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r ~~ BRIEF OUTLINE OF RESEARCH FINDINGS

The purpose of this grant was to explore structure—property

relationships in aligned chiral nematic (liquid crystalline) phases. Much

basic information was missing: for example, how rapidly do molecules

diffuse in a liquid crystalline phase? What aspects of molecules’ size,

shape and functionality affect the molecular “twisting power” of solute

molecules in chiral liquid crystalline solvents? What factors define the

defect structure of liquid crystalline samples? All of these questions

were examined during the course of this grant, and the following results

were obtained.

Diffusion in Liquid Crystals:

An optical method for determining diffusion coefficients and

their anisotropy was developed and applied to several systems. See papers

(1) and (6) listed below.

Analyses of Pitch Concentration Dependences in Multicomi, .~nt Liquid Crystal

Mixtures:

A general equation was developed in which pitch in a mixture of

liquid crystals is expressed as a quadratic function of the number densities

of component molecules of given molecular twisting powers. The equation

successfully treats and is predictive of twisting power over the entire phase

diagram of binary and ternary liquid crystal systems. See papers (2) and

(3) listed below.

Molecular Twisting Power Anomalies:

A literature report of an unusually large twisting power of a non—

mesogenic solute was shown to be incorrect. The effect is due to a chemical

— 2 —  



reaction between solute and solvent. See paper (5) listed below.

Texture and Disclinations in Nematic and Cholesteric Liquid Crystals:

An attempt was made to understand structurally the reasons for

the various textures observed In liquid crystal films as well as their

defect structures, including the development of a description of a new

theoretical generation process for disclinations of integer strength. See

papers (8) and (11) listed below.

Several other Investigations relating to the phase diagrams,

electronic, and electro—optic properties of liquid crystals were also under-

taken during the course of this grant.

Study of Molecular Complexing in Liquid Crystals:

It was discovered that mixing liquid crystal binaries from donor—

and acceptor—like materials leads to unusual phase diagrams —— double eutectics,
increases in nematic—isotropic phase transition temperatures, non—linear

dielectric properties, and desirable electro—optic performance characteristics.

See papers (4), (9) and (10) listed below.

Pyroelectric Effect in Chiral Smectic C and H Liquid Crystals: (partial support)

The ferroelectric—like structure of the chiral smectic C and H

phases was confirmed by the experimental observation of a pyroelectric effect.

See paper (7) listed below.

Fluorescent Liquid Crystal Display:

An electric field—induced cholesteric—nematic transition on a

sample containing a europium chelate guest molecule of little or no polari-

zation shows contrast ratios as high as 9:1 for its brilliant red (612 nm)

fluorescence. See paper (12) listed below.

— 3 —
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New optical method for studying anisotropic diffusion in liquid
crystals*

H. Hakemi and M. M. Labes
Department of Chem istsy. Temple University. Phi ladelphia. Pennsyh’ania 19122
(Received 7 June 1974)

A new approach to study ing diffusion in liquid crystals is described in which the optically observable

textural changes in a nematic phase caused by ~ cholesteric diffusant gives direct visualization of the

concentration gradient. Utilizing either homeotropic of homogeneous alignments under different

boundary conditions, and with and without an applied magnetic field, the parallel and perpendicular

components of the diffusivity have been determined for a chotcsteryl ester diffusing into

N -(p .methoxybenzylidene)-p -n .butylaniline as a function of temperature. The diffusion coefficients in

the isotropic phase can also be determined by annealing at a high temperature and quenching to

room temperature. whereupon the cholesteric texture is again developed. Values of the diff usion

coefficients and the ictivation energies of the diffusion process are discussed and compared to other

available dais.

INTRODUCTION cies in the methodologies employed. For example, in

Although the very name “liquid crystals” identifies a the isotropic phase of p-azoxyanisole (PAA), values as

basic property of flow while orlentational order Is main- 1ow~
4 as 4. lx lO~ cm2 sec ’ and as hlgWT~U as l.7x 10”

tam ed, the nature of this flow on a microscopic basis is cm2 sec ’ have been reported for the self-diffusion coef-
ficient. Values for D, in the nematic phase of PAA as

not well understood. Progress has been made In relating high’7 as 2X1 O~
5 cm2 sec ’ and as low” as 4 .Lx 10” cmt

experimentally dete rmined viscosity coefficient s to con- sec ’ are also reported . Results with N-(p-methoxy-
tinuum theory, ’ but little progress has been made In un-
derstanding diffusio n processes In these systems. Where benzy h d ene )pnbu ty lallllifle (MBBA ) are also Inconsis-

tent
experimental data on diffusion do exist , they are not con-
sistent from method to method , nor with viscosity data . In this paper , we report a totally different approach

This lack of progress is somewhat surprising, since to studying diffusion In liquid cyrstals In which the opti-

Svedberg first recognized the importance of measuring cally observable textural changes in a nemat ic liquid

diffusion coefficients in liquid crystals many years ago 
crystal caused by a cholesteric diffusant give direct

and studied magnetic field effects on rates of diffusion2 visualization of the concentrat ion gradient. The method

and rates of reaction3’4 in liquid crystal phases. He was 
is both conceptually and experi mentally simple; it readi-

fascinated by being able to control diffusivity and reactiv- ly lends itself to studying the anisotropic components of

ity in these pl~ases. 
the diffusivity In both cholesteric and nematic systems
as well as diffusion In the isotropic phase. Data are

The significance of the problem may also be viewed in presented for a cholesteryl ester , cholesteryl-(—XR)-

terms of the current use of liquid crystalline phases as 2-methylvalerate (CMV), diffusing into MBBA . Several

models for biological ordering. That biological systems boundary conditions are employed , and the data are
are replete with liquid crystallice materials has been shown to be sell-consistent .
frequently reported . For example, Stewart’ showed that
complex lipids present in the adrenal cortex, ovaries, EXPERIMENTA L
and myelln exist at body temperatures in a characteris-
tic mesophase. Robinson’ has shown a widespread oc- Material s
currence of the cholesteric phase In polypeptide solu-
tions and biological structures. In earlier work, we 

CMV was prepared as previously described .~ The
optical purity of the ester was determined by an NISIR

suggested that liquid crystal line orientation in a magnetic method utilizing the lanthanide shift reagent Eu(DPM)s ,
field might offer a possible explanation for some of the and found to be 91 * 1%. MBBA was obtained from Eaat-
rathe r controversial effects reported for magnetic fields
acting on biological systems.7 The occurrence of meso- man Kodak Co. in a pure grade sealed in septum bottles

for ms in membrane structures ,’ the known response of 
under nitrogen (Eastman X11246). A solution of CMV in
MEBA was used as the diffusant source Into MBBA sam

lyotroplc , • nematic, ‘° and cholesteric” phases to mag- pies which were carefully aligned by wall effects in the
netic fi elds, led us to study the change of diffusio n rates manner described below.
through a thin liquid crystal “membrane” by a magnetic
field,” and Indeed such changes were noted . Homogeneously aligned nematic

There has been only one attempt to develop a theory MBBA was placed between two silicon monoxide coated

of diffusion In mesophases. ‘~ Experimental approaches glass plates” separated by a mylar spacer , typicallY

Include quasielastic scattering of cold neutrons, ““ 12.7 j .tm thick . With the plates properly coated and

proton spin echo methods, ’4 ’ ~~~ and radioactive tracer oriented, a unlaxial alignment can be achieved , in whiCh

tr ’choiques for bot h 3eIf - ’4 and impurity ” diffusion. Re- the molecular axis Is parallel to the glass walls, the S0

~~~~~~~~~~ AllficuILisö ~~~ lsconsistefl- called homogeneous ali ncn ent . The my lar spacer w3~~~~~~
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cut so as to provide a rectangular path —0. 2 cm wide and ~i cm long. A thin strip (—0 .05 cm) of diffusant mixture
~as placed along the edge of the top glass plate and al-
lowed to diffuse linearily Into the rectangular path. Fig-
ure 1 is a photograph of the observed texture of the
MBBA after diffusion has occurred, developing lines 1,/j [fl~~i. .
renhiniscent of the Grandj ean structure in cholesteric ~~~ . ~~ . ‘x- .. —

tiquid crystals . 27

HomeotropiCallY aligned nematic FIG. 2. DiffusIon pattern for
CMV in a 12 .7 g~m sample of

MBBA is placed between two lecithin coated glass ..a’ f~” homeo trop ically aligned MBBA
plates,” giving the homeotropic alignment in which the “ ‘

~ 
of 22°. Diffusant source Is at

molecular axis is perpendicular to the glass walls. If the bottom of the photograph.
coatings are prepared by dipping the plates in a dilute ~~~

. . I 
~~(

•

chloroform solution of lecithin, no rubbing is required ‘ -

to achieve well-oriented samples. Linear diffusion ex- ~~~- .L

perl.ments were conducted in an exactly analogous man- / r- .. .

neT to the homogeneous case, and Fig. 2 is a photograph ‘ 

~~~
. :

of the observed texture after diffusion has occurred . ,! ~. . ‘ .

i~bo pattern developed is the fingerprint texture of cho- 
,_ ~ .: ~~~~

lesteric liquid crystals.” The size of the fingerprint is 
~O.5related to the pitch of the helical array, which in turn -

depends on the concentration of CMV in MBBA . Alter-
sately, two round glass plates —1 } In. in diameter were
used with the top plate drilled with an 0.06 cm diameter Experimental procedurebole. The diffusant was Inj ected into the hole and al-
lowed to diffuse radially, producing similar patterns to Glass sandwiches were placed in eithe r a Unitron Hot
that shown in Fig. 2. Stage or a brass cell through which liquid from a con-

stant temperature bath was circulated, providing ± 0.25°
temperature control. The brass cell design has been
described previously .’0 The diffusio n gradients were

_______ 

photographed through a Nikon LKE microscope with
____

_
__

_ 
— ., 

______ 

crossed polarizers at 25—300 times magnification . The
_______ ~~

‘°

~~~~
-- brass cell could also be placed in the gap of a 9 in. elec-

_____ ~~~ - • .‘~~~..Z . tromagnet and a field of 10000 Oe applied either parallel
_____ ~~~~~~~~~~ T . or perpendicular to the original molecular axis align-

~~~~~~~~~~~~~~~~~~ fo ment . In the Isotropic region, the samples were held at
••Y~. the anneal temperature and then quenched rapidly to

_____ 

~~P ttu1~e, whereupon the liquid crystal texture

_____

~~

. 1  
.°~~~~~~~~~~~~ The initial concentration of CMV in MBBA was varied

_____ ~~~~~—~~
- -

~~ 

. In the range 5%—50% by weight, most experiments being
_____ conducted at the 5% level. Thickness of the samples was
_______‘

