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Pretransitional anomalies in the shear flow near a second-order nematic—smectik{phase change
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Pretransitional anomalies in a shear flow near a second order nematic—stéiitf)- phase transition
temperatureTy,, for liquid crystals(LC's), taking into account the fluctuations of the local smectic order
parameter above thg,, are investigated. It is shown that the tumbling instability of the Couette shear flow for
polar LC compounds, such asmectyl-4'-cyanobiphenyl(8CB), in the vicinity of Tya, €.9., at a few tens of
mK from Ty, in the nematic phase, occurs at any shear yate
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The theoretical description of dissipation processes in ligis the shear rate. It is clear from this equation that if
uid crystals(LC’s) is still an important issu¢l—6]. Despite | y1|> || or a3>0 (because in practicey, <0), no real so-
the fact that certain qualitative advances have been achievédtion for 6.4 exists. Physically, this means that in this case
in the construction of a molecular theory of the rheologicalthe director will tumble under shear flow of the nematic.
properties of nematic liquid crysta{sILC’s) in a shear flow Taking into account that both coefficienyg and y,, as well
far away from a nematic—smectib<NA) phase transition as a, and a3, are temperature dependent functions, one
temperatureTy, [1-4), it is still too early to talk about the should expect that some LC materials undergo a transition
development of a theory which would make it possible tofrom a laminar flow regime to a tumbling instability as the
describe the rheological process in the vicinityTgf, e.g., at  temperature decreas¢s,8]. As temperature is reduced to-
a few tens of mK fromTy, in the nematic phas§s—7].  wardsTy,, the growth of pretransitiond&mAfluctuations are
Taking into account that the fluctuations of the local smecticexpected to give rise to a novel torglig on fi, which alters
order parameteiOP) above the second ordBIA phase tran-  the T ;. As results, for low shear rateg,,<1, the equation
sition gives rise to singularities in the elastic constants andor the balance of torques takes the folis+ T4 =0, where
the rotational viscosity coefficientRVC) v, [4,5], one Ty is[7]
should expect that shear flows will also demonstrate pecu-
liarities in the vicinity of Tya [6,7]. Indeed, when the director Ti=-Af X I - [
A, oriented in the sheat-y plane[x-y plane, defined by the
liquid crystal flow (x direction) and the velocity gradient in R
they direction;z is the vorticity axi$, is disturbed and then + O(('yr)z)}k cosé. (3)
allowed to relax, at temperatures far away frdmg, one
deals with a twofold result. First, the hydrodynamic torque, Here 7. is a relaxation time along the directaf,=¢ is the

1 R A correlation length along, V=v/|v|, andl is the layer spacing
T,is= {—(yﬁ ¥,C0S 297)]k =[(a3c080 - a,sirte) ylk, of the smectic layers. The physical originBf is due to the
2 effect of shear flow on the fluctuation domains. This means
(1)  that for a temporal fluctuation domain wiftjv, shear flow
tends to tilt the layers, which changes the layer spacing and
rbives rise to the restoring torque;. In contrast, shear flow
does not alter the internal structure of fluctuations with
1 R i L gradv andi L gradv andi L V orientations. As a result,
Oeq= 5003—1(— yilyo) = tam*(Vaglay), (2)  the effect of fluctuations, at the lowest order ym,, is re-
flected in a renormalization of; or as,

aa kBT

'Elz_g”(m)(ﬁ )

the director aligns at an equilibrium andl#,2],

with respect to the direction of flow velocity=yyi. Second, o - mkaT 7

the director continuously rotates in the shear plane. Here Nn=yntas az=azta§=az+ —%—m, (4)
y1=az—ay and y,= a3+ a, are the rotational viscosity coef- 217 &
ficients(RVC’s), a, andas are the Leslie coefficients, and  in Eq. (1), and the balance of torques take the form

—_d6 1 . 906 __ . .
Y1, + (71 + ¥2€08 B)y=y— + (a3 coSH~ apsin 6)y
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by applying dynamical scaling argumeijit}, that the relax-

ation timer,, of the order parameter is,~ £¥2, and theSmA 08 8CB

correlation lengthé=¢, in the reduced temperature range __ 05} g =)

close to the critical point ig=§&;t™", where &, is the bare 4 = °
correlation lengtht=(T-Tya)/Tya andv=y, is the associ- L 04 9 s (3

ated critical exponent. So, for low shear rates,<1, both |

1 and o diverge atTy, as 7,/ é~t7/2. Becausen; <0 for %

temperatures far froriy, in the nematic phasg9], this re- 0.2}

sult predicts a sign change , in the vicinity Ty,. Taking M

. L. . . 0.1t A A

into account that the critical contribution to the RV has T 23065K " 8

been found, for instance, in the case ofnctyl-4'- ool m” T . . .
cyanobipheny(8CB), only in the reduced temperature range 306.5 306.6 306.7 306.8 306.9 307.0
0<t<107 (less than 306.7 KT\ A(8CB)=306.5 K]) [6], Temperature [K]

the presmectic behavior in shear flow should be expected at g, 1. The temperature dependence of the rotational viscosity
temperatures for the sameange. coefficienty, calculated using Eq4) (symbols 3, Egs.(4) and(8)

