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Rheological properties in discotic liquid crystalline phases
of 2,3,7,8,12, 1% exan-tetradecanoyloxytruxene
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Measurements of rheological properties, including the electrorheological effect, are made in liquid crystal-
line phases, discotic nemati¢Np) and discotic disordered rectangular columnd,y) phases, of
2,3,7,8,12, 1%exdn-tetradecanoyloxyruxene. It is found that the fluidity of thBy phase is Newtonian
and an application of high electric field perpendicular to the flow diregtielocity gradient directioncauses
a decrease of the viscosity. These results indicate that a flow alignment of the director occurs with its orien-
tation near the velocity gradient direction and the signs of the Leslie coefficigrand a3 are positive. From
the temperature dependence @, instability of the flow alignment structure iNp and D4 phases is also
discussed.
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[. INTRODUCTION the flow properties of mesophase pitch have been measured
o ) ) ) to clarify the fluidity and its relation to the domain structure

LIqUId CI’yStals are characterized by orientational and/or 19] These experimenta| resu'ts give us important informa_
positional orders, and these orders give rise to a variety ofion for the rheological properties of the discotic liquid crys-
physical properties. Of various physical properties inherenta|s, but for further understanding of the rheological proper-
to the liquid crystals, the fluidity is one of the characteristicties, those for the thermotropic discotic liquid crystals are
properties of the liquid crystals, and has been studied iRssential.
some liquid crystalline phases. Especially the simplest rod- |n the present study, rheological measurements were
like nematic(N) phase has been thoroughly explored and itmade on thermotropic  discotic  liquid  crystalline
has been clarified that the steady shear flow makes the direghases of2,3,7,8,12, 1%exdn-tetradecanoyloxyruxene,
tor align near the flow direction, if the Leslie coefficients  (C,,H,,CO0)¢-TX. This material has a disklike
andas fulfill the conditions ofa, <0 andaz <0, withaflow  mglecular  structure composed of truxene, 10,15
alignment angled given by tan*(as/ a,) [1-5]. This behav- -Dihydrotribenz§a—f—K] Triindend2,3:2,3':2",3"] ben-
ior, however, is modified if the smectk (SmA) phase exists  zene, and six GH,,COO chaingFig. 1). It is reported that
below theN phase. In this case, the sign @f/«, becomes (¢, H,,CO0);-TX undergoes a series of phase transitions
negative when approaching to the &M phase-transition wjth increase in temperature; crystalCr)-nematic
point, making the flow alignment not possible, but a tum-(N.)-columnar (D,y)-columnar (Dy,p)-isotropic (1) [20,21.
bling motion of the director around the neutral ai8$6-13.  The N, phase is characterized by the orientational order of
Thus, the rheological properties of i phase have been e girector, which in the case of the discotic liquid crystals
well explored, but those of the discotic nemaiy) phase  gpecifies the average direction of the normal to the discotic

are not fully understood. _ plane. On the other han@,y and Dy, phases are character-
For the rheological properties of tig, phase, it has been

theoretically suggested that a flow alignment of the director
would be induced, in a similar manner to the case of the
rodlike liquid crystals, ifas/a,>0 [13]. However, in con-
trast to the case of the rodlike nematic phase, it is indicated
that the flow alignment occurs if the signs @ and a5 are
positive. The flow alignment of the director in tiN phase

is also discussed in recent computer simulations for capillary
Poiseuille flow[14,15 and simple shear flof16]. Experi-
mental studies on the rheological properties of Maephase
have been made recenfl¥7—-19. In an aqueous solution of
cesium perfluoro octanate, it was suggested, from a small-
angle neutron scattering study, that a shear deformation in-
duces a flow alignment of the director in thiy phase[17].

In sodium dodecyl sulfate solution, rheological and NMR R = C13H27COO

measurements were made on thg phase, showing that a

shear thinning occurs at higher shear rates and the director FIG. 1. Molecular structure of 2,3,7,8,12,13Rexa
aligns near the velocity gradient directi¢h8]. In addition,  (n-tetradecanoyloxyruxene,(C;5H,7C0O0)g-TX.
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ized by columnar structures with a rectangular arrangement 20 T
of the columns having a disordered molecular stacking and f ]
with a hexagonal arrangement of the columns having an or- 15 - N ]
. . . N D
dered molecular stacking, respectively. Of these liquid crys- [
talline phases, rheological measurements were made on the
Np and theD,4 phases to clarify the temperature dependence _ ]
of the viscosity, the shear stress versus shear rate relation- st ) ]

ship, and the effect of the electric field on the rheolpghec- Eowo

trorheological(ER) effecf. Based on these results, rheologi-

n(Pas)

cal properties of discotic liquid crystalline phases, mainly 344 348 352 356 360 364 368
those ofNp phase, are discussed. T(K)
Il. EXPERIMENTS FIG. 2. Temperature dependence of the visco&itymeasured

at a shear rate of 32.95% The nematio(Np) to columnar(D,y)