~ 

~~~~~~~~~~~~~~~~~~~~ . 
_____ varied from 6 3—36. 5 ~.t . Anneal times varied from —3

to 5 h in the isotropic phase to — 1 .5 to 3 days in the

~ 
K 3  nematic phase . There was no observable effect of these

(C) three variables on the values of the diffusion coefficients
within the experimental error.

________ 

Pitch-concentration relationship
C3

‘ Pt For the bomeotropicaily aligned nematic, where a
________ 

.4 fingerprint texture is observed, one expects a plot of
2 

T pltcif ’ vs concentration to be lInear at low concentra-
_..2~ _,, , 

tions, provided the sample thickness is much greater
I than the pitch.” When pitch becomes larger than or

comparable to thickness, difficulties are encountered ,
3 2 I (X) because wall effects cause considerable tilt in the hell-

SIC. 1. DiffusIon pattern for CMV in a 12.7 ~im sample of coldal arrays. A determination was therefore made of
bomcg.neoualy aligned MBBA at 22°. When P,/2 is an Integral the precise pitch—concentratio n relationship over the
Siultiple of the thickness, a Grandje an line appears. Diffusant entire range of concentrations used in the diffusion cx—
SOurc,c, Is it the left of the photograph . periments and is given in Fig. 3; concentratIon data

J. Chern. Phys.. Vol. 61, No. 10, 15 November 1974
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I I I F / By substituting (1) and (3) into the diffusion equatIon (2),
one obtains

300 - ‘ k= (~~~~Lf a  exp (—4/ 4Dt) .

7’ Thus, by simply measuring values of x , at a time t, one
can determine the diffusion coefficient D from the equa..

o 0 tion
200 - / ink = const —4 /4Di . (s)

It would obviously be best to develop the diffusion pat-
tern unt il a large number of Grandjean type lines ap-
peared and graphically evaluate Eq. (5) f rom a plot of

100 ~~~~~ - Ink vs 4. in most of our experiments, when the inida.[
diffusant concentration is low, only two or three k values
could be observed, and hence the determination of D was
done by calculating the slope of the Ink vs 4 relationshIp
from only two or three points.’t

0.5 1.0 1.5 20 In this configuration, the diffusant is entering a ma-
CONCENTRATION 1%) trlx in which the long axes of the molecules are all par-

allel to the diffusing path, so that one is effectively de—
FIG. 3. Reciprocal pitch (cm ’) vs concentration (weight %) of termining D ,. Values determined in this way are plotted
CMV In MBBA at 24. 5 . Sample thickness is 12.7 Ji m. In Fig. 4 at several temperatures in the nematic phase.

It can be seen that D,1 is only very slightly temperature
dependent .

were corrected for the nonlinearity of this curve where
To verify that the molecular alignment caused by wall

~ecessar r . effects Is essentially complete and that the helical on-

i~ ESU LTS entations created in the diffusion process do not appre-

Diffusion into homogeneously aligned nematic

When a cholesteric diffusant establishes a concentra- TEMPERATURE (‘C )
tion gradient in a homogeneously aligned nematic phase, 21 30 39.5
a pattern of Grandjean lines is established similar to I I I
those observed in a wedge-shaped space conf ining a
cholesterlc liquid crystal.27 The Grandjean lines arise 6 - 

—— 
-

at equidistant intervals where the gap in the wedge is a 
~multiple integer of the half-pitch. As is shown in Fig. 

- x....... p— 
~~
-

1, when an exponential concentration gradient is created —_ 

• 
, ..- ,

by the diffusion process In a fixed thickness sample , ~~~ -

there should be distances at which the thickness is again .~~ 2 V
a multiple integer of the half-pitch, but these distances ~ ..~~~~

‘ 0
are variable. At fixed thickness d, pitch P, then has ‘

~, 0~ /o
values according to the relationship ,v ~

dJ ~P, , (1) 
~ 1 ~~~~~

2 /° v
wher e ki s  an Integer (k =l , 2,3, ...) . V

For diffusion from a semi-infinite line source into a
plane surface, the appropriate solution of Fick’s law is
given by’° I I

c= (~,ff l) 1~Z exP (— x’/4Dt) , (2) 
~~ 

1/Tx1
3
o
3

~l K-’I 
32

where C Is the concentration of the diffusant at a dis- FIG. 4. Temperature dependences of P, and D5 in the nematic
tance x from the source at time t, M is the total amount phase of MBBA . Uppe r line , D,, under homogeneous bou~dP.XY
of material diffusing, and D Is the concentratlon-inde- conditions; ., no magnetic field applied ; ., 10 kOe magnetic
pendent d iffusion coeff icient . The concentration In the field applied parallel to the walls. Dotted line , D0, extrapO-
experiment can be related to the pitch P, of the helical toted from experiments In isotropic phase. Bottom tine , D~,
array; at low concentrations, there is a linear relation- V, homeot ropic boundary conditions utilizing both disc source
ship and line source~ o, homogeneous boundary conditions with a

10 kOe magnetic fi eld applied perpendicular to the direction of
C, v/ P5 . (3) diffusIon .

J. Chem. Phys., Vol. 61, No. 10, 15 November 1974
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ciably alter, the value of D,, the experiment was con- sant is initially distributed uniformly in a circular disc
ducted with a 10 k~ e magnetic field applied parallel to of radius a and allowed to diffuse into an infinite plane
the molecular axis of MBBA . As long as the sample is surface , the concentration C at radius r and time I is
in the magnetic field, no cholesteric texture is formed ; given by”
i. e., one is above the critical field for the cholesteric—
nematic transition. As soon as the field is removed, the C~~a C0 1 J t (u a) J o(ur) e _ 0t

~
2

du , (6)
Grandjean pattern develops and DH can be evaluated . It °

can be seen in Fig. 4 that the magnetic field has little or where C0 is the initial concentration in the region
no effect on D,. 0< r <a . J 0 and J 1 are Bessel functions of the first kind -t

and of order 0 and 1, respectively . A computer programIt is also possible to determine D~ in a similar manner was used to give the best value of D~ from sets of mea-using a 10 hOe field . In this case, the field is again ap- surenient s of C and r. Values of D~ determined in thisplied parallel to the glass walls and parallel to the uni- manner are plotted in Figs. 4 and 6 and agree well withaxially aligned MBBA molecules, but the diffusant enters D1 as determined by the other two methods .the sample perpendicular to the molecular axis of 
.MBBA . These data are also given in Fig. 4 and corn- Diffusion in the isotropic phasepared with values of D~ determined from the totally dif-

ferent boundary conditions discussed below. When the walls of the diffusion cell are treated with

F

lecithin or silicon monoxide and the sample is heated
Diffusion into homeotropically aligned nematic above the isotropic transition temperature of MBBA ,
Two boundary conditions were employed in these cx- experiments may be conducted to determine D0,  the

per iments. In the first, a semi-infinite line source of isotropic diffusion coefficient , in the following manner:

CMV was allowed to di’ffuse into horneotropically aligned after the diffusion anneal in the isotropic phase, the
MBBA, a configuration in which D~ is determined . The sample is quenched to room temperature. The sample

develops either the fingerprint or Grandjean texture ,
tappropriate equation for this boundary condition is the depending on the wail treatment , and the diffusion coef-same as given in Eq. (2) above . The average pitch is ficient is evaluated in the appropriate manner . Data ob-measured from a group of fingerp rints such as those tam ed in this way, using two boundary conditions, areshown in Fig. 2; the concentration Is taken fro m the cx- presented in Fig. 6 together with the nematic phase dil-perimentally determined pitch—conc entration relationship fusion data. No data can be obtained very close to theshown In Fig. 3. Typical data for inC vs (penetration

depth? are given in Fig. 5. Values for D~ as a function isotropic transition temperature , which is suppressed
several degrees in the presence of the cholesteric dif-of temperature are plotted in Fig. 4 and compared with 
fusant .the determination of .D~ in a magnetic field visualized

under homogeneous boundary conditions.
DISCUSSION

D,, was also determined under homeotropic alignment
using a circular disc source diffusant . When the diffu- By taking advantage of strong wall coupling to provide

orientation and textural changes to provide visualization
of the concentration gradient , a simple method has been
developed to study diffusion in nernatic phases. In the

______________________________ initial system studied, a cholesteryl ester (CMY).was
chosen as the diffusant , and it is obvious that companl- .

I I I I I 

- son with other data requires correcting for the mass
discrepancies, particularly with the relatively high di!-
fusant concentrations required in this method.

One normally expects diffusivities of impurities to
.0.4 - equal that of the solvent when the size of the impurity is

\ 

comparable to or smaller than the solvent molecules. 32
Since D— ~,z~~”2 , data with large diffu sants can be used to

U
.5 estimate self-diffusion coefficient s by correcting the

0 . . data by the approximatio n1’
\l /2D,,,11,,, ‘ lm~~~ i ty  (7)

Dim,,r i ty  (,, ,fl ,øi,,,t /
—0.4 - - Table I compares data selected from Figs. 4 and 6

with earlier work on diffusion In MBBA . For the self -
diffusion coefficient D, at 25°, NMR data by Blinc et
al ,23 give a value of 2* lx l O ’; Murphy and Doane,~’ em-

I I I I I I ploying the solute molecule tetraniethylsilane in a pulsed4 6 S 10 IC 14
X T

* lO
t (Cm ? ) NMR study, obtained a value of lx l 0~ , which can be

corrected for the mass discrepancy to give 0.6x l0~ for
FIG . 5. In concentrat ion (weig ht %) vs (penetra t ion depth)2 ~~ the self-diffusion coefficient . Correcting the data In this
determined from the fingerprint pattern at 26. 5• for CMV work for the mass of CMV gives 0.4 x l0’~ for the self -
di ffusi ng Into MBI3 A . Samp le thi ckness Is 12.7 Pm . diffusion coefficient of MBBA. Other comparisons for

J. Chem. Phys ., Vol . 61, No. 10, 15 November 1974



4024 H. Hakemi and M. M. Labes: Diffusion in liquid crystal s

T.ABLE I. Val ue~e of diffusion coefficients for MBBA .

D,~ x 10~ cm2 sec~ D,,11 x 10’ cm 2 aec~Temp. F,
Method Reference C D 0 D DL V0 V4 P 1 kcal moie ’

NMR 23 21.0 2.0 2 . 0 
NMR 22 43.0 1. 0 1 0  6

NMR
i mpurity 

19 25, 0 ... 1.0 0.6 

Tr itiur n 12 25. 0 .‘. > 0 .5 0.35 •. .  >0 .5 0.35
~r ~cer

.Opttcal thi s work 24 .5 • 0.3 .‘  0.4

Optical thi s work 24,5 0.1 0.13 17 * 2 . 5

Optical thi s work 44 . 0 0.5 0.6 8 * L6

data oA D0 and D1 are given in Table I . It is likely that this optical method of determining di!-

In general, our values for D tend to be lower than fusion coefficients can provide useful data on a number

those reported in other studies; the liquid crystal layers of systems. For example, by employing an optically

are very well oriented and strongly wall coupled , and active nematic liquid crystal as the diffusant into the

these factors , in addition to the problem of properly racemic form of the same material, one can approx.i-

correcting for the mass discrepancy in the diffusant , mate self-diffusion. Such a nematogenic system has re-

may lead to the lower values. One would expect the di!- cently been synthesized by Dolphin et a!.’7 Because of
fusion anisotropy to be roughly the same as the inverse the suppression of the melting point of MBBA by impurity

of the viscosity anisotropy since D i f 1 from the E m -  diffusant , it was not possible t3 determine D close to the
stein equatio n. ‘ising Martinoty and Candau ’s viscosity
data , 1 t~1/i~, l .5. D 1/D 1 at 24 .5° is 3 in our work . TEMPERATURE (‘C )
In a preliminary experiment injecting CMV into uniaxiai-
ly and homogeneously aligned MBBA in a 10 kOe magne- 30 49.5 72
tic field , we observed an elliptical diffusion pattern ; the I

a~dal ratios of this ellipse imply that D ,, ID1 — 1.5 * 0.2 .
Considering the scatter in the present diffusivity data ,
it is not possible to resolve this problem at pre~r ‘ ‘1.

The actl~~tion ener~~ for the diffusion process in the 10 -
Isotropic phase of MBBA agrees fairly well with the val-
ue reported by Ghosh and Tettamant i.2’ No earlier data
are available for the activat ion energies E, of D, and V1 —

in MBBA, but one can estimate an E, for D1 of 7 .3 kcai/ V ,

mole~ for p-azoxyanisole from Yun and Frederickson’s ~ .

data .24 The present value for E, of 111( 17* 2 .5 kcal/ E
U

mote t) seems more reasonable for a phase Intermediate ,~
between a m olecular  solid , where typ ical values 3

~~
3
~ of 2

E, are in the range 20—60 kcal mol&’, and the isotropic ~ o,~ 8
F, of —8 kcat mole~ for MBBA . Extrapolating the D3
data of Fig. 4 to the melting point of MBBA , one would 

,
%o

estimate D1 to be — 0 , 5X10 7 cm sec ’; Blinc et a!.23
05 -

estimate a value for D in solid MBBA , 1° below the
melting point , as O.2x 10 7 cm2 sec~~.

It has been suggested24 that the relationships between
D,,, D1, and D0 ,  the diffusion coefficient in the disori-
ented liquid , Is given by

I I I i

D0 = ~ (2D~ + D ,) . (8) 3.3 3.1 2.9
1/Tx 1O~ (I(~~)

By extrapolating D0 linearily from the Isotropic phase,
and calculating V0 fro m the experimentally determined FIG. ( . Temperature dopendences of D,, D1, and V0 in ne~~3tic ~
values of D, and D1, one has another check on the valid- and isotropic phases of MnII A . Isotropic phase: V , homeotrOP~~
ity of the data. This comparison Is given in Table II. 

ali gnment ; ,, homogeneous ali gnment . Nematic phase: upper
curve , P,. homogeneous bound aty conditions; lower curve , D 1,

be about 20% lower than the extrapolated values , source; a , disc source .
The experimentally determined values estimate V0 to determined under homeotropic biund a~~ conditions; o. Line

J. Ch’~n. Phy~., VJ I . ~ i, r;~ . 10 . lb N~ i~crt~~ ~
,
il l

~

. ~~~~~~~~
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rAU LE II. Com pa rison of P t~ 10~ cm2 see ’1) extrapol ated from ‘C. Robin so n , Trans. Faraday Soc. 82 , 57J (1956).
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Pitch-concentration relationships in multicomponent liquid
;rystal mixtures*

C. S. Bak and M. M. Labes
Department of Chemi.c:~y. Temple University. Philadelp hia. Pennsyl vania 19122
(Received 24 December 1974)

The ‘.anaimon of helical pitch in multicomponent liquid crystal mislur es is derived using the concep t
of the long .rang e distortions induced by chir al molecules in a nemailc matris The pitch in a
mi xtu re is a quadratic function of the number densities ot component molecules of given molecular
twisting powers. The pitch variation becomes a linear function of number densities onl y when the
twisting powers saiisfy certain special conditions. The nonlinear pitch relation formulated herein is
shown to describe typical experimental data on nematic—choiesienc mixtures and allows determination
of experimental values of the molecular twisting power.

INTRODUCTION case of cholesteric—choiesterlc mixtures. The basic
parameters tha t determine the pitch of a mixture areIt has long been known that when a cholesteric liquid the Intermolecu lar twisting powers and the number den-

crystal is added to a nematic compound, or when cho- sitles of component molecules. Unlike Eq. (1), thelesteric compounds are mixed , the resultant pitch de- general form of pitch relation in the mixture is quadraticpends on concentration factors, but the precise nature In the number density but can be reduced to the linearlyof the pitch—concentration relationship has been diff 1 additive Eq. (1) when the intermolecular twisting powerscult to define . At very low concentrations of a choles- satisfy certain conditions. Analysis of experimentalteric (chiral) additive to a nematic liquid, pitch has data on several binary mixtures of cholesteric and ne-been found experimentally to be inversely proportiona l matic compounds shows that the nonlinear relationshipto concentrat ion .1 By extending the theory of Mater and herein derived fits the data very well over the entire

I

Saupe,2 the dispersion interaction energy between two range of concentration, and the results give the molecu-molecules in adjacent planes with a finite twist angle lar twisting powers between various molecules with highhas been calculated by Goossens3 considering both dl- acc uracy.pole —dipole and dipole—quadrupole terms and predicting
a linear relationship between pitch~ and concentration. THEOR Yde Gennes4 has presented a treatment of the problem

When chiral molecules are Introduced into a nematicwhich considers the distortions created in a nematic
liquid by a floating (chiral) object which also predicts liquid , the I nduced distortions of the nematic director

a0 have been calculated by de Genne s4 for the case ofa linea r relationship. 
low concentrations only . The new director n(r) is

For many cholesteric binary mixtures of A and B, n = n 0 +on . (2)the observed pitch p has been found to be a lmost equal
to the weight average of each component following the The loca l rotation at a distance r from the chiral solute
linear additivity rule~’~ is described by the vector w, defined as

1/P~~w A /pA +W I/pa , (1) o n =w x no .  (3)

where PA and WA are the pitch and the weight fraction of This perturbation gives rise to the twist of the nematic
A component , etc. There are, however , several ex- director and has the form 4
aenples7 where the measured pitch In the mixture deviates

~V(l/ r )  . (4)considerably from Eq. (1). It has been shown that Eq. W = —

(1) fits experimenta l data more closely when WA is the Here r is the distance between the chiral molecule and
weight fraction rather than the mole fraction; neverthe- the point of observation in the nernatlc matrix. The
less, the pitch variation over the entire range of weight parameter $ has the dimension of a surface (cm’) and
fraction is clearly Incompatible with Eq. (1). SImilarly Is dependent on the orientation of the chiral molecule
for a binary mixture of cholesteric and nematic corn- and the Interaction between the chiral and nematic mole-
pounds, althoug h the relation PW A = constant holds for cules.
small weight fraction WA ,  considerable discrepancies
have also been observed when the cholegterlc concen- To generalize the effect of I ntroduction of any concen-
trations were high .1’ tration of chiral molecules, one should Include the prob-

ability that the Introduced chiral molecules occupy the
In this work a pitch—concentrat Ion relationship is de- point of observation, and extend Eq. (4) to the general

rived which accurately describes the relationship In case of cholesteric—cholester lc mixtures, For a two-
multicomponent liquid crystal mixtures; the relationship component cholesteric mixture of A and B, the vector
is employed to analyze some of the available experimen- c~, at the point of observation contributed by A molecules
tal data. The relationship Is derived by extending de located at distance 7A will depend on whether the point
Gennes ’ concept of long range distortions induced by of observation is occupied by A or B molecules. Since
chs ,t i  molecules In a nematic matrix 4 to the general the probability of A(B) molecules to be found at the point
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of observation is [n A/ (n A +n e) 1[n a / ( n A +n B) l,  where multicomponent cholesteric compounds (n e ,  f 1,2,3, . . .)
flA(N,) is the number of A(B ) molecules per cm’ In the
mixture , the effective vector w for an A molecule will 1 ,j -_ ~~~~~~ + 2 fl~ n, . (to )
be 2p 2 f f 1 I K)

WA — $A ~~ n~ ~(L\ . ~~ 
For the case when all the $~, ~($~ + $,) , the above equa-

+ f~ \r *I 
— 