It should be noted that the fluctuations of the local smectigsymbols 3, and measured values in R§L1] of 7; (symbols 3,
order parameter above the second ofdérphase transition respectively. In both theoretical cases, the bare values of the RVC
give rise to singularities not only in the viscosities of the y; have been calculated using E8) [6].
nematic but also in the elastic constants. In the hydrody-

namic regimens¢> 1, the behavior of thetotal) bend defor- 1,y means of high-resolution x-ray scattering on the mass-

mation K3 can be written in the fornji4,6] density fluctuationg10]. It was found that in the reduced
K K temperature range —5logo(T/Tya—1) <=2, &=¢t77,
Eg =K+ K=K+ iqug: Kg+ iTW_fot—v, (6) where £=0.45nm is the bare correlation length,

24 6 | =0.67+0.03 is the associated critical exponent, dnd

=1.8 nm. As a result, the fluctuation relaxation timgand
'factor g.¢, for 8CB, grows between,,~1 us andgs£~ 18
for 10g;o(T/Tya—1) ~—-2.0 andr,,~ 1 ms andys¢ ~ 1800 for

whereKs3 is the critical contributions to the elastic parameter
gs=2m/1, | is the layer spacing of the smectic layefss the
SmAcorrelation length along the director,, is the relax- .
ation time of the order parameter, are(T—"Tya)/ Ty iS the IOglo(L/Tni/a‘bl)~—5a0,r:esphect|v<_aly. e descriion ot
reduced temperature. Taking into account that the flow align- .I.t SI ou 'be note that E\?rce IS aEOt l.er lescription of the
ment at temperatures close Tq, is governed not only by critical contribution to the y, or Leslie viscosity coef-

hydrodynamic and fluctuating torques, but also by elastic,ﬁCient az, which, in the hydrodynamic regimg¢> 1, takes

torques[9], the equation for the balance of momentum takesthe form(4,6]
the formT s+ T +T¢=0, or in the dimensionless form as

96 1 #0 1 96\2 [
—+ —{l +%COS 29} - h(ﬁ)Tz - —h'(0)<—_) =0. agc: ’in: kiTz p—mt”‘l, (8)
it 2 Y ay 2 ay Ky

(7)

Hereh(6)=(K, cog6+Kj sir?d)/ (1, 112), h' () is the deriva-  whereqg=27/1, K is the splay elastic deformation, apg,

tive of h(#) with respect tod, the coefficientk; andK; are  is the mass density. So, the disturbing effect of the surface-
the splay and bend elastic constants, respectively, the dimeiduced fluctuating layer structure on the viscogityreflects
sionless timer=4t, and the dimensionless sigey/l, where in two different forms; first, wheny, diverges atTy, as

| is the length of the smectic layers. Since the shear flow is~t™2, and, second, whery, diverges as~t"1. The tem-
normally obtained by displacing an upper horizontal glasserature dependence of thé® and K in the temperature
plate with respect to a fixed lower glass plate, the possiblgange —5<log;((T/Tya—1) <-4 has been calculated in Ref.
smectic layering can be organized to be parallel to thgg). The values of the RVGE and »5° as the function of
boundary surfaces. As a result, theis the dimensionless temperatures are presented in Fig. 1. It is found that the
distance from the surface in thjedirection, withj a unit  temperature dependence reflected in these two different
vector directed perpendicular to the substrates and the smeforms gives, practically, the same values of the viscosity

tic layers. Let us consider first the temperature regionn both these cases, the bare values of the Ry®as been
-5<100;o(T/Tya—1) <-4 close toTya=306.5 K for 8CB. calculated using Eq8) [6]. Reasonable agreement is also
First of all, when the temperatuiie— Ty, €.0., at a few tens observed between the calculated values and experimental re-
of mK from Ty, in the nematic phase, the bend deformationsults, which were obtained by dynamic light scattering

coefficientKs and RVCy, both increase to infinity and the method[11]. So, the pretransitional anomalies ) and K
ratio limT—»TNAK3/(71:)’|2)Nlimtaoo(lltzv_l)- Measurements should be expected at temperatures less than 306.7 K,

of the SmA correlation lengthé for 8CB, in the reduced |imTHTNAE3/(71'7|2)—>0, and Eq(7) leads to a nonstationary
temperature range close to the critical point, have been madeguation foré(7), which can be rewritten as
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FIG. 2. Plot of the rotation of the director in the bulk 8CB

sample under shear flow, characterized by an aégjegiven in Eq.
(12), at four temperatures lgg T/ Tya—1)=-3.20(curve 1; -3.67
(curve 2; —=3.94 (curve 3; and —5.01(curve 4. In all these cases
the value of the shear rate 40.1 s,

