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" Introduétion

Work on the influence of electric and magnetic fields
on the structure of cholesteric liquid crystals continued during
éhis period. This report consists of preprints of several in-
vestigations submitted for publication in thé Journal of Chemical
Physics:

(1) "Electric-Eield,Effects on the Dielectric Properties
and Molecular Arrangements of Cholesteri;\ﬁ}quid Crystals", H.
Baessler and M. M. Labes. |
(2) "Electric Field Effects on the Optical Rotatory Power
of a Compensated Cholesteric Liquid Crystal", H.’Bgessler,'T. M.
~ Laronge and M. M; Labes.
{3) "Magnetic Field Effects on a Compensated Cholesteric Liquid

Crystal", T. M. Laronge, H. Baessler and M. M. Labes.



Electric Field Effects on the Dielectric.Propertiés and Molecular

A;ranéements of Cholesteric Liquid Crystalé
H._Baesslef% and M, M. Labes
Department of Chemistry, Drexel Institute of Technology

Philadelphia, Pa. 19104 | S
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. Abstract | ! o

~Measurements of dielectric constants of a‘éhplestéryl

_chloride-cholesteryl myristate mix;tﬁte‘_hévai@g_. a strongly temperature
ﬂependent helical pitch have been performed in the presence and

absence of an applled dc eiéégéléngzéié__ A%-é;;i§éis of thé'moleculaf

arrangement in samples oriented by wall effects is presented, as well

as tﬁe pertuibations'in this arrangéﬁent which occur both thermally
—and by the appiication of an electriC‘field.'“Elastic moduli of bend~
..Ang and torsional strain are estimated from the threshoid elecfric

fields observed to (a) induce helical perturbation and (b) destroy

the helical structure in the transition to a nematlc phase.

" Visiting Research Associate 1968-1969.. Permanent address: Physics
Department, Technische Hochschule, Munich, Germany.. -



Introduction

The close relationship of nematic and cholesteric liquid

crystals was first demonstrated bvariedel in 1922,l who was able

to produce a nematic mesophase by mixing two cholesteric compounds of
”opposite optical rotatory power. Cholesteric—nematic,phase transitions

can be 1nduced 1n such compensated mlxtures thermally or. by appllcatlon

?

of electric and magnetic flelds.é In each case that phase is stable

for whlch the total free energy of the system is a mlnlmum. A theory

*fnr”the“electric"and’mégﬁetié"fiéld”indﬁéed“ﬁhesé”transtESns has been
: ' P :

-proposed independently by Meyer5 and deGennes,6 and experimental

_corxroboration has appeared of the;predieted'inverse dependence of

the pitch of the hellcal structure on the electric field strength

Py

: 3
required to cause a transition from the cholesteric to nematic phase.

Several studies have been made on a l 75 1 mlxture of

”ehelesterylﬁchloride(c) and cholesteryl myristate(M), which has a

- - M . . - <
. strongly temperature dependent helical pitch at temperatures > 43°,

~and ig nematic at 43° /

o

-An"etectric field acts on.the system'hy_inter—
\actlno with the 1arge eleptrie dipqle mohents of the componentsf For
-G, the dipele moment approximetely coincides witH‘the long axis of
the molecule, whereas for M, the dipole moment is at a pronoueced
: . * .
angle to this long axis. Since the dielectric constant € of a polar

material depends on the average orientation of its permanent dipoles,

following € during a phase transition is a convenient probe for -
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studying changes in molecular arrangement. Furthermore, € measurements
in ordered phases yield data for the dielectric anisotropy which are
necéssary to esfﬁmate elastic constants of bending and toxrsional strain
ffom the experimental véldésvfor the transition field.5’6

In this paper measurements of dieléétric gonétants in thé

presénce of dc electric fields are studied. In aAsubsequent‘paper, the

“effect of a magnetic field on the'dielectric constant will be examinea.

" Experimental

Measurements of the dieleétriq constants were performed with
. RN ) ‘
pure C and M and with a 1.75:1.00 weight ‘mixture(CM). (The molar

mixture ratio is 2.57:1.0). The compounds were obtained from Stera-
loids, Inc. and used without further purification.t The conductivity

12 Q_l cm._l at 43°. Since the critical

of the mikture Qas about 10~
field for indqcing a nematic phase varied inversely with the pitch
of the.helix,3 in corroboration of the tﬂéory,5’6 the influence of
ionic impurity conduction on the'bbserved phenomena can only be a
. second order effect, .

| The material was ﬁlaéed between silica discs partially covered
with~SnO2 elecfrodes. Teflon pt myiar filmsxiﬁ‘tﬁe thickness range
4...127ﬂ were used as_electrdde spaceré. Care had to be taken to avoid
bubbles between the eléétrodés, especially With thin sampl%s. The
samples were mounted in an optical cell wﬂich.could‘bé heated by é:
\coptrolled temperéture~nitrogen stream. The cell coula be placed be-
tween the poles of é speciai'Varian 6“ magnet with H either parallel
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or perpendicular to the electrodes. All € data'renorted herein are
taken hith a,Generai Radio Impedance Bridge iype 1608A at a ftequencyA
of.lkc.- No frequency;dependence of € was obsetned in the;rengeVOTS <
f < 10kc. During the meesurements, a.de—tiae of'np;toVZOO volts
tconid be applied téLthe‘géméle. The dc-field nas always parallél to

the-ac-field. The ac-voltage across the sample was usually less than

-

1 volt and was insufficient to cause a phase transition. The unf

— e - g e | e e e e e DU S,

certainty of the capac1tance measurements is less than 0.5%.

_‘Résults

L

3
Dlelectrlc constants of C M and of CM mixtures at various.

electlode spac1ngs d are plotted vs l/T in Fig 1. A1l curves are

taken during ¢ooling and display discontinuities at the isetropic

11qu1d—cholester1c‘tran31t10n temperature. (The T, 1s>chol values are
‘89:M for C 75° _forM and 62+1° for CM). A remarkable‘dip-in the
e(l/T) curve of CM occurs at T _ ='43i3°.7 Its position varies

sllghtly from sample to sample 1nd1cat1ng that T m‘ié’very eensitive

to minor changes in the moleeuleph;atigmof tbeﬂgpnstituting epmpounds.

The temperature range of this dip in € increases with decreesing éanple

thickness d, and is appronimately equal to the temperature renge in

whieh Zb =24 (Z0 =,piteh ot the helix)Aindicating a»distutbance of
D o _ i

the helical Structure.8A Ihis is a confirmation of Sackmann et al's

;ﬁalues for the pitch obtained from optical diffraction studies. For

;d'?ZSu the structure in the €(1/T) curve is smoothed out. Both the dip
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is*chol

.the ordering influence of the walls iS‘obvionsly strong enough to

at Tnem and the rise at T = T disappear. In thin samples

" establish helical alignment throughout the bulk - with the helical
axis perpendicular to the walls -~ whereas in thick samples the.
“direction of the helical axis varies as one/proceeds into the bulk.-

As a result € approaches the value of the 1sotr0p1c liquid: w1th '

increasing d. Under the microscope th1n samples of CM dlsplay a

plane texture over a 1arge homogeneous area 1nd1cat1ve of an ordered

"helical struCture.

Upon appllcation of a dc—field to CM & chglesteric"nematic,r
‘transition can be 1nduced if the condition F > F ='const, %ﬁ is
B e
Cfulfilled. 3 The observed values for the critical field Fu are in

good agreement w1th the reported phase diagram if one coxrects for

small shifts in T w1th different samplee?> Onlp mith 4p and 6u _
--samples are slightly higher‘Fu vaiues observed. -This is to be ex~

pected;isince with thin samples the reiative contrihution of the

surface énergy-to the -total free energy of thersyetemhis morei

important. Fig. 2 Sb??ﬁ,thﬁ,19§19?ncg of a dc-field on e. The fact

et T sy

that e(T=T ) increases with F until at about 20 Kchul a saturation,.

value is reached (Flg 3) can be attributed to a field—induced allgn—

. ment ngthe nematic phase. It may be noted that £ of pure C and M

is insensitive to dc-fields up to lOSch 1.

In addition to the increase of € associated with the induced

transitions from cholesteric to mematic, it is possible to observe

changes in the dlelectric constant of the undestroyed ‘upper and lower
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cholesteric phasesf At a temperature_where F < Fu[ZO(T)], £ increases

w1th fleld Basically this can be the result of twordifferent pro-

cesses: (l) Orientation of the heli%‘akis under the iﬁfloence of\the
field; kZ) Reorientation of Eﬁe-molecoles constituting the helical
structure. In order to distinguish betﬁeen these possibilities,

several g(F)—curves were taken at anious temperatures with a 12.7o
samole‘fot'Which [s(l/i)]F=o had beeo detefmined. A"£}512;1 curve

-is plotted in Fig. 4. - If the_éamﬁleris cooled down slowly from the

1sotrop1c state to the upper cholésteric, the E values of F1g 1

ok IS s “F=0 .- - B

‘are measured which tefer to a well oriented helix. Application of a

dc—fleld yields a completely reversible e(F) et curve. The time

constant for establishment of stable e(F) values is too short to be

determined by steady state methods»suggesting that a ‘process operatlng

Y

- on a molecular basis is involved, i.e. process 2 rather than 1. This

PP DTSR

is confirmed by the optical observation that _the plane texture of Lhe

- sample was unaffected by F indicating the absence of a macroscopic }
heliecal ;ealignihg process.

”A different behavior is observed if the cholesteric phase

» is formed durlng a relatively rapld coollng process. In this case

R€F=o is close to the extrapolated isotropic liquid-value indicating

that the orientation of the helix is less perfect. At increasing F
the e (F) curve shows an increase at lower fields and finally matches

the former curve (see dashed curve in Fig. 2). Upon going back to

o

F=o0 ,c approaches the value characteristic for the "ordered" cholesteric
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phase. Obvioﬁsly heliéai ordering throughout the sample took place
.at moderate fields. Thr?e observations confirm this hypothesis:
(1) The corfesponding fiée'constant for establishment of equilib;ium‘
was in the order of minukes suggesting involvemen;rof a microécopic
‘aligning process; (2) thé optical reflectivity of the sample increased
slightly, indicating eliminationkof>previously existing helical per~
burbations;9 (3) the plane texture is established.

With "thick" samples (d;ZSﬁ) both the orientation of the

helix axis at moderate fields and the distortion of the cholesteric

‘structure at higher fields are obser ed. T

.y

R

‘Discussion

e I

To interpret the experimental data in terms of molecular

-‘arrangement, it is hecessary to estimate dipole moments from ¢

measurements. In undiluted liquids coﬁsisting of molecules carrying -
_a permanent dipole moment i; the Onségei formula xélates e éo the

| dipolar Eomponent of the dielectric poléfizabiliﬁy.‘ ﬁaiér and Meier10
,havgéextqued.thg‘Qnsager_thgory to ordered ;gmatic phases, butftheir

2U£¥e;iﬁéﬁt.requires'kﬁéﬁledge of tﬁé anisotﬁopy of'the oﬁtical polar—»n

‘izabilities. Since at present no data are available for CM, the

,.gtiginal formula applying to isotropic'medié will be usgd:l?
- ’ES -e, = 3€s ) ‘fe + 2 2 47Na (L
.  PEEr—— s ‘

3
in which e, = static dielectric constant:~ém #mhigh’frequency dielectric
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constant, N'= molecular demsity, o = dipolar part of the polarizability.

This simplification does not introduce a serious error, since conclu-—
l . .

sions will be based on the relatlve changes of the compoﬁents of the
}

dlpole moments paralle% to the direction of the field rather than to

absolute quantities.

M_Z;;”“w”_a,depends on the molecular arrengement..vFor an isotropic
: 2
11qu1d the Langev1n treatment ylelds o = %ET} For partlally ordered

\phases, it is more convenient to qnalyze the dipole component in the

T direction of the field ﬁ#é Two structural possibilities must then be
———considered: Y is .either.parallel.o: antiparallel -to-F,--then q..= -1 _..- - -
IR B iy Ny ' ' kT

(bistable arrangement). When altakes any position around an axis
. 2 1 ’ '
N B , .
L F, then o =My (cylindrical,arrangement). _An example of the
" 2kT
-latter case would be a cholesteric structure w1th a helix axis H F

: composed of molecules hav1ng a dlpole moment formlng an angle w1th

"““Eﬁé'long molecular axis ah&MEaﬁéBle”of>rotatingréioond their long axis.

Y

-

Dieleotric.Constant Measurements in the Absence of an Applied DC Field

From the ¢ values of the isotropic phase, the following ratio
of the dlpole moments can be calculated using eq. (1): ]ﬁ;l:]ﬁk]:]ﬁ;Ml

=1, 00 }.17:1.00 (error 1/) » where thekabsolute/value for oc is 1.66%
0.16D. g, Wwas calculated from e¥43 n27+ O.ln2 taking into»account-that

" - usually for polar organic molecules the ionic polarizability is about
- 10Z of the electronic polarizabiiity.13 The experimental value for the
refractive index of isotropic CM is.n = 1.500 at T = 72°,

A Iﬂfthe cholesteric phases of C and M the long moleculaw
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-~
axes characterized by unit vectors LC

and Z; are assumed to be
perpendicular to Fhe helix axis (ﬁ) which tends>to be perpendicular
to the Walls.l The dipole moment ﬁh of C molecules is due to the
polar C-Cl bond at the 3-position of the steroid ring system. The
conformation in the B-3 position is such that a.very small angle
(less thanle°) is formed by substituents with the average molecular
plane, as can be clearly seen from Dreiding models. This means that
ﬁ; is approximately parallel to thé long molecular axis. The pro-
nounced drop of ¢ when C goes from.the isotropic to the cholesteric
phase means that the‘dipole component ﬁ] inithe ac~field direction

~is greatly reduced. This is indicative of\f%rmation of a helical
structure with a helix axis Ef” ﬁfwhe?e EE.L B: The fact that €c does
not drop to €_= 2.5 can be attribuggd to (l).incomplete helix align-
ment in the bulk (for d = 25.4ﬁ it holds ZO c << d) and (2) a residual

component of the dipole moment J_i;.

In M molecules the dipole moment is a sum of the bond
moments of the carbonyl group and the ester bond. The resulting dipole
moment forms an angle of about 60° with the direction f& of the long
molecular axis. Therefore in a cholesteric phase of M with a heiix
axis h ] F and E&.L E; ﬁ}should_be higher than in Fhe isotropic phase.

I

This explains the observe@ increase of v when passing Tis+chol'

From the texture of thin samples of CM it follows that
the helix axis is perpendicular to the electrode and therefore }If.
If LC_L h and LM_L h, it should be possible to calculate the dipolar

part of e,  from the ¢ values of the cholesteric phases of pure C and

™
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M. Fig. 1 shows the result (dashed line). The discrepancy between the

calculated and the measured €. values shows that in CM the dipole

cM

component parallel to the helix direction must be increased. This can

-3

be explained assuming that the long molecular axes L, and LM are no

c
‘longer Lh but rotated by an angle 80 from a positioni_ﬁ towards the
. - m
helix axis. The angle between LC and h is therefore 5 =~ 60. 60 can

be calculated from the increment €M exp " EoM calc Using a graphical

solution of eq. (1) with 60 decreases from 25° to

o = (UC
kT

N 2
.51n60) .

20° as the température changes from 60° to 25°. It is often assumed

%

- that in a cholesteric phase the long molecﬁi;r axes lie within the
planes 1;€. The present results indicate that this need not be the
case. )

The dip in the €(1/T) curve near T = T o ¥hich is observed
with thin samples must be due to a decrease of 60 as a result of the
aligning férces of the walls. The wall influence becomes stronger,
i.e. the thickness of fhe boundary layer increases, with increasing
pitch which corresponds to a decrease of the "internal' cholesteric

binding energy.