~~~~ n A + n, \~~AI tl on becomes a linearly additive law

Similar ly for a B molecule 1 =E~~ . 
( 11)

= — ~ 
n~ ~

( 1 ~ A ( 1)  
, 

I

ttk +f lB ~~~~~~~~~~~~~~~~~~~~ ~~~~ ANALYSIS OF EXPERIMENTAL DATA
The total vector u is the summed contribution from all
A and B molecules: To test this theory, we have analyzed experimental

data on several binary cholesteric and nematic mixtures

= + 
~~5 .  

which have been reported to disobey the linear additivity
A rule. Since most experimental data have been reported

If we follow the same procedure used En Ref. (4) prevIously using the mole or weight fraction of compo-
nent, it Is convenient to convert Eq. (8) into these terms.

4r To simplify the analysis, we assume that the volume
V W = 

~~A + n, ~ 
+ ~~~~~~ + 

~~~~~~~ change upon mixIng the components is negligibly small.

For ~t = (0,0, (2ir/p)z), Then In terms of mole fraction of the choleateric corn-
ponent, Eq. (8) has the for m

1 1
fl A~~~ tS

{ A }  (6) 1/2pMrn A = (N$A — 2N$As)rnA +2N$As , (12)

Equation (6) is the basic generalized equation for relat.. where mA =n A/ (nA +n 5) =  mole fraction of the cholesteric

ing pitch and concentration. Aside from the total nurn- component A,

ber density ,tA + ,i,, Eq. (6) is quadratic In the partial M = [(~ & — mA + .~ 5.] = molar density of the
number density of t ie  components. Several special
cases can now be described , mixture

(1) For a single component cholesteric compound MA(Ma) = molecular weight of A(B ) component,

(SA $AI = $a,  5A + = NA = constant), dA(dB) = density (g/cm’) of pure A(B) component ,

1/ 2p = $ANA .  N = Avogadro’ s number .

3~ Is the effective (or mean) molecular twisting power In terms of weight fraction of the cholesteric component
between A molecules only . When 0, is positive (nega-
tive), the helical structure Es right (left ) handed. MA + (M5 — MA)W A = JN$A f — 2N$A4 W~ + 2NOAS (13)

2pdw,
(2) For a nematic compou nd, p =~~. Hence 0=0 . where W , = weight fraction of the cholesteric component
(3) For a racemic mixture , $A =

~~ 
$~. Since p =~ o A ,

when n,~~n,, =‘‘  get $,, = O t r o m  Eq. (6).
d-  d, = density (g/cm’) of the mixture.

(4) For the specIal case when $A~ = k($A +$~), Eq. (6) ~ 1 +(d~ /d,,— 1)W~
reduces to

l/2p = $A ’~A ~ $,n, . The form of Eq. (12) or (13) should yield plots which

This Is a linearly additive equation of the partial number give linear relationships from which the parameters

density . N$, and N$~3 (hereafter called the molar twisting pow-
ers) can readily be determined by extrapolating the

(5) For a mixture of cholesteric structure A and ne- straight line to ma(WA) = 0 and 1.
matic structure B ($~ 0), The experimental data analyzed below are the mea-

1 1
2p = 

~ A + ~~ ~ $A~~~ + 2$A BSAnI }. (8) 
sured pitch—concentration relationships of several cho-
lesteric-nematic mixtures. The compounds and refer-

(6) For a low concentration of a choleateric solute ences are as follows:

(n, ~ n5) 1. N- (p-methoxybenzylidene)-p-n-butylanlltne
cMBBA) + cholesteryl chloride (CC),1°

1/2Pre28,~n,. (9)
2. MBBA + cholesteryl-2-(2-ethoxyethoxy) ethyl car-

This Is the well-known equation that u fecribe s the oh- bonate (CEEC),~served pitch for low cholesteric concentrations In a
nematic liquid.1’ 3. p-(N-(p-methoxybenzylidene) aminol-phenyl ace-

tate (MBA) + eholeeteryl propionate (C P),’
In addition to describing the behavior of binary mix-

turee, Eq. (6) can easily be extended to a mixture of 4. MBBA + cholesteryl oleyl carbonate (COC).’

I... — 
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TA BLE I. The molar twisting powers in units of 10, ’ cm~ oh-

0 MeSa s ~~~ / —
~ tam ed from Fig. ~. ‘i’he numbers In the parentheses are the

s M S S A $ C ( E C  _________________________________________________molecular weight of the components .

— S M S A S C P Cholesteric (A) l~p~~ 10 cm~E A M e SA S  C O C  / compound 4V~, lO~ ca n M i f h A  (2671 M1IA t2t ’~’U
a
2 / 2 ce(4o51 9.1 —7,6
~ 0 —— CP(443l — S .~ —

/ I ’El’ (. (54 7) • ~. ‘ — i t ’ . ~
(‘OCIGSl) — 1t . fi — 11’ .

I ===_t_=-_ - - .—t =_____..
a

z

a equation depending upon how closely the material pa-
S ~~~~~~~ - 

rameters satisf y conditions (14) and (15). For example ,
- 2 - in the mixture of MBBA +COC In Table I, M A /M B

— N~~/2Ntl,5 = 1.80 and 1— NOA/2N$As = 0.25. This ex-
I I plains why Adams and l3aas6 observed the pitch— concen-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 I tration variation being closer to linear behavior when
WEIGHT FRACTION OF CHOL ESTERIC COMPOUNO plotted vs weight fraction than vs mole fraction . There

FIG. 1. Recip rocal pitch of binary nematlc—cholesteric mix- is, however, no general rule that weight fractions nec-
tures vs weight fraction of cholesteric compound . essarily give closer linearity than mole fractions.

It is interesting to note from Table I that the twisting
Figure 1 is a plot of (np) 1 vs the weight fraction of cho- power between different molecules (N Ø AB) Is tar from
lesteric compound for all the above binary systems, being the average of the twisting powers of each mole-
Here n denotes the mean index of refraction. When the cule (~ N$A , since $~ =O) . In fact , the N$,’s of the

-‘Ihelical sense of the mixture is left hand ed, the pitch Is cholesteric compounds with carbo nate groups (CEEC
taken as negative, and COC) are considerably different and opposite in

sign, while In MBBA the values of N$As are similar andIn Fig. 2 all the data from Fig. 1 are plotted using
Eq. (13). Approximate va lues of n =  1.5 and d=0 .9 g/ both negative. Even in the different nematic compou nds
cm 3 were taken for all the mixtures. By extrapolating (MBBA and MBA), dissolving CC and CP , which ha ve

opposite handedness , results in similar negative valuesthe straight lines in Fig . 2 to WA -0 and 1, the molar of NOAS .twist ing powers were obtained.
The term M A + (M 8 — MA)W A in the left hand side of Eq.Table I is the summary of the molar twisting powers (13) is important to include In calculations; without thisobtained in this manner. The overall uncertainty In the term the data cannot be fit to a linear function. Thisdetermination of the twisting powers if about 5%. confirms our assertion that the number densities of com -

DISCUSSION ponents are the basic parameters in determining the
pitch of a mixture; the variation in number density for

In Fig. 2 the data for each binary mixture fall on a
straight line as predicted from Eq. (13), and Indicate
that the pitch—concentration relationship employed is —

~~~

____________________________

o M B B A + C Csatisfactory in explaining pitch variation of a wide van-
MB SA+C EECety of binary mixtures over the entire range of concen-

• Nea+cptration. As discussed in the section on Theory, the E •pitch In a mixture is a quadratic function of the number ________________________________________

density of components and it becomes a linear equation ‘~~

only when the intermolecular twisting powers satisfy
Ithe conditions Pd, =~ (8~ +$~). If one uses other variables,

such as mole fraction or weight fraction, the linearity
of the equation can be altered. To illustrate this, let
us consider Eqs. (12) and (13), and assume d,~~d5 for
simplicity . From Eq. (12) we see that pm A = constant

— — K
,- 

+“- -

for the whole range of mA if K .

M ,/M 3 = N8,/2N0,5 . (14) ~ -eo ~~~~~~ 

—

From Eq. (13), PWA = Constant U
I I I I I I I I I

N$~/2N$,5=1 . (j5) 0 0. 1 0.2 0.3 0.4 0.5 O S  0.1 08 0.9
WEIGHT FRACTION OF CHOLESTERIC COMPOUNO

Thus the conditions for the linear additlvlty rule are FIG. 2. T~~t of the validity of Eq. (13) by plotting F (p , w,)
different when considering mole or weight fraction. Con- =I M A + (M .~~ M A) WA I / 2P dWA vs weight fraction of cholesteric
sequently the pitch variation will be closer to the linear compound In binary nematic—cholesteric mixtu res.

L. .
~ — - . — •_
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different concentrations must be taken Into account , (1961); 259 , 252 (1964); R. Cane, BuU. Soc. Fr. Mineral.
particularly If the molecular weights of the components Cristaflogn. 90, 333 (1967); G. fll rand, L. Leger, F. Ron-

a;’e significantly different, doles , and M. Veyssie, Phys. Rev. Lett. 22, 227 (1969); J.
Adams , W. Haas and J. Wyaockl, Liquid Crystal s and Ov-

Recently another attempt has been made to account dered Fluids, edited by J. F. Johnson and ft. S. Porter
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Analysis of pitch—concentration dependences in some binary
and ternary liquid crystal mixtures*

C. S. Bak and M. M. Labes
Depa rtment of Chemistry. Temple University, Philadelphia. Pennsy lvania 19122
( Received 27 February 1975)

Utii izing a general equation in which pitch in a mixture of liquid crystals is a quadratic function of the number
densities of component molecules of given molecular twisting powers, we treat two special cases~ binary
cholesteric mixtures and a ternary mixture of two cholesleric and one nematic compounds. Experimental
data are shown to be adequately described by the equation over the entire concentration range.

INTRODUCTION (1) For a binary mixture of choleateric A and choles-
teric B components , Eq. (1) becomesRecently we hav e shownt that a generalized pitch—con-

centration relationship in mult icomponent liquid crystal 1/2p [1/(n A + n ,) 1 {~ A4 + + 2ISABnAn B}. (2)
mixtures can be derived from de Cennes ’ concept2 of Since most available experimental data on the measuredlong range distortions induced by chiral molecules in a pitch in mixtures have been reported using the mole ornematic matrix. When the effective distortions caused weight fraction of component , it is convenient to convertby chiral molecules are properly calculated allowing the Eq. (2) to these terms. To simplify the data analysis,matrix itself to be chiral , the resultant pitch in the mix- the volume change upon mixing the components is as-tur e is found to be , in general , a quadratic function of suimed to be negligibly small. In terms of mole fraction,the number densities of component molecules, This Eq. (2) has the formquadratic pitch relation becomes a linear equa tion of
number densities when the intermolecular twisting pow- 1/2PM = N{~9~rn~ + $~(1 — mA) 3 + 2PABm A(l — mA)} ,  (3)
ers satisf y certain conditions . where m A =fl A/ (n A +n D) is the mole fraction of the choles-

The twist between cholesteric layers has also been teric component A , M = [( M A/ dA —M B/d B)v n A +M 5/d 8) ’
calculated by Goossens3 from considerations of dipole— is the molar density of the mixture, M A(M B) is the molecu-
dipole and dipole—quadrupole interactions between mol- lar weight of A(B) component, dA(d $) is the density
ecules . Recently Stegemeyer 4 has extended Goossens’ (g/cm5) of pure A(B) component , and N is Avogadro’s
treatment to the case of binary mixtures , and derived a number . Introducing a new parameter ~~~~ defined as
pitch—concentration relation for binary systems. ~~ Al- 2P,~,e~ A + 

~~~
+ 8$~~, (4)though the pitch variation derived in our recent work’ Is

based on the concept of long range distortions , and con- Eq. (3) can be written
talus fewer material parameters than the equation de- 112p M = N{(~A — ~~ nl A 4 ~ B +~~~ ABm A( 1— m A)}.  (5)rived by Stegemeyer ,4 our equations describe accurately
the observed pitch variation In many nematic—cholesteric Here the new parameter 6

~~AB is a measure of the devia-
mixtures , and can easily be extended to the general case lion of 

~ A5 from the mean value of 
~A and $~ , but it does

of arbitrary multicomponent mixtures.’ In the present not necessarily imply that ÔPA B is generally close to
work , the validity of this pitch—concentration relation zero. In fact , as shown in Ref . 1, $A3 is far from being
has been tested for binary cholesteric mixtures as well the mean value of 

~ A and Ø~ for many liquid crystals.
as a ternary mixture consisting of two cholesteric and Here Eq. (5) is merely a convenient for m for data analy-
one nematic compounds . Analyses of available expert- ale because, by adjusting the value of ô~~,, a plot of
mental data show that the theoretical pitch relation fits l/ 2P M — N8$As~n a (l —m A)  vs m~ should show linear be-
the data closely over the whole range of concentration; havior , and the parameters 

~ 
and ~~ can be obtained

molecular twisting powers between various liquid crys- at mA =1 and 0.
tale can also be calculated and show interesting differ- In terms of weight fraction , Eq. (2) can be writtenences for data on different pairs of molecules.

MA (Ma
THEORY 2pd

The helical pitch p of a multicomponent liquid crystal
mixture is given by1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (6)

1/2P=(l/Enu){ ~~ s*n~+2E ~~inini}~ (1) where w~ =weight fraction of the cholesteric component

where n 1 (i = 1,2,3...) is the partial number density of 
______________

lth component molecules in the mixture. The molecular d 1+ (d1/d~ — 1)w~twisting powers ~ s are defined in Ref . 1 and have the is the density (g/cm’) of the mixture, By introducing adimension of a surface (cm2). To analyze the experi- new parameter 48A5, defined asmental data on binary and ternary mixtures, Eq. (1) can
be treated as follows: ~~~ w(MdMA )ØA + (M~/M 5) P ~ ~~~~øAa, ( ‘1)
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Eq. (6) has the form 1 1

MA + (M 5 — MA) wA x{$A~~ + ~5fl~ + 2PAB~ A~~B + 2
~~AC~~A~~C + 2~acn snc}.