(C13H,7,C00)-TX was synthesized according to the phase-transition pointTc) and the temperaturél,), at which a
method by Leeet al. [22]. The purification was made by change of the temperature dependence is observed, are specified by
successive recrystallization from ethanol-chloroform solu-2 solid line and an arrow, respectively.
tion and its purity was determined to be better than 99.8% by
the elemental analysis. The phase-transition temperatuient of the viscosity changes &, a continuous and revers-
from theNp, to the D, phase was determined from viscosity ible change is observed in the viscosity when passing
measurement to be 359.6 K. The viscosity, the shear stredgrough Tc, indicating that theNp-D,q phase transition is
versus shear rate relationship, and the ER effect were me&econd-order or second-order like. To investigate the fluidity
sured with a concentric cylinder viscometer. To observe thén these phases, the shear stress versus shear rate relationship
ER effect, ac high voltages were applied to the gapnm) is measured at 345.2 fN\p phase and at 360.5 and 362.6 K
between the inner and the outer cylinders of the viscometeiDra Phase, and the resultglog-log ploy are given in Fig. 3.
to generate an electric field of a few kV rﬁ}nak)ng the In this figure, Straight "nes, which represent Newtonian
velocity gradient direction, i.e., perpendicular to the velocityflows (7 ), are also given to understand whether the flow
(flow) direction. For supplying ac high voltages, an ac volt-is Newtonian or not. As this figure shows, the data at
age of 0.1-2 V from an oscillatai3325B, HP, USA was  345.2 K(Np phase are just on the straight line, indicating
amplified 1000 times with a high-voltage amplifier that the flow in this phase is Newtonian. This flow property
(HVA4321, NF, Japan In some cases, a phase-sensitive dels contrasted to the experimental results for the lyotrdyic
tection of the current passing through the specimen waphase[18] and mesophase pitdfi9]; it is reported that with
made with a lock-in amplifie(LI5640, NF, Japanto obtain  increase in shear rate a shear thinning occurs with the vis-
the dielectric permittivity under a shear deformation. In ordercosity decreasing at higher shear rates. The non-Newtonian
to measure the temperature dependence of the rheologich®w in the Np phase is also suggested from computer simu-
properties, the temperature of the sample was controlled wittations [14-16. Referring to these results, a possibility of
a precision of 0.01 K using a temperature control([g40,
Lakeshore, USAand a heater and a thermocouftaromel-

[ 0 3452K Np

constantapattached on the outer cylinder. Throughout this *
article the amplitude of the ac electric field is expressed in ® 3605 K] Dia

root mean square, which gives an effective strength of the ac 100 ¢ 362.6K E
field. !

Ill. RESULTS AND DISCUSSION

7(Pa)

A. Rheology

Temperature dependence of the viscosity is measured at a
shear rate of 32.95&§and the result is given in Fig. 2. As
can be expected from the molecular shape of 10F
(C13H,7,C00)6-TX, a large viscositya few Pa g which is [ ]
about two orders magnitude larger than that offthghase of [ i o
5CB(4-n-pentyl-4-cyanobiphenyl [5] was observed. As ap- 1 10 50
parent from this figure, the temperature dependence of the ¥ (s
viscosity is characteristic. With an increase in temperature,
the viscosity decreases almost linearly with temperature in G, 3. The shear stre€s) vs shear ratéy) relationship inNp
Np phase, but above thep-Dyy phase-transition poinfflc  andD,q phaseglog-log ploy. Straight lines representing Newtonian
=359.6 K, it increases largely with a change of the temperafiows (7= ) are given to understand whether the flow is Newtonian
ture coefficient near 362 KT,), which is specified by an or not. The flow in theNp phase is Newtonian and that in thg,
arrow in Fig. 2. Although the sign of the temperature coeffi-phase is non-Newtonian.
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(K) FIG. 6. ER effect in théD,q phase: a change of the shear stress

FIG. 4. Degree of deviation from the Newtonian flow: UPON application of the electric field kHz) under a shear rate of
7(6.59 1) X 5/732.95 s1). A deviation from a Newtonian flow 32.95 5. The ER effect in thé,4 phase is smaller than that in the
occurs gradually abov@c and shows a change of the temperature No Phase.
dependence af,. T¢c and T, are specified by a solid line and an
arrow, respectively. electric-field dependence of the ER effect in tHg phase

observed at a shear rate of 32.9% §s given. At 347.1 K
non-Newtonian flow inC,3H,,CO0)s-TX is not ruled out if  (Np phase, far fronT¢), the shear stress gradually decreases
the measurement is made in much wider shear rate regioapove~0.3 kV/mm and becomes constant at higher electric
While in theD,4 phase, non-Newtonian flow is observed with fields larger than 1 kV/mm. Such a decrease of the shear
a slight deviation from Newtonian flow at 360.5 K and a stress is also confirmed at 355.0(K, phase, neaf¢), al-
large deviation at 362.6 K, indicating that more ordered cothough the field-induced shear stress change occurs at lower
lumnar structure grows up with increase in temperature. Telectric field with its amount smaller than that for 347.1 K.
make clear the temperature dependence of the fluidityn D4 phase, a smaller ER effect than thoseNg phase is
change, the shear stress at a shear rate of 6558 salso  observed with its magnitude being negligible at temperatures
measured as a function of temperature to get temperatuif@r from T¢ (Fig. 6). To make clear the temperature depen-
dependence of a shear stress ratipr(6.59 s?) dence of the ER effect, the difference in the shear stress
X 5]/732.95 s1) (Fig. 4). This quantity specifies a degree between at 0 kV/mm and at 2 kV/mndy7=7(2 kV/mm)
of the deviation from the Newtonian flow; in the case of the— (0 kV/mm), is measured as a function of temperature
Newtonian flow it is unity but deviates from unity if the flow (Fig. 7). In this figure, the corresponding viscosity change
becomes non-Newtonian. As this figure shows, the flow isA7=A7/7y, wherey is the shear rate, can also be read from
Newtonian at all temperatures in tig, phase, but it con- the scale in the right-hand side. As this figure shows, with an
tinuously changes to non-Newtonian abokeand shows a increase in temperature the ER effect becomes smaller in the
change of the temperature dependence ar@ynéven from  Np phase, and after a change of the temperature coefficient at
this result, it is confirmed that thdy-D,y phase transition is T it decreases to almost zero aroufl
second-order or second-order like and there is some shear-
induced structural change aroumg.

C. Flow alignment and its instability
B. ER effect With respect to the rheological properties of discotic lig-

The effect of the electric field on the rheology, ER effect, uid crystalline phases, some theoretical studies have been
has also been studied iNp and D,y phases. In Fig. 5,
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E (kV/mm ) FIG. 7. Temperature dependence of the shear stress change

induced by the electric field (1 kHz), Ar=7(2 kV/mm)
FIG. 5. ER effect in théNp phase: a change of the shear stress— {0 kV/mm), under a shear rate of 32.95'sThe corresponding
upon application of the electric field kHz) under a shear rate of viscosity change\ »=A7/y can be read from the scale in the right-
32.95 s'. The shear stress decreases abewe3 kV/mm and be- hand side. Ay corresponds to a,. Tc and T, are specified by a
comes constant at high fields. solid line and an arrow, respectively.
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FIG. 9. Electric-field dependence of the dielectric permittivity

. . and the shear stress obtained simultaneously at a shear rate of
made on theNp phase but little is known on the columnar 35 g5 s in the Ny phase(351.3 K). The frequency of the electric
phaseg13,23-25. In the present study, therefore, discussionsig|d is 1 kHz.

is focused on the rheological property in tNg phase, re-
ferring to the theoretical studies oNp phase and well-
studied ER effect of th& phase. In théN phase it has been

suggested that the ER behavior is clearly understood on t Sgn of Eq.(3), thus, is closely related to the molecular

basis of the flow alignment of the director, which is deter- : . .
. . ) shape, but the viscosity when the flow alignment occurs can
mined by a balance of electric and viscous torques exerted gn

the director[3,4]. In the case of the liquid crystal having a Ee ob;ame((jj vgnthoutEconfdenng it. It can be expressed, using
positive dielectric anisotropy, e.g., 5CB, the electric field gs.(2) and(3), as Eq.(4),

makes the director align along the velocity gradient direc- _1,_

tion, leading to an increase of the viscosig}. While if the 00 =3(~ as+ as+ ag). @
dielectric anisotropy is negative as in the case of MBBA |f we use Miesowicz viscositie$s;, 75, 75), 7(6) can be
—methoxyben_zylidene—’Afn—butyIaniIine, a high ele_ctric. field  expressed in terms ofp, and 7, as 5(6p)=n.~(7,
makes the director align along the velocity direction and_,,)co2 g,. Here, the Miesowicz viscosities,, 7,, and s
causes a decrease in the viscogg]. If a steady shear flow  gpecify the viscosities when the director aligns along the ve-
and an electric field are applied as shown in Fig. 8, the ERqjty gradient, the flow, and the neutral directions, respec-
behaviors can be understood in terms of following equatlonﬁvew, and are related to the Leslie coefficients as(a,

[4]: +as—ay)l2, pp=(aztastag)/2, andp;=a,/2 [1].