(9_0_'_2 1+
it 2

Lccos 29} =0,

it 7

9)

where

wherer, /é~t7"2,  or

_mkeT

p_m tv—l
4 & VK

From Eq.(9), the flow alignment anglé(7) is easily derived

from

where w=26(7), and k=1v,/(y;+v9). In the vicinity of the
second order phase transition temperatureXtdg;o(T/ Tya
—-1)<-4 (or ~10 mK from Ty, in the nematic phasethe
case I> k, i.e., y1+ 9> v,, is always realized, and E¢l1)

(10)

dw

—_— 11
1+kcCcoOSw (19

=7+ 70,

gives the solution for the tumbling flow in the nematic phase,

(12

o(7)=- tan‘1< X tan2(>
1-« 2
wherey=11-«°.
Calculations of the relaxation processEggys. 2 and 3 in
the temperature range <80g;o(T/Tya—1) <-2, close to

Tna~306.5 K for 8CB, shows that under low shear rate flow

y=0.1 s (Fig. 2) and y=1.0 s (Fig. 3), one has similar
tumbling regimes, but with a different perialit, in which
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FIG. 3. The same as Fig. 2, but the value of the shear rate is
y=1.0 st
. T_ Y
lim 6(7)=-——-=-—t. 13
(7) e (13

T—-Tna

Physically, this means that the shearing flow, at temperatures
close toTy, always produces a tumbling regime, and the
angular velocity of the directon in the shear plane is a
linear function of?y.

Having obtained the functiof(7), one can determine the
angular velocityw(7)=6(7) = d6(7)/ o7 of the directorfi in
the shear flow as

201 _ -1
w(r)=- % (1-«)? 0082%( +x° Sinzg(

(14)

Calculations of the absolute magnitude @fr) shows that
under low shear rate$=0.1 s* [Fig. 4@)] and y=1.0 s*

[Fig. 4(b)], the angular velocity of the directérin the shear
flow is characterized by oscillating behavior [af(7)| with
changingr, and magnitudes of these oscillations vary be-
tween 0.2 and 0.87$, for both shearing regimes, and the
range of these oscillations decrease with decreasing of the

8
tfs]

the director executes a full cycle of rotation; in the second  FiG. 4. (a) Plot of the angular velocity(t) of the director in the
caseAt is || times larger than in the first case. When thepulk 8CB sample under shear flow, calculated using(E4), at the

temperaturél — Ty, €.9., at a few mK fronTy, in the nem-

same four temperatures as in Fig. 2. In all these cases the value of

atic phase, the director tumbling in the shear flow is de-the shear rate is=0.1 s. (b) The same a&), but for the value of

scribed by the equation

y=1.0 st
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temperature towardEy . Note that according to Eql4) the  [12] and the director, at least in the high shear flow, aligns at

temperaturd — Ty, €.9., at a few mK fronTy, in the nem-  an angledq to the flow direction[6].

atic phase, leads to ImTNA|w(T)|:%' It should be also pointed out that the small chemical dif-
Based on these calculations we can conclude that the gé€rence between the molecules 8CB and 8 OCB probably

scribed tumbling instability of the Couette shear flow for LC Manifested itself only at temperatures far frdig,. So, that

compounds, when allowing fluctuations of the local smecticd'ﬁerence petvyeen t.hese compounds may lead to different

order parameter above the second orét occurs at any flow dynamics in a high shear Couette flow, at temperatures

shear ratey. However, for temperatures far froify,,, and far from Ty [6].

: . SN It is important to stress that in the vicinity of the boundary
under low shear rate flow, the director orientation in the bulkSuncace the dynamics of nematic LC's is also dependent on

the surface potential, which penetrates the bulk nematic over
a distance\g up to ~3.0 um [13], and gives an additional
contribution to the torque balance equation which is largely
temperature independent. But in the present study we are
primarily focused on the shear flow far away owerfrom

the boundary surfaces, where influence of the surface forces
is vanishingly small.

and shear flow always produces an alignment reqhe-or
temperatures far from thd@y, (in the case of 8CB, for
T>307 K), where the critical contributiong{® to the vis-
cous coefficienty; can safely be disregarded, we deal also
with the tumbling instability of the flow under high shear
rates, because the conditiom|>|y,| or az>0 is realized
for that compound. On the other hand, fom4bctyloxy-

4'-cyanobipheny(80CB) a molecule that has an extra oxy-  One of us(A.V.Z.) gratefully acknowledges financial sup-
gen atom compared to 8CBy,|>|vy,| is always realized port from the Research Council of the K. U. Leuven.
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