Dielectric Constant Measured with an Applied DC Field

‘Upon application of a de-field to a cholesteric CM structure

ordered by wall effects, the field produces a torque [ m =fﬁ

c ¥ F{ =

(UCI'F sin (% - 60) acting to cause rotation of C molecules with their

long axes towards the field direction. As a result-ﬁh and hence e must
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increase. Elastic forces counteract this rotation. The field

dependence of € of a cholesteric CM mixture can therefore be used

to gain informatlon coneerning field induced molecular motion.
Microscopic oﬁsefvation'shows that the cholesteric structure

. is preserved until the field reaches the critical value Fu[ZO(T)] at

* I
which a phase transition occurs. Two possibilities can be considered

to explain the rotation of L, towards the field direction: (1) the

C
dc field tends to rotate the helix by an angle 6(F) so that in the

- - -y
bulk h is no longer parallel to ch. In this case the contribution

of the C molecules to the dipolar part of the polarizability is
2
o, = VYo .sin [6 +6(F)]

(1) R 2kT
a "cylindrical" arrangement; (2) the dc field tends to rotate each

since (u t .sin(60+6) is subject to

individual C molecule by an angle §(F) towards the field and E’H F
remains valid. Agalnlucu (uclsin[60+5(F)] but since in this case the

planes | h are also,LF the situation can be described by the bistable
. . 2 ; , '
" model with_a(z)_— ukT . The gain in electrostatic energy associated

with both helical or molecular rotation 1s glven by AgF %}'. |
Bs '
2

. F 86 *-A8 . Since Es is approximatoly proportional to a, one

can see that AE(Z)ﬁs ZAE(l) for the same bending angle §(F). Further-
more helix rotatlon by a small angle 6 would 1ntroduce add1t10na1

splay energy whereas molecular rotation only increases bending'and'

Ator31onal energy - Therefore it can be concluded that (l) would

—lead to-energetlcally unstable configurations. The reverse process

however, i.e. fleld induced allgnment of a dlsallgned hellx, is
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energetically favorable and is observed (see preceding section).
Molecular rotation within the helica; structure gives
rise to a conical perturbation of the helik. Meyer5 has pointed
out that this conical structure involvés both bending and torsional
strainé, and is only stable if;the corresponding elastic moduli k

33
and k22 satisfy the inequality k., > k...

22 33

The angle §(F) was inferred from the field induced di-
electric increment echél(F) - echol(F=O) TﬂAechol(F) using a grapﬁlcal
solution of eq. (1). The data are plotted‘in Fig. 5. Several con-
clusions can be drawn from these results: (1) There is a well defined
threshold field FK for the onset of helical perturbation. For
F < F£ no perturbation occurs. For F > Fu the helical structure is
destroyed. This is in corrcboration of Meyer's theory.

2
For Fﬂ < F < Fu’ S v F,

(2) According to Meyer the following relationship must hold:

k., M2 kM2 L F. .k
= F (33 . 22 . u 22
F.Z = Fc(k ) . Fu = Fc(r) , 1.e. T = . and
22 33 £ 33
F = 2T, '(-k_2.2 /2 | Q\(z)'
" Te Zo Ax
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Ay being the anisotropy of the dielectric susceptibility.
Knowledge of FK and Fu therefore enables us to determine the ratio -
‘_k22/k33. Table I éummarizeé the results fq;hdiffe;ggt’temperaturés,

i.e. different values of the pitch. The average value is 4.1 % 0.5,

independent of temperature.

‘Table I‘

Ratios of Elastiﬁ Moduli as a Function of

" Temperature éna"Heliéal”Piﬁchf“””*‘-“““

DIIEES
s 7

alul TC  Z ] e r &y T e-e,
RSN ¥ WS B .58.2.; 2l 5.5 22.0 4.0 - 1.50
4.1 57.0 2.56 9.9  38.0 3.95  1.52
10,0550 © T 3.10 7 LS '27.0 3.63 TL.60
12,7 510 4.90 2.8 12.0 4.29  1.68
12,7 50.2 5.35 2.95 13.0 4.4 1.70
12.7 41.0 20.0 0.85 4.1 4.8 1.87
6.0  35.0 5.7 6.0 122.0 3.7 1.96

6.0 27.0 3.2 10.7 44,0 »4.1 2.13

Taking the approximate values for the pitch from Sackmann

et al's data7 and the values herein determined for Ay allows calcula-
tton oF &, From ks, = 8 by - GO
TR OF %gg TYOW F2p T Tty X7 P20’ 0
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The anisotropy of the dielectric susceptibility is given by:
Ay o= T 5 ¢ A
o qy :

where €, and €, refer to the situation where the long molecule‘axis

is either parallel or perpendlcular to Lhe fleld 'Assuming that ¢,

e o

= 11m en (® and that e is the value calculated for the case that
Faeo

_both C and M molecules are perpendicular to the hellx (see Fig. l),

. one obtains the k22 Values“plottgdm;g_E;g, 6.nvk22';s;sttqnglywtepp—

-1 -1 . E P
.ierature dependent accordlng to k22 = k22 s exp(~ iﬁ) with an

activation energy E = 0.60 * 0.05 ev.

 (3) The functional dependence of the benaing angle § on the applied

‘field can be qualitatively expiaiﬁea on the basis of an’energy consid-

eration. Slnce one is deallng Wlth”beﬁdlng and tor51onal strain 1nduced
by an electric field one must consider the emnergy terms Agb(ﬁ), Agt(6)
and-AgF(ﬁ). The energy density.of theAelectric'fieldtis given.By:
L 1 22 I
By = 8ﬂ F [e sin 60+§*COS.SQJ . ~(3?
" The variatipn With small changes in §, i.e. §<<§ is given by
' . 2 s o
2 (8) = T (e, - €¢)F' S 51n50cos5o

Using Frank's notation the bending energy is:

2 .2

g, = 1/2k 2 ]

[b

33 1

For a right handed cartesian coordlnate system w1th z u

5 2 .2= 9L, 2 oL, \2
bl.+b2 ( 3X) ( ay)

Assume that for F = 0 bending forces can be ﬁeglected, the rotation
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of L. by a Small angle 8 towards the z-axis causes an increase in the

~-mechanical energy 9 9

. I | O T
‘ 8, (8) = kyy [+ 55 1 I 555 ¥ 535! ~ 8 )
; T _'BLZ ' BLZ E _

M}For sm@ll 8 we gg?Aappr§x1mate . ,'~5§ v 6 S

-and eq. (4) becomes ' k

. - : 2 L Ce o - . - kN
“~Tﬁé'éﬁéfé§_5§§531éted_With torsional strain is"gfyen by 7 ‘ o e
o S : 27,2 '
e By =120 ko [y F By F Z—»] e

t denoting the twist [t, + t, = aLx + aLz]. Assuming that t, + t.v 6§,

i o 1 2m,:3§.m'-3x+‘“mmwmmwmwww:"lm_mzmmmﬂ

’ ' N : :

and that the pitch is & linear function of § as predicted in ref. 5
gbne arrives at

L T T e

: Agt(d) = constt'k 8 ' ’ . " (6)

22

Minimizing the total energy variation Ag(8) = —AgF(ﬁ) + Agb(6) +

_.Agt(é) with respect to § yields théwfuncgiéﬂéi‘depeﬁa;ﬁéé-SfF):

. _ _ __v . 2
. §(F) = 1/4n(e, -e )sin §cos 8§ . const - 72 o

2‘constb'k33+2 consttszz

" This agrees with the experimental result that for F, < F < F,

8 follows the relation ,
. L F \2.0%0.1
615, = ()

Here §p denoteéftﬁe limiting bending angle which is compatible with
the preservation of the cholesteric structure. The experiment yields

§,=4.02 0.3°, independent of temperature except near T em®.
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(4) For F >.Fu § becomes >6c and the helix is destroyed. The in—
“duced nematic phase is ordered by the dc field. From the preceding
‘discussion it is clear that the alignment is achieved by further

-
rotation of C molecules towards ¥ so that LC tends to become parallel

—

s toAﬁi Alignment of LC will certainly also cauée alignment of the M
molecules with their long molecular axes parallel to the fiéld.
Since ¥ CﬁM’ ﬁh) is gbout 60° this reduces the cgntribution of the
M molecules to ﬁ} . However, with C ; M= 0.72 : 0.28 molar ratio,
the increase in the free energy dée to an alignment E&l(‘ﬁ is over-

compensated by a decrease of the free energy due to L, alignment.

(Y
Therefore the fact that a cholesteric-nematic phase traqsition can

be induced in CM is essentially due to the presence of C molecules;

M molecules are necessary to increéée the pitch of the cholesteric
structure and hence decrease the elastic forces counteracting molecular
rotation.

Ordering of nematic phases by electric fields has been the
subject of several inVestigations.l6 Therefore only a rough estimatev
of the degree of order S of the field induced nematic phase as defined
by Maier and Saupe17 will be given here. To a first approximation,
the ratio of the slopes de/d(1/T) for the isotropic and the nematic
phase.of an ordering degree S can be derived from eq. (1).

**de/d(l/T)nem~=~f(€
de/d(l/T)is_

e s g -

2 - a2
neﬁ) -.1/3(28+1){Ncuc f;ﬂ[umposﬂiuM,F)]‘}

‘,fggis) .

1308w 2 + N 2]

__?_,2 -
c“c + NMUM ]
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e L E42 2

vhere f(e) %VEE~———— . (
. : s

+e°°

Inserting the experimental values gives S #« 0.4. This seems to be

a reasonable value for a two component system in which the directions
6f the molecular. dipoles are different with respect to the long
molecular axes. Alignment of both Eé and Eﬁ | F leads to non-vanish-
ing field induced torque in the ordered nematic phase, siﬁce ﬁﬁ is
not parallel to i&. It is therefore likely that the statistical
deviation of the direction of the long molecular axes from the field

Lo
imposed preferred direction is quite large.,
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Figure Captions

- Fig. 1: Dielectric Constant Versus Reeiproeal Temperature.
1: cholesteryl chloride; 2: cholesteryl myristate;
S ”‘,3—5:fcholesferyl chloride—myristate‘mixtures at sample

thlcknesses d lOu (corye 3), d = 25 4u (curve 4y

d= 127y (curve 5)3 dashed curve: £ calculated'for'the

case that in cholesteric CM the 1dag“ﬁbiééﬁiar"akéé of both ~
*‘“;”““‘*‘“~G~and~M~moleculeSWare«para11e1~to~the»electrodes.

" Fig. 2: Dielectric Constant of CM Versus Reciprocal Temperature )

i

~at Various DC Fields.' Sample thickness: 127y,

e -

| Fig. 3: 1Increase of the Dielectric Constant of CM with an Applied

DC Field at T T 43°. Sample thickness: 127u.

Fig. 4: Dlelectrlc Constant of Cholesterlc o Versus Applled DC

“*”Fleld_Strength at T = 51°. -Sample thickness: 12.7u. Applie
.#cation of field to a sample with disordered helical structure
“yields the lower curve. After increasing F to F u’ the upper

curve is observed which does not show a hystere51s effect.

-sa»:,.-a-—. DV, S
A B e L g e

‘ The'upper curve is also observed upon appllcatlon of field

. to a sample w1th wall orlented hellcal structure.

HFié: 5; Dependence of the Bendlng Anale 8- on the DC Fleld at leferent
' . é
<Temperatures. Z and F are the lower and upper-llmlt of the

“field: range in which the conlcal hellcal structure is stable

it
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Fig. 6: Temperature Dependence of the Elastic Modulus for Torsignél
Strain in CM. Open circles refer to data taken with a 12.7n

sample; closed circles refer to a 6p sample.
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Electric Field Effects on the Optical Rotatory Power of a Compensated.
Cholesterlc Liquid- Crystal
H. Baessler+; Thomas M. Laronge and M. ﬁ Labes
Department ‘of Chemlstry, Drexel Instltute of Technology, Phlladelphla; Pa; 19104

Recelyed 21 May 1969

’By studjing the optical rotatory power (OR) of a compensated
cholesteric helical structure, it is possible to observg both thermally
induced helical inversion and electric field perturbations of the helix.
For a cholesteryl chlbridé—cholesteryl myristate 1.75:1 mixture, the OR
changes sign at T = Tnematic = 42° increasing.to infinity prior to the
inversion. Upon application of a dc electric field parallel to the
helix axis, the OR decreases continuously and reversibly by a factor of
four in the field range 0.25 Fu<F<Fu where Fu denotes the critical field
required to induce a nematic transition. This effect cannot be explained

~as”a macroscopic reordering of the material, but is rather due to a
decrease iﬁipitch accompanying a conical helical perturbation. This
Vpe:turbation arises from bending forces tending to align the dipole
méments of cholesteryl chloride in thg field direction. When a dc field
is app;ied perpendicular to the helix axis, the pitch diverges logarith-
micaily to infinity as F apprdaches the critical value for inducing a

transition.



“"Introduction

Recently it has been established both theoreticallyl’2

‘and,experimentally3_6 that the cholesteric structure of certain :
liquid crystalé can be converted to nematic by applicatién of electric
or magnetic fields. An electric fieid—induced Rhase transition may
-—oceur-when the molecular dipole.mopent is Parallel to the‘iong molecu~
lar axis, as is the case for the cholesteryl halides. An electric
fieid tends to align the long molecular axes parallel to the field by
appiying a torque to those molecules which are at a certain angle.vith
the field direction.7 The equivalent condition for a magnetically
induced cholesteric-nematic phase transition is that the anisotropy

of the diamagnetic sﬁsceptibility Xy ~ Xy is pogitive, i.e. the long
molecula; axis again tends to align parallel to the field. Usually,
this condition is only fulfilled with molecules contéiﬁing aromatic

rings, i.e. not with most derivatives of cholesterol.

4,7 we have studied electric field induced

Iﬁ previous papers
cholesteric-nematic phase transitions in a 1.75:1 weight mixture of
cholesteryl chloride and cholesteryl myristate (CM). The advantage of
this system is that it goes thfoqgh a nematic state at a temperéture'
Tnem = 42...43°’as Sackmann et 318 have found. This implies that’ the
pitch of the hélix can be varied between about Zﬁ and bi changing
temperiture. Tﬁé experimentally’détermined values of the transition

fields for an electric field ﬁarallel to the helix axis were in good

agreeﬁéﬁi with theory.7 Furthermore, it was found that the elastic



moduli éor torsional (kzz) and bending strain (k33) fulfill the
inequality k22 >‘k33 which gives rise to a conical perturbation of
‘the helix before complete helix breakdown occurs. According to Meyer's
theory, this perturbation should be accompanied by a tightening of
* the helix according to Zo/Zu = k22/k33 where Zo and Zu denote the pitch
in the absence of a field and immediately before phase destruction
occurs. Since it was found that k22/k33 é 4, the pitch should decrease
by the same factor. On the other hand, Z is predicted to approach
infinity logarithmically as a cholesteric~nematic phase transition is
induced by a field pefpendicular to the helix axis. In the case of
a magnetic field, this has been recently verified.s’6
The main purpose of the present investigation was to measure
‘the electric‘field induced change in the pitch of the cholesteric
structure of CM. The conventional technique of inferring Z from the
distance of the Grandjean lines in a wedge-type sample could not be
;Méibiiéd;”éiﬁﬁéwfgmfémiﬁ§6ééiﬁiéufb"ééhiéﬁe“hémogeneous electric fields
over a sufficiently 1érge area. Therefore the optical rotatory power
was measured, which is linearily related to the pitch as de Vrie39 and
Cano and Chatelain10 have shown. Furthermore, this technique promised
to give some information concerning the "compensated" structure of the
QM mixture. In particular the "inversion" of the helical structure
at;a temperature Tnem should manifest itself as a change in sign of

. the optical rotation. |



" "Experimental

All measurements were done with a 1.75:1.00 weight mixture
of cholesteryl chloride énd cholesteryl myristate. The materials
‘ were obtained from Steraloids and used without further purificaﬁion.
The liquid crystal was placed between polished flat silica discs
separated by a mylar spacer of 3, 6, 10 or 12.7ﬁ thickness. In order
to apply an electric field perpendicular to the supporting surfaces,
the discs were partially covered with a-conductive tin oxide layer.
A field parallel to the surface could ﬁe applied between gold strips
evaporated on the bottom and top disc. In this latter case, the .
electrode spacing was 0.2 cm. The sample was heated in an oven by
‘a stream of ﬁemperature controlled N2 or air.

The sample oven was inserted into a modified tube of a
Rudolph polarimeter, which allowed determination of the optical
“rotation. It was prbvided.with aAphotoélectfic detection unit and
a sodium lamp as a light source. The accuracy of the.instrument was
+0.01°. The actual uncertaintity of the measurements, however, was
usually higher and of the order +37% but not less than 0.05°.
This was mainly due to the turbidity of the liquid crystalline material.‘
It céused scattering depolariiation of the incident linear polarized
light beam, thus increasing the minimum current of the photomultiplier
. by one to two orders of magnitude as compared with isotropic phases.
The oven containiné the sample could also be placed under a polarizing
microscope. This allowed exaﬁination of the texture of the liquid

-3 -



crystalline ﬁhase.

“'Results and Discussion

I. Optical Rotation in CM Without an Applied Field

A rigorous theoretical treatment of the opticalyrotatory
power of cholesteriec liquid crystais has been given by de V?ies.9
It is based on assuming that the cholesteric strﬁcture consists of a
piie of optically anisotropic monogolecular layers. Sdbseéuent layers
are twisted by an angle ¢ =-é6d-%, wﬁere a‘is the ﬁhickneés of the
individual layer and 2 the pitch of thé resulﬁing helical étructﬁfe.
The‘optical axis of the helical structure is identical with the hélix
axis ﬁ: whereas the optical axis of the individual layers, each
Irepresenting an uniaxial crystal, is perpendicular to the helix axis.
The electric vector of a light beam propagating‘in the E‘direction‘of
é cholesteric 1i§uid crystal therefore encounters a pile of optically
Vﬁoéitive uﬁiaxial crystal layers. Thié means that a 1inea£ poléfiiéd
beam will experience ?efraction when passing from one layer to the

next. One result is a rotation of the polarization plane. De Vries

found that the specific rotation can be expressed by

_ 2 . _ .
= 330 . »az ) (deg cm 1) oy
120 G B S
o ié the relative birefringence of the single layers: & =Q§E~ where

. n denotes the mean refractive index: :Ai =.X/lo where lo is the wave-
length of maximum reflection. Using Ao = nZ, eq(l) can be rewritten
for a high pitch cholesteric structure,11 i.e. A' << 1:

-4 -



7360 ' '
r=—=5— - z(em)? ~ (2)
.8 A >

X

Eq(2) éredicts that the optical rotatioﬁ changes sign
as the sense of the helibai screw, i.é. the sign of Z, is‘changed.
LT > Ovrefers to a right handed helix (Z > 0). 'An inversion of the
helical sfructure, i.e. a change in the sense of structural rotation,
‘necessarily means that the pitch goes through infinity. If inversion
is teﬁperature induced, the function é(T) should have a pole for T =

T

inv Tnem' Eq(2) predicts that in this case also the OR should go
to infinity,. Since the high rotatory power of cholesteric liquid

" _crystals is related to the screwlike molecular arrangement rather than
the specific rotation of the individual molecules, this is a somewhat
surprising result anq deserves some comment.

Optical rotation is observed if the two circular polarized
waves of opposite sense, into which an incident linear polarized wave
-—can.be split,-have different.velocities. . In.the cholesteric structure
one circular - or, more génerally, elliptically - polgrized component
is produced by the optical anisotropy of the monomolecular layers:
a linear polarized wave with an electric vector E_, vibrating in a

£

plane containing the optical axis of a uniaxial crystal will emerge

elliptically polarized unless E£ is parallel or perpendicular to the
optical axis (Cl)._ The second circular component (CZ) results from
the rotation of the optical axes within the pile of uniaxial layers.

P

To a first order approximation, both waves combine to give linear

polarized light after leaving the liquid crystal. This, however, is

-5 -



nq;ionger poséible, if the pitch approaches infinity. Both the

angular veloéity énd the intensity of the component arising from the
presence of a screwlike structure vanishes. Therefore, the emerging
wave can no longer be plane polarized. At T = Tinv the optical axes

of the léyers are parallel. 1If OR experiments are performed with
relativeiy large beam cross section‘(in the present case about 0.25
cmz), and if no ordering eiectric or magnetic field is applied, the
preferential direction of the nematic liquid crystal varies within

the sample area. Therrdering influence of the wall only ensures

that the molecular axes are parallel to the supporting surfaces. Thus
the electric vector of an incident linear polarized beam has equal
probability of making an angle between 0 and 90° with thé local optical
axis.> This means that, on the average, the emerging wave will be
approximately circular polarized. This simple ﬁodel which in principle’
underlies de Vries' theory can qualitatively account for several facts:

(1) with increasing pitch, the angular velocity of the C_, but not of

2
the Cl wave decreases leading to an increase of the optical rotation;
(2) if Z increases so that Z/2 becomes larger than the sample thickness,
the amplitude oflthe 02 wave decreases resulting in an increase of the
ellipticity of the emerging wave; (3) for Z + =, optical rotation can
no longer be defined, and the emerging light should be circulafily
polarized; Formally this corresponds to infinite.optical‘rotation.
From éﬁe_foregoing arguments, it is clear that the OR of a

~cholesteric structure is a well defined property only if the sample is

ordered so that the helix axis (ﬁ) is parallel to the direction of the
-6 ~



incident light. This requires that the sample displays a plane téx-
tﬁre. The fecal conic structure does not fulfill this condition.
Since it is known that the wavelength of makimum reflection decreases

with increasing angle ¢i between ﬁ.and the direction incident 1ight,12

‘a certain distribution of ¢i will lead to a distribution of A' values
with an average A' >-E%. Furthermore, if ¢i # 0 the birefringence of
the layers aé seen by the incident wave decreases.

In contrast to most of the one component cholesteric systems,
the CM mixture forms a plane texture when the isotropic melt is slowly
cooled down between supporting quartz surfaces with a spacing of the
order of 10u. The isotropic-cholesteric transition temperature is
61.3 + 0.5°. In the temperature range 61 to 55°, the plane texture
appears to be less perfect than for T < 55°, where the texture consists
of large homogeneous areas showing optical activity but no birefring-
énée. Fig. 1 shows the specific optical rotation of CM at various
temperatures and spacings of 10u and 3u. Data are taken on a cooling
cycle; however, the same results are obtained on heating. The most
remarkable result is the pole of the r(T) curve at T = 42.2°. For thin
samples, r is greatly reduced in the temperature range where Z/2 is
comparable with the sample thickness d. This is indicative of a dis-
turbance of the cholesteric structure by wall influences similar to
thaf leading to the formation of the Grandjean lines in wedge type
samples.13 For d 3_10ﬂ r is practically independent of d. Near the

temperature Tnem where r(T) > ® , the "extinction" current of the

photomultiplier, i.e. the minimum current which can be achieved when
-7 -



polarizer and.analyzer are'in extinction position,kdisplays a sharp
increase (seé.Eigf~l). |
From the é%perimental results, it follows that the

pitch of cholesteric CM always fulfills the condition nZ > 5893A&.
&herefore, the change in sign of the optical rotation mﬁsf'be

due to an inversion of the helical étructure‘at Tnem = 42.2°. Uponw
ﬂlowering the temperature from T >:?nem“to T < Tnemﬂqne_goeé'from a
right handed to a left handed structure. This must be related to the
.féct thaf CM is a COmpenéated stéucture of two.domﬁoneﬁts which separatelyA

form helices of opposite.senses - a right handed cholesteryl chloride

and a.left handed cholesteryl m.yristate'helix.l4 A helix inversion

in a siﬁgle component system (cholesteryl-2-(2 ethoxyethoxy)ethyl-
carbonate) had been reported by Durand.15 It can; however, be shown16
that Durand actually dealt with a mixed system due to the presehce of
imﬁurities. ;
Calculation of‘tﬂe'pitch Z(T) from the experimental data

using eq(2) requires kﬁowledge of the birefringenpe d of the layers.
Since no déta are available for o the six Z-values reported by Sackmann
et'al8 were used to evaluate d(T) using eq(2). o decreases approximately

2 at 60°. 1In a system

linearily from 4.75 x 1072 at 25° to 3.4 x 10~
composed of two kinds of ﬁolecules>with different optical anisotropy,
the resulting birefringence depgnds on the relative molecular orienta-
"tion. sThe preseht results show thgt in CM the relative positions of

C and M ﬁolecules change>§ith femperature giving rise to an inversion of

the helical structure. Therefore, it is to be expected that o also

varies with temperature.



The empirical r(T) relationship was used to calculate the

complete Z(T)-curve (Eig. 2). It is symmetfic with respect to an

i

nem” | -

, axis through T =T . ' Some deviation in the temperature range 61-55°
is iprobably due to theiimperfect plane texturg, leading toilower r
values. The angle betw?en successive layers offfhe cholesteric
structure can be derived from Z using thé relation ¥ = 360 « a/Z
assuming a layer spacing a = 58. The curve (Fig. 3) illustrates that.
the displacement of successive 1a§grs is a linear process like thermal
expansion. The emp%rical relation is ¢ = 4.4 x 10—3 (T - Tnem) (deg).
Upop passiﬁg the temperat }e T = Tnem’ thé polarimeter— |
multiplier current with polarizing and analyzing nicols in extinction
position increases by nearly two orders of magnitude indicating a
_decrease in the degree of polarization of the emerging light. However,
the turbidity and therefore the transparency of the sample for un-
polariéed light remains practically unchanged. Therefore, depolariza-
tion of linearily polarized light cannot be due to an increasing
number of scattering centers. It can only be explained by an increase
in ellipticity. The ellipticity is defrined by e = arc tan (b/a) where
a and b are the major and minor axes of the ellipse which the electric
'vector'of the light is describing. The ratio b/a must be equal to the
ratio of the multiplier curreﬁt at extinction and transmission setting

of the analyzer. Fig. 4 shows that e has a sharp peak at T = Tnem

as one would expect from theoretical reasons. The fact that e does not
reach 90°, i.e. that the emerging light is not circularily polarized,

-9 -



is probably due to the fact that the wall imposes some net preferential
direction onﬁtheEbptical axis of the nematic phase.

II. Electric Field Effects on the Optical Rotatory Power

. The results presented in the preceding section can be regarded
‘as further experimental confirmation for the validity of de Vries'
theory, and in particular, for theilinear relationship between optical
—-rotation and pitch of the helix. Therefore, the optical rotation can

be used as a probe for field induced changes in the helical structure.

A. Electric Field Parallel to the Helix Axis

In a preceding paper,7 we have reported on the influence of
an electric field applied parallel to the helix axis of a cholesteric’
CM sample which was ordered by wall effects. As long as d > ZO/Z the
influence of the walls on the pitch of the cholesteric structure
is negligible., However, for F£<FfFu where Fu deﬁotes the thgeshold field
fdr inducing a cholesée;ic—nem;fic phaée transition, there appéared»to
bé ; helicél distortion théh was not accompaniéd_by a cﬁange in the
plane texture of the material. From an analysis of the field induced
change in the low frequency dielectric constant, it was concluded that
in this field range the long axis of the molecules are bent by a small
angle (54°) towards the helix axis. The driving force is the torque
Ef=‘i?k ﬁ; which the field exerts on the dipole moments ﬂ; of the
cholesteryl chloride molecules. The result is a éonical perturbation

of the helical structure with the helix axis and E;still being parallel.

; (. 4 o' ) -
According to Meyer's theory, the relationship Fu/F£ k22/k33 should

- 10 ~



be fulfilled. F£ and Fu mark the lower and upper threshold field for
helical,perthrbation without phase destruction. They are connected

with the pitch and the dielectric anisotropy Ae,, by (Flfu)l/z =
’ 1/2

24/Z +f 4“k22 (3); k., and k,, are the elastic constants for
0 —EE;— 22 33 :

torsional and bending strain. It was also predicted that in the field

>

range F£<F<Fu

F
Z(F) = —§£ *Z )

The relati&e change in pitch occurring upon field variation between
Fﬂ to Fu should thegefore Be Z(Fﬂ)/Z(Fu) = Zo/Zu = k22/k33 = 4.1i0.5.7
This tightening up of the helix prior to the field:inducéd cholesteric-
nematic transition is surprising and required experimental vefification.
The field dependence of the optical rotation in a CM sample
was measured under the condition fiL h at several temperatures, i.e.

several Zo—values. Z(F) is inferred from r(F) by means of

T=const
eq(2) using the empirically determined value for o. The transparency
of the sample could be used as a probe for the occurrence of a phase
transition. The nematic phase is aligned by the field and does not
sﬁow remarkable light scattering. Therefore, the polarimeter phpté—
multip;ier current at the extinction position of analyzer and polarizer
decréases sharply by about a factor of 50 for F>Fu. This allows
detérmination of Fu. In the r(F) curve (see Fig. 5) the phase transition
panifests itself by_a sudden drop to zero: the aligned nematic phase

is optically positive with the optical axis || F. In parallel light

propagating ]{f; the_iiquid crystal must therefore behave optically
- 11 -



.isotropic and inactive. ‘In the field range F£<E<Fu, however, r(F)

décreases monotogically, which indicates that éhé pitch gctually

dec;eases.k Moreéver, thé QQnditidﬁazo/Zu = Fu/FZ is fulfilled (seé

Table I). ’
*Table I

Relative Field Induced Change in the Helix Pitch

RN EIF, oz lz
2.3 4.7 4.0
2.9 3.8 2.9
4.3 3.9 4.5
5.8 3.3 3.6
6.8 4.3 4.9
8.0 3.7 4.3

13.7 ' 3.7 4.3

average 3.9 4.1

The average numerical value agrees very well with the value 4.1 derived
from capacitance measurements. The absolute values for EL and Fu fit
~eq(3) if the p;ey%ous}y“dgteimiqed valges for k22 and the dielegtric
anisotrop?Aq‘arewinser;gd.7 B
. The proposed functional dependenée for Z(F) (see eq(4)) is not
confirmed. This is not surprising, since eq(4) would imp;y a dis-
continuity of ZKF) at £he beginﬁing of the helical perturbation. There
is; however, mno phyéical reason for any discontinuity and a better
approximation in the theoretical treatment would probably &ield a

- 12 -



Z(F) relation which is closer to the experimental curve. Empirically
. . ’ od :
the relation’

2 =z [1 - (F/F )"

‘with n = 3.0i0.2 is fulfilled in the field range 1.2F£fF<058 ¥, (see
Fig. 5). |

It is necessary to comment on a process which could lead to
a field depéndent decrease of the optical rotation withoufrinvolvement
of a change in the helical pitch. ' If the field tends to break up the
cholesteric plane texture and form small cholesteric domains in which
the helix axis has a tendency to align perpendicular to the field, r
would decrease because the light beam is then no longer parallel to g?
and the wavelength of maximum reflection is Ao < nZo, i.e. A' > )\O/nZo
(see eq.1l). TUsing Férgason's calculation of the dependence Of.KO on
the angle ¢i between h and the direction of phe inciéent light12 one
finds“tlfxat.¢i must be aboutv45°A§o account for a decrease of_k’2 (and
therefore r) by a factor of 1.5. This rough estimate shows that the.’
"cholesteric" domains would have to be rotated‘by an angle >45° in
order to explain a reduction of r by a factor of 4. Thié could be
possible only if their dimensions are smaller than the sample tﬁickness,
which is about lOﬁ in the presént case, Microscopic observation, how-
ever, shows that the plane texture of CM consists of homogeneously
ordered regions of an area of the order‘104ﬂ2 which are eéseﬁtially
préserved upon éﬁplication of a field F < Fu. Furthermore, the trans-

- parency of the sample does not change significantly for F < Fu indicating

the absence of formation of new scattering centers. Since the ordering

-13 -



effect imposed by the ngls‘on the cholesteric structure depends on
the pitch, ahy fiéld inéuced macroscopic orﬁéring should deﬁend on
Zo’ whereas the observe% ratio of_ZO/Zu is independent of Zo (see
Table I). Therefore thé influence of the dec eleqtric field on the
cholesteric phase of CM:must take plgce on a microscopic level,
involving bending of the individual molecules towardé the field
direction and tightening the helix.‘ This microscopic‘effect should
not be confused with previous repé;ts on the influence of electric
fields on the cholgsteric phase which dealt with field induced re-
, 17 .

orientation of the helix axis.

B. 'Electric Field Perpendicular to the Helix Axis

Application of a magnetic field perpendicular to the helix
~axis should result in a destruction of the cholesteric phase and
formation of a nematic phase if the anisotropy of the diamagnetic
sﬁsceptibility Ay > 0. This process has been t£eated theorétically

. by De Gennes{l He found that the critical magnetic field Hc for which

2 k

m

the pitch diverges logarithmically is H = —m— ( —ZZ')l/Z
c 2Z Ay

theory has been confirmed independentl& by Durand et al5 and Meyer.6

(5) The

If the dielectric anisotropy Ae; is positive - as it is with the CM
system, since the major électric dipole.component is that of thevhalide
bond which is ngarly parallel to the long molecular axis of C molecules -
the same relationship should hold for CM upon application of a dc
electric field 1:ﬁ.18 |

Therefore, the optical rotatory power r(F) of cholesteric CM

‘ - - : .
was measured under the condition F ) h. r(F) increases with increasing

- 14 -



“F. The field dependence of the pitch calculated from eq(2) is plotted
in Fig. 6. The increase with F is in good agreement with De Gennes'
theory. The critical field values Fc for phase transition are listed

'i - o
in Table II together Wifh the calculated kzz/Agfvalues.

j
) Table 1T

Critical Electric Field Values for Phase Transitions

When ﬁ_L;;

-T(°C) Sz, W) R (Rven ™) k,, /b€, [dyn]
56 2.8 13.0 4.8 x 1077
47.5 8.3 5.7 8.0 x 1077
40.0 18.0 3.5 14.0 x 107/
31.3 5.1 17.0 27.0 x 1077

The temperature dependence of (kzz/Ae)-l fits an Arrhenius plot with
an activation energy of 0.6*0.05 eV. The same activation energy had
been méésured for the absolute values of kzz—l.

The dielectric anisotropy Ae, 1is defined as the difference
between the €; value perpendicular to 'the helix axis of the cholesteric
structure and the € em value of the nematic phase aligned parallel to
F. Because of the low capacitance of the sandwich cell arrangement,
it is not possible to measure Ae, directly. Since, however, k22 is
known, it can be inferred from the experimental value of kzz/Aglthat
Be, = 0.45%0.1. There is a second way to calculate Ae,. It can be

assumed that in the aligned nematic phase € em is independent of

whether F has been applied parallel or perpendicular to helix axis.
- 15 - |



Therefore ggem can be t;ken from previous measurement7 in which F

was paraliei to B; g, o% the cholesteric phase forming a plane texture'
can be calculated from %he'individual dipole moments.7 Application

of Onsager's theory19 Jields g, = 5.430.1 at 45°, Since € om = 5.8

at 45°, one gets Aey =f0.4iﬂ.1 at 45° in agreement with the experimental

value.

With the parameters Ae"?vAel, k22 and k33, the ratio of the

'critical fields parallel (Fu) and .perpendicular (Fc) to the helix

axis necessary to destroy the cholesteric structure can be determined.

Combining eqs(3) and (5) yields

4 'CH 1/2 } 1/2
Fu/Fc - ;?( Ae" ) (k22/k33)

Inserting A;L/Aé“ = 0.25 and k22/k33 = 4,1 gives F.= 1.3 Fc' This

means that rotation of the molecules within a plane perpendicﬁlar'to

the helix axis requireszless energy than tending to align ;ﬁem parallélr
“““t§~the'helix~axis. In ; bulk sample, where the wall influence on the

local direction of the helix axis is neglig}ble, it therefore is likely

that an electric field tends to align the helix perpendicular to the

field followed by helical breakdown.

- 16 ~
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"Figﬁre Captions

Figure 1: Specific opt1ca1 rotation of a 1.75:1.00 mixture of cholesteryl
.chloride and Jholesteryl myristate. (1) lOu sample' 2 3u
sample - —:, photomultiplier current at extinction position
ofjpolarizer and analyzer;

Figure 2: Temperature dependence of the helix pitch of CM. .The curve has
been fitted to Sackmann ;t al'ss.data ).

Figure 3: Temperature dependence of the angle between successive layers
of the cholesteric struct ce of CM.

Figure 4: Temferature dependence of fhe ellipticity of light emerging
from a cholesteric CM sample which is irradiated with plane-
polarized light.

Figure 5: Dependence of the helix pitch of CM on an electric field
applied parallel to the helix. Z(F) is only defined for F < Fu.
The abrupt drop of Z(F) at E = Fu is due to the sample being
converted to a state showing no op%ical activity.
= = —: Theoretical curve2 Zkf) for FZfF<Fu.

—¢~*—-: Field induced change in the helix pitch [ZO—Z(F)].

Figure 6:. Helix pitch of CM versus elecfric field applied perpendiculér

. . : ' . 1
to the helix axis. - - —: theoretical curve .
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Magnetic Field Effects on a Compensated Cholesterié Liquid: Crystal
- ’!‘ * : . : N
Thomas M. Laronge, H. Baessler and M. M. Labes

Department of Chemistry, Drexel Institute of Technology, Phila., Pa.19104

" By measuring changes in the dielectric constant of a
1.75:1 cholesteryl chloride-cholesteryl myristate (CM) mixture in
«.aihewpresence.of“magnetic~fields-ﬂ:yp to-10 KG, the orientation of
the molecular and helical axes with respect to the field direction
can be deduced, and the possibility of a dependence of the alignment
process on the pitch Z of the helix is explored. When the sample
thickness is much greater than Z, there is no pfeferred direction for
the helix axis in the bulk, and applying H eitﬁer_J_ or || to the
sample causes the helix axis to align |} H. This effect only occurs

at Z > 19p, apd only partial ordering occurs even at T

- . The
nematic

angle § between the long molecular axis of choleste;z}wéh}oride and

a‘plane.t.to the helix axis is reduced by application of H. Since § is

determined bj the internal mgchanical energy oﬁ the cholestéfic structure,
the decrease in § _becomes more pronounced as Z approaches infinity. A
comparison is also made of the effects of electric and magnetic fields

on CM; an electric field of 500ﬂ§/cm counteracts a magnetic field of

the order of 10 KG. The anisotropy of the diamagnetic susceptibility
g . S

—

is deduced to be v 10”



“"Introduction

Cholesteric structures display two typesrof behavior in O-
magnetic field which depend on the anisotropy of the diaﬁagnetic
susceptibility of_the constituent moleculés.l_6 If we define two
components of the magnetic susceptibility,xé and Xg o parallel and
perpendicula; to the long molecular axes, the two cases can be
described as follows: l

(D When‘X“— 0, then the long molecular axesvtend

X J..>
to align parallel to an aﬁpliedvmagnetic field producing an orienta-
tion of the helix axis perpendicular to the field. Above a critical
magnetic field Hc’ helical unwinding can occur. This effect has

been observed by Durand et al4 and by Meyer5 for a cholesteric phase
consisting of mixtures of p~azoxyanisole and cﬁolesteryl esters.

(2) When Xn - xlf 0, then the léng molecular axes tend to
align pefpendiéﬁiér to fﬁe<ﬁﬁéﬁeziéwfiéia_brbduciﬁé’énlbfientation '
of the helix axis parallel to the field, and no helix unwinding can
occur because no field induced torque can act on the individual
molecules in an aligned helix. Experimentally, thig macroscopic
reorientation of the helix axis was suggested bj Sackmann et al3 from
MNR results on a study Qf»benzene dis§§1ved in a cholesteryl chloride~
chélesteryl myristate (CM) mixture, and subsequenfly confirmed by
observing a periodically varying refractive index in a 1.75:1 CM

- sample aligned in a magnetic field of 20 KG for several hours.6

-1 -



The aim of the present investigation was to examine the

. possibility of a correlation between the pitch of the helical structure

*

ahd the degree of’orientat%pn produced by a constant magnetic field.
Since the dielectric constant € of such a matefial-depends on the
average o;ientatibn of its permanent dipoles,‘éonitoring changes of ¢
in the presence of an applied magnetic field can serve as a probe for

molecular rearrangement.

" Experimental

1.75:1.00 CM miitures (by weight) were prepared from
compounds obtained from Steraloids, Inc., and melted between silica
discs partially covered with tin oxide electrodes.. The electrodes
were separated by teflon or mylar spacers in the thickness range
12.7 to‘254ﬁ . The éamples were mounted in an optical cell which

could be heated with a controlled temperature nitrogen stream. The

cell was mounted between the poles of a special 6" Varian magnet

mounted on trunnions to allow rotation of the field direction with

" respect to the sample. Dielectric constant measurements were made

with a General Radio 1608 A Impedance Bridge at a frequenéy of 1 Ke.
The uncertainty of the capacitahce values is less than 0.5%. DC

electric fields were applied with a Keithley 241 power supply.

" Results and Discussion

Fig. 1 presents the changes in the dielectric constant Ac

observed with magnetic fields applied to a 127ﬁ thick sample as a

-2 -



_function of temperature. Fields applied parallel to the sample plane‘
cause an increase in the dielectric constant at temperatures near

T ematic = 42-43°, '(Field; applied perpendicu;ar to the sample plane
‘prodﬁéé a dec;éasé in the dieiéctric constant af the same temperatures.
This effect can only be observed on samples which are no£ strongly.
oriented»thrqughout the bulk by wall effects; a 12.7ﬂ thick sample
shows mno change in e‘ﬁith 7 KG‘fields perpendicular to the sample
plane. '

The 1atte£ fesult is plausible since microscopic obsérvation
shows that thin samples of CM display a plane téﬁture.. Hence, the
helix axis is already oriented perpendicular to the sample plane by
wall effects, thus satisfying the condition of minimal free energy
with a magnetic field applied perpendicular to the sample plane.

The situation is different with thick sam@les. Usually it
‘is‘asSumed that the aligning influence of the walls extends over a
suif;ce iayer of a thickness cbmparable-witﬁ fherpifch Z. Therefore
for a éample thickness d >> Z, there is no preferred direction for
the helix axis in the bulk of the sample. If ﬁl.is appliéd and the
helix axis E aligns parallei to ﬁ: the dielectric constant should

approach the value observed with thin samples. This, howevef, is not

: : 8 . ;
the case: in the temperature range where Z is low, .the dielectric

constant is equal or slightly below the zero field curve. Furthermore,
the reproducibility of both these curves is poor (#0.1 é—units),

indicating that the field does not eliminate fluctuation in the volume

-3



ofientation~pattern, and that the orientation effect exerted by a
field of 10 KG on a cholesteric phase with a pitch < 10ﬁ is very small.
Near T = Tnem’ in a temperature range where Z > ZOﬁ , the
dielectric constant with H perpendicular to the sample plane, drops
below the zero field curve7 both for thick and thin samﬁles (neglecting
wall effects on the zero field-curve for thip samples in a temperature
range where Z > 2d) and the E‘valués are quite reproducible. This
indicates that the cholesteryl chloride molecules, which have a dipole
moment parallel to their long molecular axis and which have been shown
to give the major contribution in the dielectric constant of CM,7_are
rotated so as to make their long axes (f:) parallel toithe walls, i.e.
;ic tends to align perpendicular to ﬁ: In the cholesteric phase of
CM,‘f; makes an angle § between 25° and 20° with any plane perpendicular
to the helix axis.7 The fact that § >0 implieé that in a thin sample
Withf; pérpendicular to the walls, the C molecules can contribute to €.
VThe red&ctionwéfmé4és;é;§éd Witﬁ’application of Hlmust therefore
correspond to a reduction of 6. Since, however, & is determined by
the internal mechanical energy of the cholesteric structure, at constant
field the decrease of § becomes more pronounced as Z approaches infinity.
The maximum H- induced drop of € at T = Tn;m can be determined from a
prgvious measurement of the dielebtric increment Ael arising from the
C molecules in the cholesteric phaée.7 If full aiignmenf‘of%;_L ﬁ.had
been achieved, the‘dipole moment.§; can no longer contribute to £ , as

is the case when € is measured at freqﬁencies far above the dipole
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relaxation frequency. The fact that Ae, = 0.8, whereas the observed

1
~decrease of £ attﬂi_= 10 KG is only 0.3, shows that at H = 10 KG a
saturation alignment of the nematic phase of CM has not yet been
achieved. “
The reSﬁlt‘that magnetic fields belo% 10 KG are imsufficient
to comp1e£ely orient a cholesteric structure composed of nonaromatic
molecules is more clearly demonstrated by the e(T)-curve in the presence

of a magnetic field parallel to tlie sample plane. When the helix axis

is rotated n H one has cylindrical symmetry of the C dipole component

-

lﬁcn‘ =|ﬁ;| cos ¢ & \uc\arouna the helix axis which is perpendicular
to the analyzing ac fieid direction. The resulting dipolar polariza—'
bility would be ac = ui/ZRT instead of e = ui/BkT for a macroscopically
. disordered structure. A calculation of the resulting € from the Onsager
formula, using previously determined values for the dipole moments of
C and M mqlecules7 yields € nax (B ) = 5.4. When going from the iso-
S - AN
--tropic melt to-a cholesteric structure with h [| H and H'l'Fac"e should
increase by 079 €-units. Experimentally, no such increase is observed
except near T = Tnem’ where again'the nematic phase ;s pa?tially
ordered, as is demonstrated by the increase of € by N 0.3.

These results suggest that at moderate magnetic fields only
those éliphatic cholesteric structures can be oriented which show
helical compensation. One has first to achieve saturation aligﬁment
of the nematic phase. Upon subsequen; temperature variation, the

helical structure will rebuild in the sense giving a condition of

minimum energ&.
; _ 5 -



"Fig. 2 compares the effect of an electric field and a
magnetic field applied to CM. Both fields are applied perpendicular
to the sample;kthe electric field tends to align C molecules
perpendicular to the'walls; the magnetic field tends to align C
+ molecules parallel to the walls. An electric field of the order of
500 V/cm thus counteracts a magnetic field of the order of 10 KG.

The relationship between magnetic field effects and electric
field effects has been examined for nematic materials by several
Workers.'g’ioy‘Assuming that aligement depends on the anisotropies
of dielectric constent and diamagnetic susceptibility, the foilowing
energy relationship should hold:

2 2
E° Aefbdn = H Ay

" This of course is only an approximation, as Carr has discussed,9 and

has to be modified if the anisotropy of the coﬁductivity is signifi-

cant. For p-azoxyanisole, the ratio E/H is ~ 1, although Rowell et al10

’report_ﬁ7ﬁ*¥ 2 for deuterated p-azoxyanisole as estimated from NMR
measurements.

Clearly in the cholesteric system where E/H " .05, AX must
be much smaller than for the aromatic nematic system. Using the value

for Ae/4m = 0.13 determined in our previous work,7’ll

the order of 10—9. No direct measurements of susceptibilities or their

Ax must be of

anisotropies are available for cholesteric liquid crystals; experiments
are in progress to obtain these values.
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-44Figure'Captions

Figure 1l: Change in the Dielectric Constant as a Function of Tempera-
ture for Magnetic Fields Applied Perﬁendicular'and Parallel

-to the Plane of-a 127p Thick CM Sample.

Figure 2: Change in the Dielectric Constant as a Function of Electric
—Field for a -CM Sample with and -without an Applied Magnetic

Field of 10 KG Perpendicular to the Plane of a 127y Thick CM

(-]
.

Sample at Tnematic *



0.3

A€

= 0.1 b=

~-0.2+—

-03

[ l

Res |

70

60 50

- TEMPERATURE

(°C)

40

30



R e B = T ) i St

| (1-W9A) Q7314 01¥.L0373
. 00! 002l 000l 008 00S 2IS 00b 002 0
_ _ | | Lo _ v0-

L0