(a3 Sir? 0— a cog 0)y— 1/2e,E2sin26=0, (1) If a high electric field is applied along the velocity gradi-
ent direction, the viscosity varies due to a change of the flow
alignment angle. In th&ly phase of(C;3H,;,COOQ)s-TX, the
viscosity decreases to a constant value upon application of
Here, a,—aq are Leslie coefficientsy is the angle between the electric field as shown in Fig. 5, suggesting that at high
the velocity gradient direction and the optical axis of theelectric fields the director aligns along the velocity gradient
director, y is the shear rates, is the dielectric anisotrop§,  direction, i.e., §,=0°. This alignment under high electric
is the amplitude of the electric field, anf6) is the viscosity.  fields is also confirmed from our preliminary result on the
Equation(1) is derived from the balance of viscous and elec-simultaneous measurements of the shear stress and the di-
tric torques exerted on the director and determines the flowlectric permittivity along the velocity gradient direction in
alignment anglef,. The viscosity 7(6) can be calculated the Ny phase(Fig. 9). With an increase in the amplitude of
from Eq. (2) if the flow alignment angle), is derived from the electric field, the dielectric permittivity increases and be-
Eqg. (1). Here in Eq.(2), a;cos gsir? ¢ is not included, comes constant at high electric fields, which is contrasted to
since o is generally much smaller than other Leslie coeffi- the behavior of the shear stress. This behavior of the dielec-
cients[3]. tric permittivity also suggests that at high electric fields the

For discussing the ER effect in th, phase, it would be director aligns along the direction of the electric fi¢letloc-
necessary to consider the flow alignment behavior in the akhity gradieny, since the dielectric anisotropy of the discotic

tion is given by minus sign with —45&% §,<0°, and this
hté(pe of flow alignment occurs in the discofit;, phase. The

7(6) = 12 (a3 + ag)Sir? 6+ (a5 — a)cos 0+ ay). (2)

sence of the electric fields=0. In such a case, E@l) re- liquid crystal is generally positive unless some special group
duces to ajsir? 6—a,cos §=0 and the flow alignment is attached to the molecu[@7]. The viscosity at high elec-
angle 6, is given by Eq.(3), tric fields, thus, can be characterized By=0° and is ex-
— pressed using Eq2) and the Parodi’'s relatiom,+ a3=ag
tan by = £\ay/as. 3) —ag as 7(0°)=1/2(-az+ay+ag—2a,). From 7(0°) and

As for the sign of this Eq(3), it is theoretically suggested 7(60), the change of the viscosity under the application of
that it depends on the signs a$ and a [13]. In the case of the electric field can be expressed &g=7(0°)—-7(6y) =
theN phase, wherer, <0 anda3 <0, the plus signin Eq3)  —a». This relation and the experimental resultf<0 in-
gives a stable solution df, with its angle being in the range dicates thata, of (Cy3H,7,CO0)s-TX is positive. Further-

of 45° < 6,<<90°. While, if ;>0 anda3>0, a stable solu- more, if we consider the fact that a flow alignment is
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achieved in(C;3H,7,CO0)-TX, i.e., apa3>0, we can sug- sociated with some instability of the flow alignment is
gest thatas is also positive. The positive signs af anda; ~ brought about.

thus obtained coincide with the theoretically expected ones

for the discoticNp phase. We can estimate the valueagf IV. SUMMARY

from Az (Fig. 7); a,=0.38 Pas at 347.1 K, which is con-

trasted tow,=—70 mPa s reported for th¢ phasg300 K) of In the Np andDq phases 0fCy3H,CO0)s-TX, measure-

5CB [28 ments of viscosity, the shear stress versus shear rate relation-
| [h ] dlik ic oh q e in th ship, and ER effect are made, showing that there appear
n the rodlike nematic phase, andas are negative in the o3 g cteristic behaviors associated with the structures of
flow alignment region, but if the sign af; becomes positive, ~ ihese |iquid crystalline phases. From the result of the ER
the flow alignment becomes unstable, leading to a umblinget it is suggested that Leslie coefficientsand ez in the
motion pf_the dlrec.tor. While in the case of discotic nemat'c_discotic liquid crystal are positive, as expected from the the-
phase, it is theoretically suggested that the role of the Leslig gica| analysis, and that the flow alignment of the director
coefficientsa, and a; may be interchanged; the flow align- ,ccy s with its behavior characterized in a similar manner to
ment occurs ifa, andas are positive but it becomes unstable 14+ of the rodlike nematic phase. A possibility of a flow

if the sign of a, changes to negativil3]. With respect 0 gjignment instability is also discussed in terms of the sign of
this instability of the flow alignment, the result of the tem-

perature dependence af, (Fig. 7) is suggestive. With an

increase in temperaturey, decreases and becomes zero ACKNOWLEDGMENT
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