2P ’ flA +fl s +fl c

2p d (9)
The helical pitch measured in this type of ternary mix-

=N ~’~~~
~~MA ~ A — ~1

L 
~8) U’A + + A~A s WA(1 — w A )~ . (8) ture has been reported by Adams, Dir , and Haas.° The

composition variables they used to represent a mixture
are the weight fraction of only one cholesteric com po-

After adjusting 
~~~A B~ the plot of [MA + (M 5 —M A)w AV2pd nent A in a mixture of two cholesteric compounds A and

N~~ A3 WA(l ~~~W A) vs W
* 

should also be linear , and the B , and the weight fraction of nematic component C in
parameters ~,, and ~~ will be obtained at W A = 1 and 0. the total mixture of A, B, and C. When Eq. (9) is con-

verted to these variables, assuming that the volume
(2) For a ternary mixture consisting of two choles- change upon preparing the mixture is negligible and that

teric (A and B) and one nematic (C) compounds , Eq. (1) all the densities of the components are the same, one
becomes (~~ = 0) obtains

—~~ =N ~~~ -a (1 — wc)+~~~(1 — a)(1 _w c) } +NM ’{~~~~~- a (1 — a)(1 ~~W c)2 +~~~4~-aw c(1 — wc) + M~~r 
( 1— a)w c(1 — wc~ ,2pd ~M A

(10)
where a is the weight fraction of A component in the mixture of A and B only , W~ is the weight fraction of C compo-
nent in the total mixture of A , B, and C compounds ,

2~ Ac~~~ A +~~~Ac , etc. ,

M’1  = 
a(1 — W)

~~ (1 — a)(1 — W c)~~~~ ,,

MA 
+ MA M~

For the special case when O$A8 = 0 and M’ = constant , Eq. (10) is identical to the empirical equation Adams et a!.6 j j~
troduced to explain the pitch variation in this type of ternary system. Equation (10) can be rearranged in the form

I 
~~~~~~~~~~~~~~~ — a)} M # ’ +N ~~~~~~ a( 1 — a)(1 — W c)+ ~~~~~j~ aa c + (1— a>wc} .  (11)2pdM ’( 1 w ~ ) ) M A M aM a

The right-hand side of Eq. (11) Is linear in w,~. Thus a plot of the left-hand side of Eq. (11) vs w0 for a fixed a value
should yield linear behavior over the entire composition range of we.

ANALYSIS OF EXPERIMENTAL DATA when they are mixed. In particular , the twisting power
between CBAC and CEEC molecules is so strongly left-

A. Binary cholesteric mi~~t’~.res

Below is an analysis of data for binary cholesteric ________________________________________

mixtures reported by Finkelmann and Stegemeyer. 5 The

a’made with all the possible pairs of three cholesteric E
mixtures they studied are three sets of a binary system s 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

compounds : cholesteryl chloride (CC), cholesteryl-2- 6
(2-ethoxyethoxy) ethyl carbonate (CEEC), and p-
(4-cyanobenzalamino)-cinnamic acid active amyl ester 0 4

AC + CC 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(CBAC). Since the prepared mixtures are represented U)
In terms of mole fraction of one cholesteric component , 2 

~~~~~~~~~~~~~~~~~~ AC + CEEC

Eq. (5) will be employed to analyze the data . Figure 1 _________________________________z Ois the plot of (2pM) vs mole fraction mA for all three —

sets of binary mixtures. 7 An approximate index of re- ‘

~~~ -2
fraction n = 1. 5 and density d = 0.9 Wcm 3 were used for 0,

c’J
all the compounds. -4

I I I I I I I I
For CBAC + CC and CBAC + CEEC , the strong down- 0 0.1 0,2 0.3 0.4 05 0.6 0.7 0.6 0.9 I

ward curvature in FIg. 1 indicates that, even though the MOLE FRACTION
pure component Is a right-handed cholesteric compound, FIG. 1. Plot of (2p Mr’ vs mole frac ti on of CEE C in CC f•) ,

I

the twisting power between different molecules is left- cc in CBAC (5); CEEC in CBAC (0). The notation is given in
handed, and consequently reduces the reciprocal pitch Eqs. (3)— (5). The da ta are taken ‘rom Ref . 5.
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-2.0

~~~I O ”  0’
N

.5
E 

a—’— 

C8AC~~ 
E -1.5

IA.
— ( . 0

U)

z
-0.5

z
0.

I I ..., ~~~~~~~
j I I I I I

0 0.1 0.2 O.~, j 4 0.6 0.6 07 0.8 0.9 I 0
OLE FRACTION .1

FIG. 2 , Test of the validity of Eq. (5) by replotting the data
of Fig. 1 for (2pM) 1 —~~~~~Aa mA (1 — m A) vs mole fraction of 0. 0.5
CEEC in CC (•); CC inCBAC (x) ; CEEC 1nCBAC (0). The I I I I I I I I
notation is given in Eqs. (3)—IS) . The parameter val ues are 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
given in Table I. W E I G H T  FRACTION OF N EMAT I C COMPOUND

FIG. 3. Plot of {2pdM’ (1 — WC)}’ vs weight fraction of nematic
compound . The notation is given in Eqs. (10) and (11). The

handed that the resultant pitch of certain mixtures Is data are taken from Ref . 6.
completely reversed to a left-handed structure , as in-
dicated by the negative value of (2PM)4 in Fig. 1. In
Fig. 2, (2pM) ’ — N~ PASmA(l  — mA) is plotted vs m A [see much less accurate in value (about 20%) as compared to
Eq. (5)] after the value 

~~~A9 is adjusted so that each set the other obtained parameters. This low accuracy ap-
of data points for a given binary system falls on a pears to be due to the factor a(1 — a)(l — WC) in Eq. (11);
straight line. Here care was taken to have straight lines this factor can change only between 0 and 0.25 over the
meet at the same point representing a value for the pure entire composition range , whereas the factors in the
compound . The other two parameters ~ and $~ were other terms in Eq. (11) can change from 0 to 1.
subsequently obtained from the straight lines extrapolat-
ed to m~ = 1 and 0. The molar twisting powers N$’s ob- DISCUSSION
tam ed in this manner are summarized in Table I. The pitch variation shown in Fig. 1 for three binary

cholesteric mixtures becomes linear in Fig. 2 when theB. Ternary mixtu re pitch is corrected with an adjusted value of 6
~~A3 accord-

Experimental data reported by Adams , Dir , and Haas ing to Eq. (5). This indicates that the pitch—concentra-
for a ternary mixture will now be analyzed. The system tion relationship formulated in Eq. (5) is satisfactory in
consists of cholesteryl chloride (CC), cholesteryl nonano- explaining the observed pitch variation in a wide variety
ate (CN)and N-(p-methoxybenzylidene)-p-n-butylanillne of binary cholesteric mixtures over the entire concen-
(MBBA) . As mentioned in the section on theory, the right tration range . It is interesting to note from Table I that
hand side of Eq. ( ll) is  linear in n~~(theweightfraction of the molar twisting powers NflA ’s for three pure choles-
nematic compound). A plot of the lef t hand side of Eq. (11) teric compounds are all positive, while the twisting pow-
vs w , for a few fixed a values is show n In Fig. 3, which ers N$A D ’s between different molecules vary widely f rom
clearly indicates that each set of data points for a given positive to negative values. In fact , among all the
a falls on a straight line. One can also note from Eq.
(11) that when w,= 1, the right hand side of Eq. (11) Is
again linear in a. The values of the left hand side of __________________________________________
Eq. (i i)  extrapolated to w =  1 are obtained from Fig. 3
and plotted in FIg. 4 for various a values . The molecu-
lar twisting powers obtained with Eq. (11) for this ter- .,

~nary system are summarized in Table U where the ac-
curacy is generally about 5%. Only the parameter 

~ AS 4
(the twisting power between CC and CN molecules) is

U.

TABLE I. Molar twisting powers In units of 10~ cm 2 obtained 
0.6 . 

-
U

from Fig. 2. The numbers in parentheses are the molecular
I-weight of the compounds . z I I I L I I— 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 I

Cholester ic compound NIIA 10 cm 1”flAB ~~~~~~~~~

CC (405) •$ . 4 — 1 . 9 (C HAC and CC)
C EEC (547) 4 2 . 2 + 5  4 (CC and CEE C) FIG. 4. Extrapolated values of ~2p dM ’ (1 — wC ) } ’  to sv~ = 1 ob—
CII AC (3461 ~ .3 — 11 .4 (CIIAC andCEF .C) . tam ed from Fig, 3 are plotted for various a values. The nota—
__________________________________ -_______ - 

____________ tlon is given In Eqs. (10) and (11).
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TABLE II. Molar twlsti~~ powers In units of 106 cm2 for the each independent data source is, we believe, atiributable
ternary system. The numbers in parentheses are the molecu- to the different degree of purity in the sample materials.
j ar weight of the compound s. The N$A B ’s f or CC and MBBA in Table I and Ref . 1 are
Cholesteric compound NII A 106 cm 2 NII AB 10~Cm 2 — 7. 0 and — 7 . 6  x i0 cm2 , respectively.
CC (405) + 9.1 — 7 . 0 (CC and M8BA) In conclusion , the observed pitch variation in binary
CN (527) — 9 .2 —11 .5 (CN and MBBA) and ternary mixtures can be explained satisfactorily with7.0 (CC and CN) the pitch—concentration relationship we have formulated .

The obtained molecular twIsting powers show wide varla-
tion for different liquid crystal molecules. Calculation

N$AB’S we obtained from the previous1 and present analy- of molecular twisting powers based on the actual dipolar
ses, only for CC and CEEC does N~9AB exhibit a positive and quadrupolar structur e’~~ of liquid crystal molecules
value. Moreover , NPA S of CC and CEEC is actually the would be very complicated; however, an attempt at a
average value of N$A’s for CC and CEEC as shown in theoretical explanation of these as yet unpredictable
Table I. Thus a plot of ( 2 p M ) ’ vs m A shows very good molecular twisting powers should prove most interest-
linear behavior as can be seen from Fig. 1 [see also ing.
Eq. (5)1.

‘Thi s work was supported by the U .S. Army Researc h OfficeIn the ternary mixture of CC, CN , and MBBA , Adams (Durham ) under Grant No. DAHCO4-74-G-0 186.et a !.6 analyzed the measured pitch using an empirically 1C . S. Bak and M. M. Labes, J . Chem . Phys. 62, 3066 (1975).introduced pitch—concentration relation . Their relation 2 p• G. de Gennes , The Physics of Liquid Crystals (Clarendon ,is identical to the special case of Eq. (10) when M ’ = con- Oxford , 1974) , Chaps , 3 and 6.
stant and 6$AB = 0. Adams el al. 6 found that their pitch 3W. .1. A. Goossens , Mol. Cryst. Liq. Cryst. 12, 237 (1971).
relation fit data over a substantial composition range , 4 H . Stegemeyer , Ber . l3unsenges. Phy s. Chem . 78, 860 (1974).
but it would not fit over the entire range , For this terna- 5H. Fi nke lmann and H. Stegemeyer , Ber. Bunsenges. Phy s.
ry mixture of CC, CN , and MBBA , M’ is not a constant Chem . 78, 869 (1974) ,

6J. Adams , G. Di r , and W. Haas , in Liquid Crystals and Or-but can vary by a factor of 2 over the composition range. dere d Fluids , edited by J. F. Joh nson and R. S. Porter (Pie-Mor eover , our data analysis in this ternary system in- num , New York , 1974) , Vol. 2 , p. 421.dlcates that 8PA5 must be nonzero to be able to explain 71n Ref . 5, measurements were carried out at 10°C below the
successfully the pitch variation over the entire compo- cholesterlc—isotroplc transition temperatures of the respec-
sition range using Eq. (10) 1 and Eq. (11)]. ti ve systems. However , in treating these data , we have made

no correction for the temperature dependence of density (d) ,The N~~ ’s of CC in Tables l and 11(8. 4 and 9. l x  106 
which one would expect to vary only slightly (see , fo r exam—

cm2) compare favorably with 9. 4x 106 cm 2 obtained in pie , F . P. Price and J. H . Wendorff , J. Phys. Che m. 75,
previous work. ’ The small discrepancy (about 10%) for 2849 (1971)1.

_____
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Effects of Molecular Comp lex ing on the Properties
of Binary Nematic Liquid Crystal Mixtures
sir ..

In ordcr to achieve extended li quid crystall ine tempera-
ture ranges, binary svstcms offe r the advantage of frcqucnt-
l y ex hibiting eut eclic behavior in hcir solid mesophasc
trans ition while the mcsophasc isotrop ic transit ion tem-
perature varies linearl y wi th com position. In particular . sev-
eral binary ncmalic systems have been stuiilic d .’ m d  only
smal l deviations from linearity in the ncmalic isoirmipic
transition Ienlpcralurcs ( 1  ~ ,)  arc noted w hen there ire sig.
niflcant di1fercr~ccs in molar volumes or densities ol the
components. This general behavior has been s:mlisl ;imaori l y
accounted for theoreticall y by llumphrics and Lucklursi .’

It seemed to us that large deviations in TNI as wcll .ms the
solid • nematic transition temp erature ( I~~~) should he
possible if molecular comp lex form ation took place between
the com ponents of the binary sy s tem. Fur t her , as opposed to
(he usual dev iations in TNt being depressions of the inciting
point,9 in the case of compl ex formation . increa.cr.s in the

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table t. Positive Deviations in TNt for Binary Nematic Mixtures of CPB (Nematic Range 2.3 .5—35.0 °) and a Nematic Donor

Nematic donor donor , C Mole % CPB mixture , C ~ TN, .  ~C
Nematic range of Nematic range of

I1BBA 20.9—43.5 46.0 37 .5—49 .2 +9.6

35.0—75.4 50.5 61.0—64 .5 . +95

44.0—62.6 50.9 15.0—53 .0 +4.5
OH

H —~~~~--—N— N—— ~~~~---tX’tX’}I 72.0—126.0 53.0 60.0—86 .4 +8.6

( I I , ~~~~~~~~~~~~~~~~~~~~~~~~~~ 52.0—94.5 54.8 19.6—64.8 +2.9
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Figure 2. Heat of solid -~~ nematic transition vs. mo le % of CPB.

0~~
other Schiff bases or a nematic with a central azo linkage__..L I I I I I I I I 
funct ioning as donor moieties with CPB functioning as the0 20 40 60 80 100

Mole S cpe acceptor and are listed in Table I.
By virtue of charge-transfer interaction of components ofFIgure 1. Phase diagram of MBBA-CPB a binary mixture, it is clear that extended liquid-crystalline

temperature ranges can be achieved. The interaction also
mel tin g point over ei ther com ponent of the system could was expected to lead to nonlinearities in dielectric proper-
occur . We have achieved this result in the binary system tics and possible modulation of electrooptical properties.
N-(.p.methoxybenzy lidene).p-n-butylaniline (MBBA) and Dielectric anisotropies were evaluated by measuring dielec-
4-cyano-4’-pentylbiphenyl (CPB) and several closely relat- tric constants on aligned nematic samples, holding the on-
ed binary mixtures. entation of the nematic director in a IS kOc magnetic

MBBA and CPB were chosen’° because of the possibility field.’ I Twisted nematic cells were constructed using SiO
of a weak charge-transfer interaction between the compo- treated glass plates and 50 p spacers to allow study of delay
nents. Spectroscopic stud ies in the nematic phase of ~ t imes, rise times, decay t imes, and threshold voltages (V ih)50-50 mole % binary mixture show a typical broad weak for electric field addressing in a manner previously de- H
absorption band in the visible peaking at —550 nm. The ~~~~~~~~~
phase diagra m (Figure I) was determined using both polar- Strong positive deviations in the value of ~e (

~~ l 
—

ized optical microscopy on a Mett ler FP-2 hot stage and were observed. A 50-50 mole % MBBA-CPB mixture has a
differential scanning calorimetry (USC) utilizing a Perkin- 

~.e of 7.7 whereas a simple additiv ity law imp lies a value of
Elmer DSC I-B. DSC determinations were done on a beat- 5.8. The delay time decreases by a factor of 2 in going from
ing cyck on samples which had been refrigerated at —20° Ioo% CPB to the 50-50 mixture , but rise times, decay
for at least 5 days to avoid superc ooled samples. times, and ~~ are relat ively insensitive to composition.

With regar d to TSN, t he phase diagram is a class ica l cx- It the refore appears qui te iike~y that, in addition to ex-
ample of a two-component system forming a compound, tending nematic ranges by involving comp lexing between
disp laying a congruent melting point , and exhibiting two the components of a binary mixture, one can cause changeseutec t ics . TNI shows a maximum at a temperature ~~l00 in dielectric anisotropies, viscosities, and elastic constants
hig her than expected for a linear relationship between the w hich will affect elect rooptic behavior in these systems. At-clearing points of the two components. The TN, and TSN tem pts to design appropriate systems to take maximum ad-maxima occur at Ca. 50-50 mole % Of MBBA CPB. vanta ge of non lincarities in their properties are in progress .Enthalpies of the so lid-nematic transition (~.HSN) for the
binary mixture are plotted in Figure 2, showing minimal Ac~nawIedgasst. This work was supported by the U.S.
va lues of 1~HSN at com position s close to the 50-50 mixture. ArinyResearchOffice(Durham)underGrant No. DAHCO4-
Similar positive deviations in TN, are seen in mixtures of 74-0-01 86.

Comnwnicatior~s so the Editor
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Researc h Note
On the Helical Twisting Power of ~x-Phenethylamine in
Nematic Liquid Crystaist

J. W. PARK and M. M. LABES
Department of Chemistry, Temple University. Philadelphia, Pennsylvania 19122

) Rete,,,,I ,4pr il 2’~. /9 ”5; in final torn, Mar /9. 1975 )

It is the purpose of this Note to point out that the extraordinarily high helical
tw isting power reported for (+)  and ( — )  forms of a-phenethylamine (PEA)
dissolved in Schiff base-type nematic liquid crystals ’ 2  is solely due to amine
exchange reactions.

It is well known that chiral solutes, in general, induce cholesteric behavior
in nematic liquid crystals.3 ~ and that if one substitutes a chiral center into a
nematogen, a “chiral nematic ” liquid crystal results with optical properties
identical to conventional cholesteric liquid crystals.6 Small optically active
solute molecules produce minor perturbations of a nematic array, and the
helical twisting power (defined as the reciprocal helix pitch extrapolated to
100 ° , solute concentration3 ) is smaller than that of a typical cholesteric or
chiral nematic molecule. The only exception is PEA”2 for which the helical
twisting power has been reported to be higher than that of cholesteryl
chloride.

PEA reacts rapidly at room temperature with N-(p-methoxybenzylidene)-
p-n-butylaniline or its p-ethoxy-analog (EBBA).’ The expected reaction
product of EBBA and PEA was readily prepared by refiuxing p-ethoxy-
benzaldehyde and ( — )  PEA in ethanol (Structure I below, EBPEA: infrared
and nmr spectra consistent with structure). As can be seen from Figure 1. the
high helical twisting power of PEA can easily be explained by amine ex-
change according to the reaction:

~ This work was supported by the U.S . Army Research Office (Durham) under Grant No.
DAHCO4-74-G-Ol$6 .
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FIGURE I Reciprocal pitch ss mole ~, of solutes . PEA in Nematic Phase V (U): PEA in
EBBA (~~~: ERPEA in EBBA ( x I: and a-ohencthvl-alcohol in EBBA (i). Nematic Phase V
is a eutectic mixture of p-methoxyazoxyhcn?cncs which are p substituted with eth yl and n-hutyl
groups : it is commercially available from E MercU
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PEA in other nematic solvents that undergo no reaction has a normal
helical twisting power and the structurally related ~-phenethylalcohol has a
comparable twisting power in EBBA. as can be seen in Figure 1. 
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N M R  spectra of EBBA. EBPEA and a 1: 1 mixture of PEA and EBBA were
taken and the equilibrium constant for the amine exchange reaction, calcu-
lated from the ratio olaldehydic proton peaks in the mixture, is about 5.5 at
room temperature. EBPEA is not a nematic liquid crystal (m.p. 33.6 ) but its
similarity in shape to nematogenic Schiff bases undoubtedly leads to sub-
stant ial cooperativity in its interaction with them and the concomitant high
helical twisting power.
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Self-diffusion coefficients of a nematic liquid crystal via an
optical method

H. Hakemi and M. M. Labes
Deportment of Chemistiy . Temple Uni versity, Phi ladelphia.. Pennsylvania 19122
(Received 29 May 1975)

fly observing the textural changes caused when an enantiomer is allowed to diffuse into a racemic nensatic
liquid crystal of the substituted phenyl-4-benzoyloxybenzoate series, self-diffusion coefficients can be
directly evaluated in both the I~ematue and isot ropic phases. The data obtained are shown to be con’a”ent
ss,t h other determinations by mass.traiisport techniques, but inconsistent with relaxation methods, and the

I ”mechanist ic factors causing thcse inconsistencies are discusl.ed.

INTRODUCTION EXPERIMENTAL
Recentl y we reported a new optical method for study- The prepa ration and properties of ± PBOB and + PBOB

Ing anisotropi c diffusion In liquid crystals , and applied have been previously described. 14 
~ PBOB had a nematic

the technique to the determination of the diffusion coef- range of 45 .0 — 9 1 . 9~ ; + PBOB had a cholesteri c range
ficient of a cholesteryl ester into a nematic liquid crys- of 40.0— 86, 4° . Whether these differences in ranges
tal in both the nematic and isotropic phases. Since were due to purity differences or Inherent in the prop-
diflusant and solvent were different size molecular ertles of ± and + PB(’B has not been determined .
Species, it was necessarlr to estimate self-diffusion co- The nematic material was placed between two siliconefficient s by making a correction for the mass discrep- monoxide coated glass plates , 1 in , In diameter , sep-and es. A better case to examine would be that of a arated by a 12.7 ~tm thick Mylar spacer , and cut so asnematic compound having a single asymmetric carbon 

to provide a 2 cm diameter circular path . The top plateatom , so that a racemic form would behave like a ne- 
had bee~t drilled with a sand jet to produce a hole ofmatic material , and either enantiomer would behave — 150 g.tm diameter. The chiral nematic material waslike a “chiral nematic” or cholesteric liquid crystal. In Introduced Into the hole after good uniaxial homogeneousstudy i ng the diffusion of an enantiomer int o a racemic alignment of ± PBOB was verified optically. Tempera-forni , the only difference between the molecules in- ture control was achieved using a brass cell previouslyvolved is in their optical properties; thermodynamically described ; t the cell was placed In the gap of a 9 In .and structurally they are essentially equivalent , and electromagnet and a field of 10 kOe was applied parallelthus one can approximate self-diffusion very accurately, to the glass plates (and also parallel to the long molec-

The existence of “chi ral nematic” compounds has been ular axes of ± P808 molecules) .
recognized since the early days of liquid crystal re- At this field streng th ,zo cholesteric texture Is formedsearch ,2 although the term chiral nemati c was only re- since one is above the critical field for the chotesteric—cently introduced 3 to describe molecules which do not nematic transition . When the field is removed , thehave the steroida l moiety and do have dielectric and cholesteric texture develops Immediate ly , and an ellip-viscoelastic properties more like a nematic , albeit their tical pattern of variably spaced GrandJean lines appear.optical properties are Identical to those of cholesterics. The degree of ellipticit y is a measure of the ratio A /Examples of such chiral nematlcs have been prepared D5, whereas the diffusion coefficient can be calculatedinvolving 4-(2-methylalkoxy) biphenyl derivatives , 4” 

from the distances between the variably spaced Grand-Schiff bases havirg an opticatt y active 2-meth ylbuty l Jean lines , Measurements of the diffusion coefficientsgro up2’3’° 9 or 1-deuteriobutoxy group ’° and 2-methyl- in the isotropic phase were conducted by quenching thebutyl substituted phenylbenzoates and pheny l-4-benzoyl- sample to a temperature in the nematic phase, where-oxy benzoates. 1t
~~ We selected for the diffusion study upon a circular pattern of variably spaced GrandJeanone of the compounds of the substituted phenyl-4-ben- lines was obtained . The diffusion gradients and Grand-zoyloxybenz oate series” which has a particularly wide Jean lines wi re measured at magnifications of 25x andliquid crystalline temperature range and Is of high 125x throug h a Nikon LKE microscope with crossedchemical stability. Its structure is given below , polarizers.

RESULTS

when + PBOB diffuses radially Into t POOR showing dtf-
FIgure 1 presents a photograph of the observed texture

We will refe r to the racemic form of this compound fusion I to the long molecular axis. The Grandjean lines
as ± PI3OB. Of the several geometries and boundary are dlsclinatlon lines between domains where the pitch
conditions previously employed ,’ In this study * P1308 Jumps In a quantized way from k half-turns to k +  1 hail—
was aligned uniaxially and homogeneously and a point turns . They are observed at equidistant Intervals In a
source of ~ P008 was allowed to diffuse radially. An wedge type sample of a fixed concentration of cholesteric
ellipsoidal pattern develops from which both D, and D5 where the gap In the wedge traverses multiple Integers
can be det ermined simultaneously, of the half-pitch . The local half-pitch P/2 In each do-

3/09 To~ Jam ‘at o f Chemical Ph yti~ s, Vol . 63, Nu. 9, 1 Nuvsrnber l9/5 Copynght~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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FIG. 1. Diffusion of - PBOB
into untaxiall y and homo—p~1~~.’ ~ 

geneously aligned PBOB.
The point source (small
white circle) at the left of

ad the photograph has a diame-
, .‘

. P ter of 150 ji m , and the short
axis W~) of the elliptical di!—a- fusion pattern Is ~Iiown , In
the draw ing, the quantized
pitch jumps P~ are tepee—

• • sented by the solid line,: ‘ 
_ _ _ _ _ _ _ _ _ __________________________________________________ _____________________ whereas the pitch P, is rep—

resented by the dashed line.

Kii . . ..,411 4 —3 .~. a LI —I LI- 0

dl 
_ _ _ _ _ _

main is related to the local thickness d by P/2 r d/ k , less serious the discrepancy with the observ ed anisot-
where k is an Integer. 15 Similarly , in a fixed thickness ropy In an elliptical diffusion pattern obtained for uni-
sample with a concentration gradient , variab ly spaced axially and homogeneously aligned MBBA of 1. 5 ± 0 . 2
Grand jean lines appear when the pitch jumps .” In each and Rondelez ’ ~~~~~~~~ of 1.6.
domaIn the Local pitch P’~ is given by For diffusion from a point source Into an Infinite plane

d ~k P~ , (1) surface , the solution of Fick’s Law Is given by ’

where k Is an integer ( k = 0 , 1, 2 ,3. . .) .  In reality there C =(M/ 4r D ) exp( —s ’/4Di9, (3)
are s:ii .i1! perturbat ions r if  P , going from Grand j ean line w h i  C is the concentration of the d i f fus ant  at a dis-
to ( randjuan line while the observed pitch I~ is constant tance x- from the source at time 1, .~1 is the tota l amount
between these lines , The midp oint between lines is a of material diffusing, and D Is the concentration-inde-
better approximation for the distance .r, from the source d t  diffusion coefficient . As show n in our previous
at which the concentration C~ Is defined by work , substItuting ( 1) and (2) into (3) , the self-diffusion

C, = y Ip ,, (2) coefficient can be determined by measuring Xh at a time
( from the equation

wh e i t ’  ~ is an experimentally determined value for the
linear rela tionship between C and 1/P. ThIs Is pictor— Ink = const — x~/ 4Dt .  (4 )
ially represented In Fig. 1. It was most convenient to determine two values of i ,

In our earlier work on a cholesteryl ester diffusing and k from the first three dlsclli atlon lines developing
into .V-(p-methoxy benzylidene)-p-n-butyianlllne from the source . Each point in Fig. 2 represents aver-
(MFI F A ) ,  we incorrectly made the assumption that the age values for D a t  a given tempe rature but three dif-
ha l t _ p i t ch  precisely at t h e  Grandjean line was an In- ferent anneal times t i n  the nematic phase. In the ISo-
tecr :i l mul t ip l e  of the thickness; all the values of D,, In tropic phase , no error bars are gIven since the experi-
that  work need to be corrected to be lower by a factor ments were done at only one anneal t ime . Table I gives

- 1. 5. The correction does not affect the values ~f the numerical values of the nematic phase diffusion co-
t h e  activation energies but does affect  the values of the elficients , the diffusion antsotropy , and the calculated
ani~.”t r~ pics ~~~~~~ D / 1.?~ was reported to be — 3  at 1), for the disoriented liquid . The experimenta l act iva—
24 . ‘ : Its  value should be 2 at 24 . ~~

° , This makes lion energies Ea for D ,, and I) ~, eva luated from the slope

J C’~~m. Pli~ . ‘
~ ~ i3. N 9, 1 N,~

,,ai.b. , 1915

~ 
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TEMPERAT URE ( • C )  data—all three systems have diffusion coefficients with
— 58 81 sos anisotroples DII/ D~ of 1,5 to 2 .3; D0 unde rgoes no ob-

I I servable discontinuity at the transition f rom the nematic
to isotropic phases. The mass-transport methods em-
ployed are of four different tracer types: the optical
method (OT) described In this work; a diffusing-d ye
method (DT); C-14 labeled molecules (CT); and tr i t ium
diff usion (Ti). Further , the values of D are roughly
consistent with viscosity data , i.e., PAA which has a

• .‘ 
. erably higher D. No measurements of the viscosity of

‘1’ ~~~~~~~~ considerably lower viscosity than MBBA has a consid-

E PHOB have been reported , but based on electro-optic
U / . studies , its viscosity is similar to and probably sligh t ly

- 
greater than that of MBBA . 27

In studies by the optical method of MBBA , we re-°~~ 
ported ’ that D,, was essentially temperature indepe ndent
over the (short) nematic temperature range studied of
22 to 33° ; from our data on PBOB, i t appears most like-
ly that I) , becomes relatively temperature independent

NCNA T IC ~ m—ISOrNeP,C— close to the nematic— .isotropi c transition , but in a
broader temperature range nematic material D , ulti-

_________________________________________ mately shows the same activated temperature dependence
3.0 2.8 2 6  as DL. This latter result Is consistent with Yun and

I/T a I0~ (K ’) Fredrickson ’s data on PAA. ’4 In PBOB , D0 shows a
FIG. 1, Temperature dependence of the diffusion coefficients small change In activation energy going from nematic
of PBOII in the ne matic phase l• , Du,;oD j; v , D, =1/3(2D1 to isotropic phases, whereas in PAA and MBBA , Ea

D I ll  and in the isotropic phase, does not change.

The unreliability of relaxation methods in these sys-

of the curves in Fig. 2, are the same within experimen- tems is probab ly not entirely due to experimental diffi-

tal error (13 .0 ±  1.0 kca l mole-’) while D0 in the isotrop- culty . A multiple-pulse line narrowing technique which

Ic phase s somewhat lower (9.3 * 2, 1 kcal mole-’), determines D from the dependence of the spin echo am-

Close to the nematic—lsotrop lc transi tion tempe rature , plltude on the applied magnetic field gradient was de-
D,, tends to be temperature independent, but measure- veloped recently to combat the experimenta l difficulties
ments cannot be performed very close to this transition in measuring T,.21 For MBBA , D,, at 21° was reported
temperature with assurance of retaining a uniformly to be 2 ± 1  x 10’~ cm 2 sec ’, approximate ly seven times
aligned aematic phase , larger than the mass-transport values , The tempe ra-

ture dependence of the anlsotropy of D was then studied
DISCUSSION by the same technique for DMBBA , where D, at 21° was

found to be — 1  x 10~~, and where D, was found to undergo
Self-diffusion coefficients can be measured by tWO a discontinuity at the phase tra~sltIon , dropping by a

fundamentally different techniques InvolvIng studies of factor of — 1. 5. ~‘ These results are completely Incon-
mass transport or relaxation times. In molecula r sistent with the mass-transport studies on three liquid
solids , excellent agreement exists among studies by the crystals.
first technique , but rela~~tton studies are inconsistent
among themselves and with the mass-transport studies , The Inconsistencies probably arise as a consequence
except in cases where a relatively simple vacancy ~~ of a complex mechanism of diffusion . In normal liquids ,
fusion process occurs .” In liquid crystals, the same thermal agitation causes molecules to translate and ro-
situation prevaiLs , particularly In light of the difflcul- tate In a random fashion, but some cooperativity can cx-

ties In the cLassical nuclear mag netic resonance (NMR)
technique associated with very short relaxation times
T,. The values for the self-diffusion coef ficient in TABLE 1. Self-diffusIon coefficients D,, DL,  and D,, and the
MBBA and p-azoxyanlsole (PAA) determined by these anisotropy D,/D A in the nematic phase of P13013.
methods and neutron-scattering methods (NS) have been
notoriously Inconsistent and generally higher in mag- D X  iO’ cm 2 eec~
nitude than those determined by mass-transport meth- T(’C) D , D1 D, 1/3 (2D A D ,) D,/ D 1
ods. 45.0 0.52 0.23 0.32 2.25

58.0 1.15 0.50 0.71 2.30
In Table II, a comparison Is given of typical data on 64.5 1.90 0.95 1.25 2.00

three liquid crysta l systems: MBBA”°’” and its 69.0 1.90 0.90 1.25 2. 10
(partially ) deuterated analog (DMBBA),~~ PAA ,24’4’ and 

78.5 3.10 1.60 2. 10 1.94
81.0 3.60 1.80 2.40 2.00the compound studied In this work , PBOB. Focusing on 4.10 2.40 3.00 1,70

mass-transport methods , there is a consistency In the _________________________________________________ 
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TABLE It. Self-diffusion parameters for nemalk’ li qu id crystals.

Nematic phase

x ~~~ cm 2 sec ’ La k cal moIe~
Compound Method Reference Temp. D~ D1 I I

MBBA OT 1 24. 5 2.7w 1.3 — 1.0  17.0
Dl’ 17 22.0 2.6 1.6
TT 20 25.0 >5 .0 3.5
NMR 21 21.0 20.0

1)MBBA NMR 23 5.0 6.9 4. 6 5.0 5.4
PAA CTb 24 125.0 45.3 29. 6 3.5 ‘2.6

NS 25 125.0 180.0 100.0
P808 OT this work 69.0 1.9 0.9 13.0 13.0

Isotropic phase

Temp. D, En
Compound Method Reference ‘C ‘~ 10~ cm 2 sec ’ k cal mole ’
MBBA OT 1 44 6.0 8.0

NMR 22 43 10.0 6.0
DMBBA NMR 23 39 8. 0 9 .5
PAA NS 26 136 170.0 3.0

24 136 39.5 3.5
PSOB OT th is work 109 7, 5 9.3

kData from Ref. I regarding A) has been corrected by a factor of 1.5 as discussed In the text .
bUata from Ref. 24 has been corrected to give the values of D at an order parameter of 1.
See C. K. Yun , Ph. D. thesis, University of MInnesota , 1970, p. 288.
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London , 1956). worked with partially deuterated MI3 BA. and cl aim a nematie
“hoe J . N. She rwood In E ..vface and Defect Properti es of range for this compound of 3—33’C , a surprisingly Large

So1sd~ , (The Chemical Society , London, 1973) , Vol. 2 , change from the nomatle range of MH1IA itself.
p. 250. “C. K. Yun and A. t~. ~‘redrk~kson , Mol. (‘ry st. I i q. (‘ry st .

~I. ieuciwr , II. Ilnu~~l~ t , and M. M. Lathes , Nat. Phys. 12 . 73 (1970) .
5.1. 229. 26 111) 71) . ‘~ P. A. isuik , .1. M . lauti k , K. Otne.c . cud I .  ttist~ , M~it .21 
~~ iii iiu • .1. P1 ra . is,kt I. /.up.u,vio, I ‘hys . Iliw , left. 30, ( ‘~‘yj f , I iq . C ‘ryst . 15 , i 69 liD? I ) .
r. iii 119 1 8) .  ‘U K. i tj~i~~~_ i i .  Py,iu , .1. A. .Ia ,t i lk . isi ati .1 , P4. J~ nik . I’liy. .

“N. IL. I ;linnh nod ~: . i ’tt ,~ m aul I , I ’I ’yn. I~~It • A 34, 861 111178). I ~u • A 38 , :18r, ( I  wi ~“1. Zupanclt ’ , .1. I ’ir e , P4 .  [ussr , H. IllInc , and J. W. “1~, II. Kia ndet -mami (private eo ,ntnu nhi ’nlkimi ) .
Doane, Solid State Commun. 15. 227 (1974). Theee authors “S. N Lr and W. U. SteIn . J. Chem. Phys. 55, 1598 (1971).
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Observation of Pyroelectricity in Chira l Smectic~C and -H Liquid Crystals5

L. J. Yu, H. Lee , C. S. Bak . and M. M. Labes
!) epa r1 ,ne~zl af Chemistry, Temple Un iversity, Philadel p hia, Pennsylvania 19122

(Received 10 November 1975)

Pvroelectrk’Ity has been observ ed in the sniectic-C and sniectic-H phases of 1—p --de —
eyloxybenzylldeno-p ’-amln o-2—ni ethy lbu ty lclnn a ,n ate after the material Is poled in a dc _—-

~~~~~field. The observed pyroelectr ic coefficient Is consistent with an estimate of its theo~~ __ —~~~~~~~
retical value. 

___
__ ____ _ —

Recent ly Meyer c t a l .’ have presented both the- .. —the~~mectic-C and smectic-H phases of the 1-en-
oretical arguments and some ex~~~tm.etttaVëvi- antiomer of DBC after aligning the phases in a
dence tha t p-decylo,~~ba.~~~r1ire~ e-p ’-amino-2 - dc electric field , and verified that no pyroelec-
methy lbuty lc inñã rnate (DBC), when prepared as tric effect is observed in the racemic form of
a pure enantiomer (using 1-aniyl alcohol), is fez’ - DBC .
roelectric in the smectic-C and smectic-!I phas- I- and dl-DBC were synthesized in the follow-
es. It occurred to us that an indication of spon- ing manner2 : p-nitrocinnamic ac id was convert-
taneous polarization in these phases would be the ed to the acid chloride via treatment with thionyl
presence of a p vroe !eclr ic effect. We have suc- chloride; l-amyl alcohol or dl-amyl alcohol was
ceeded in measuring a pyroelectric current in then added to form the p-nitrocinnamate ester ,
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w hich ~-as reduc ed to the p-aminocinnarnate es- should have a macroscopic dipole moment and
ter with stannous chloride and hydrochloric acid. should therefore show a pyroelectric effect. As
Finally , the Schiff base DBC was made by con- a control experiment dl-DBC was treated in an
densing the p-aminocinna rnate ester with n-de- identical manner; because of the apolar cha rac-
cyloxybenzaldehyde. The phase transition tern- ter of this material , no pyroelectric effect should
peratures were in good agreement with those pre- be observable.
viously reported. ’ Pyroelectric currents were measured in a man-

The pyroelectric measurements were performed ncr previously described. 5 The samples are first
on samples of l-DBC and dl-DBC aligned between held at a fixed temperature until a stable back -
two glass plates which had been coated with m di- ground current is observed and recorded ; heat -
urn oxide and then with silicon monoxide to pro- ing rates of 75 and 10’ /min for the smectic-C
mote homogeneous alignment .3 A 6.3-pm or 12.7- and smectic-H phases , respectively, were ap-
pm Mylar film with a 1.2x 1.2-cm 2 hole was used plied and the phases heated to a 5~ higher temper-
as a spacer. The samples were heated to 125CC , ature. As can be seen in Fig. 1, this heating pro-
8 higher than the isotropic transition tempera- duces a current pulse as well as a rise in the
ture , kept under a dc electric field of 5x io~ V background current . The background current
cm ’ for 1 h , and quenched to the srnectic-C stabilizes again as soon as the temperature sta-
phase with the field still applied. Thi s treatment bilizes. When no pyroelectric current is pro-
serves two functions: Undesirable ionic species duced , as in the experiments with dl-DBC , one
are removed by electrolysis , and the sample is observes the rise in the background current , but
“poled” ; i.e., the dipoles are aligned in the fi~ 1d, no py roelectric current pulse.
Alternatively , the sample can be poled starting The pyroelectric coefficient dP. dT can be cal-
from the smectic-A phase ( 115—95 C) . In the culated from the data of Fig. 1 fro m the following
smectic-C and -H phases , the “spontaneous” cur- expression for the pyroelectric current!:
rent s are measured after the “background” cur- 

~
, A (dp~dT )d T ’dt (1)

rent stabilizes , which takes — 2  h. A small re-
sidual background current is always observed; where A is the electrode area and dT dt is the
in l-DBC a pyroelectric current is also observed heating rate. The highest value of the py roelec-
when the sample is heated (or cooled) at a rapid tric coefficient in the smectic-C phase is — 2
heating (or cooling ) rate. The pyroelect ric cur- X 10”  C deg” cm ’, and — 3x 10 ”  C deg ’ cm ”’
rents were measured in the snsectic-C and -H in the srnectic-H phase. The magnitude of the ob-
(< 63 C) phases. In the smectic-A phase , in ac-
cord with theory , no py roelectric current could
be observed. However , the background current Smecti c- C Smect i c— H
in this phase was always quite high , and it would 36 - . 7
therefore be difficult to distinguish a pyroelec —
tric current in this phase in any event. -~~~ 33 6

In the experiments reported in this work the E E
< 3 0 - -~~~~molecular axis is parallel to the glass; i.e., the 2

smectic planes are perpendicular to the glass ‘2 2 7 - - 
~~ 

2
and an electric field is applied perpendicular to
the glass plates. A macroscopic dipole moment 2.4 - ( . 3
will only occur when the helicoidal smectic ar- 

~ r’— ~ray is “untwisted ,” i.e., when the pitch approach- ~ 2 I - (±) IL ((.~.) 
- 2 ~

es infini ty.  We found that after poling, the infin- ° 
‘S 

~~~j 
—

ite-pitch srnectic-C and -II phases were partially .8 - ,,
~
,j - I

retained for severa l hours even after the field I 5 ~~ i i i I I I I
was removed : i.e.,  a memory state was achieved.
M icroscopic observations indicated that a large T I M E  ( I  div.~~5 minutes)
portion of the sample did not relax back to the FIG. 1, Recorder tracings of observed currents Inso-called fingerprint  texture; the helical array

- ,, chiral (—) and racemic (~) DBC. The compounds are
may be part ially restored but with a large pitch . heated from 65 to 70’C at a rate of 75’/mIn In the
For th is reason , the stnictures of both the smec- smectlc-C phase, and fro m 50 to 55’C at a rate of
tic-C and the srn ect ic-Fl phases . being untwisted . 10’/mln in the smectic —if ph ase.
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served pyroelectric coefficient was often as much work on describing the properties of these inter-
as a factor of 2 less than this, the irreproduci- esting phases is underway.
bility presumably related to the degree of align 

-

______________

nient and memory state which exists in the indi-
vidual sample. ~This work was supported by the U. S. Army Research

Office under Grant s No . I)AIICO4-7 i—G-O 186 and No ,An estimate of the theoretical value of dl ’ dT
DAAG29—7 6—G— 0040 .can be made in the following manner. Polariza- ‘R. B. Meyer , L. Liebert , L. Strzelecki , and P. Rel-tion P is defined as the macroscopic dipole mo- 1cr , J. Phys, (Paris) , Lett , 36, L.-69 (1975).

ment per unit volume V:  2 M. Leclercq , J. Btllard , and J. Jacques , Mol. Cryst.
Liq. Cryst. 8, 367 (1969) ; A. Psarrea , C. Sandris , andP = .M1 V =~1i7 , (2) G. Tsatsas , Bull . Soc. Chirn . Fr. 1961, 2145.

where N is the number of dipoles in the volume 3J. L. Janning , Appl. Phys. Lett . 21 , 173 (1972).
4The lifetime of such a memory state seems to de-V, ii is the dipole moment . and p~~N V. By dif-

ferentiating Eq. (2) with respect to temperature pend on the thickness and boundary conditions of the
sample, Although Meyer ,‘t a!. (Ref. 1) did not reportT , one obtains memory effects in their earlier work , observations of

dP ( id  1(fl T \  long-lived untwisted states have also been made by
dT ~p dT if d ’ (3) thom (R. B. Meyer , private communication) .

5A. I. Balse, H. Lee, B. Oh , R. E. Salomon, and
The relative change in density ( I  p~~p dT is ap- M. M. Labes, App!. Phys. Lee. 26, 428 (1975).
proximately the volume expansion coefficient 

G L. E. H~j do, A. C. Eringen , A. E. Lord , Jr ., and
F. E . Wargocki , Lett. App!. Eng. Sd .  3, 125 (1975) .(negative sign) and should have the value of — — 1 7 L. E. Haldo , A. C. Eringen , J. Giancola , and A. E.x 10~ ’ deg ’.’~’

7 The magnitude of the second term Lord , Jr., Lett . AppI. