

We note also that acoustic investigations make it possi- 
ble to establish, besides the temperature dependence of the 
NLC dissipative coefficients, also their pressure depen- 
dence, the determination of which by standard viscosimetry 
methods entails serious difficulties. 

We report here the first results of experimental investi- 
gations of the dependences of certain dissipative NLC coeffi- 
cients on temperature and pressure, obtained by analysis of 
the anisotropic propagation of ultrasound in p-n-metoxy- 
benzy-lidene-p-butylaniline (MBBA) and p-n-butoxybenzy- 
lidene-p-butylaniline (BBBA). The temperature interval of 
the existence of the nematic phase in these compounds is 
293.0-3 15.4 K and 3 13.3-344.9 K, respectively. Experiment 
yielded the angular dependences of the absorption coeffi- 
cient of ultrasound of frequency f = 3 MHz propagating in a 
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FIG. 1. Angular dependence of A a / f  at pressures 10' (1) and 5X lo7 (2) 
Pa in MBBA at T =  310.2 K (a) and BBBA at  T = 341 K (b). 

liquid-crystal sample placed in a rotating magnetic field of 
induction 0.3 T. The measurements were made at low mag- 
netic-field synchronous-rotation velocities by a procedure 
described in Ref. 7. The pressure in the acoustic chamber 
ranged from lo5 to 6 x lo7 Pa. 

Figure 1 shows typical plots of the angular dependences 
of the ultrasound absorption coefficient 

Acc a ccL 
- ( 0 ) z T ( O ) - -  

f' 1' 

at different pressures and temperatures. Here ai/f is the 
value at 0 = 90". The curves in Fig. 1 were obtained by a 
least-squares fit of the experimental data to the relation 

Acc 
- ( 0 )  =a cosZ 0+b  COS' 0. 
f' 
Figure 2 shows plots, typical of both investigated sub- 

stances, of the coefficients a and b vs pressure and tempera- 
ture. An interesting feature of these plots is the reversal of 
the sign of the coefficient b as a function of temperature or 
pressure. We note that the coefficient a remains in this case 
positive in the entire range of pressures and temperatures. 
As can be seen from the foregoing relations, the coefficients a 
and b vanish at a certain temperature Tc that depends on the 
pressure. This corresponds, according to (4), to absence of 
anisotropy of the ultrasound absorption coefficient, i.e., to a 
transition to the isotropic phase. Thus, acoustic data can be 
used to determine the pressure dependences of the bleaching 
temperature, listed in Table I for the two investigated sub- 

FIG. 2. Dependence of the coefficients a and b on: a)  the pressure in BBBA 
at 343 K ( l ,4 )  and 335 K (2, 3); b) the temperature in MBBA at lo5 (2, 3) 
and 3 X 1 O7 (1,4) Pa. 

stances. For MBBA the T,(P) dependence is linear, with a 
coefficient dT,/dP amounting to 2.9X lo-' K/Pa, in ac- 
cord with the results by 

On the basis of the experimental results we calculated, 
in accord with (3), the quantities p, + p, + a, + a, and a, 
in Eq. (2). In the calculations we took into account the fact 
that the ultrasound velocity" is a function of the parameter 
AT = Tc - T. The values of c and p were thus determined 
from the experimental data at normal with 
allowance for the T, (P ) dependence. We note that the pres- 
sure and temperature dependences of p, +p, +a, +a, 
and a, obtained in this manner have qualitatively the same 
form as the corresponding dependences of the coefficients a 
and b. 

In the interpretation of the obtained temperature and 
pressure dependences of the dissipative coefficients it is nec- 
essary to take into account the following circumstances. 
First, the bulk-viscosity coefficient can be determined by 
two relaxation processesI5: the "normal" one connected 
with the conformational transitions in the terminal molecu- 
lar chains, and "critical," due to relaxation of the order pa- 
rameter S. The normal-process relaxation time r i ,  described 
by an Arrhenius-type relation1, 

(where A is a constant and E is the activation energy corre- 
sponding to the conformational transition) is a function of 
the absolute temperature and has no anomalies in the vicini- 
ty of T,. In contrast to r i ,  the order-parameter relaxation 
time r, depends on the difference A T and increases substan- 
tially when Tc is approached." We note that the quantity ,UP 
in expression (3) is proportional to the product ST, for the 
normal process and to r, for the critical one.', Second, the 
coefficients ai as shown in Ref. 18, are functions of S and 
consequently depend on AT. Thus, the considered dissipa- 
tive coefficients of NLC depend substantially on the differ- 
ence A T. 

To cast light on the influence of the pressure on these 
parameters, Figs. 3 and 4 show their dependences on AT. A 
feature of both investigated substances is the independence 
of the coefficient a,  of the pressure at identical values of A T. 
In light of the foregoing, this fact is evidence that the pres- 
sure dependence ofthe order parameter reduces to theS (A T )  
dependence. This conclusion is confirmed by experimental 
investigations of paraazoxyani~ole.'~ The combination of 
the dissipative coefficients 

in MBBA at fixed values of AT  increases with increasing 
pressure. No v(P) dependence was observed in BBBA (at 
constant A T )  within the limits of measurement error. The 
published viscosimetric data3 on MBBA make it possible to 
estimate the sum a, + a, at 

Here T ~ , ~ , ,  are the shear viscosities in the notation of Ref. 2, 
and y ,  = a, - a, is the rotational-viscosity coefficient. Cal- 
culation according to Eq. (6) shows that a, + a, decreases 
monotonically as T, is approached, from 0.3 P at AT  = 20 K 
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TABLE I. Pressure dependence of bleaching temperature 

P.10-8, Pa / 1 1 100 1 200 I 300 I 4W I 500 

Tc,  R { MBBA 315.4 321.4 324.0 327.2 329.8 BBBA 1 344.9 1 : 1 350.8 1 353.5 1 356.8 1 359.8 

to 0.04 P at AT = 1.5 K. (The values of y, were taken from 
Ref. 20.) The dependence of the sum a, + a, on the pressure 
at a fixed value ofA T was taken into account by approximat- 
ing the right-hand side of (6) by the Arrhenius law with an 
activation energy 5 kJ/mol (Ref. 21) The changes of a, + a, 
at constant AT do not exceed 10% in the investigated pres- 
sure interval. 

The contribution of the intramolecular relaxation pro- 
cess to the bulk viscosities p, and p, can be determined, 
according to Eqs. (3) and (5), by using the values 
A = 6.79 X sec-K and E = 3.5 kcal/mol, obtained in an 
investigationI6 of nematics with the same terminal molecu- 
lar groups as in MBBA, but with a larger temperature inter- 
val of the existence of the mesophase. 

It follows from (5) at constant AT that the relaxation 
time of the normal process and consequently that of the nor- 
mal contribution are functions of pressure and are deter- 
mined by the Tc(P) dependence. The temperature depen- 
dences of the normal contribution to p, =p ,  +p,, 
calculated for MBBA with allowance from the data in Table 
I, are shown in Fig. 5 for three values of the pressure. The 
constant pt = p: + p: (see (3)) was determined in this case 
from the values of r ]  and a, +a6 at A T =  30 K and 
P = 3 x lo7 Pa, while S (A T )  was calculated from the data of 
Ref. 22. According to investigations performed on other ne- 
m a t i c ~ , ' ~  at this value of AT the critical contribution to the 
bulk viscosity can be neglected. At a fixed value of AT the 
normal contribution decreases with increasing pressure and 
determines almost completely tne r](P ) dependence shown in 
Fig. 3. We note that the absence from this figure of a pressure 
dependence of at constant AT indicates that the quantity b 
[Eq. (4)] does not contain bulk-viscosity coefficients. This 
result agrees with the foregoing conclusions of the hydrody- 
namic theory. 

7,'' a,. P 

Figure 5 shows the temperature dependence of the criti- 
cal contribution b,), and the bulk viscosity coefficients. The 
value of b,), was determined from the expression 

As Tc is approached, b,), increases and is independent 
of pressure at constant AT. We note that in the AT interval 
from 7 to 20 K the exponent of the power-law divergence of 
the critical contribution is close to unity. The dependence of 
(/I,), on AT in this region agrees with the theoretical plot, 
shown dashed in the figure, of the critical c~ntr ibut ion '~ for 
the case WT, g 1 and A f i  T, - T *, where T * is the tempera- 
ture corresponding to the supercooling limit of the isotropic 
phase (according to Ref. 23, T, - T * = 1 K for MBBA). At 
AT < 7 K a decrease of the exponent of the power-law diver- 
gence of b, ), is observed and is due to violation of the condi- 
tion WT, z 1. Indeed, according to the data of Ref. 24, the 
parameter WT, z 1 at AT = 4 K and at 3 MHz. Another 
cause of the noted change of the divergence exponent may be 
violation of the condition A a Tc - T *. The analysis shows 
that the order-parameter relaxation time is a function of A T 
and at constant AT it is independent of pressure. 

The lack of viscosimetric data on BBBA makes a simi- 
lar analysis for this compound impossible. The absence of an 
r](P) dependence for this compound is possibly due to the 
smaller, compared with MBBA, relative contribution of the 
normal process to the bulk viscosity coefficients. As T, is 
approached, r] increases because of the slowing down of the 
order-parameter relaxation, and is independent of pressure 
at a fixed value ofA T, thus confirming the conclusion drawn 
above concerning the type of dependence of the critical con- 
tribution on the state parameters P and T. 

FIG. 3. Dependence of 7 (1-3) and a ,  (4) on A Tin MBBA at pressures lo5 FIG. 4. Temperature dependences of ~ ( 1 )  and a,(2) in BBBA at pressures 
(a), 3x 107 (0) and 6x lo7 (A) Pa. lo5 Pa (a), 3 x lo7 Pa (0) and 6X lo7 Pa (A). 
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FIG. 5. Dependence of the normal (1-3) and critical (4) contributions to 
the bulk viscosity coefficient in MBBA at pressures lo5 Pa (1 and a), 
3 x lo7 Pa (2 and o), and 6X lo7 Pa (3 and A). 

Thus, the theoretical premises considered above de- 
scribe satisfactorily the experimental results on ultrasound 
propagation in nematic liquid crystals at varying pressure 
and temperature. The pressure dependence of the dissipative 
parameters that describe the angular dependence of a / f 2  is 
determined by a relaxation process connected with confor- 
mational transitions in terminal molecular chains. 
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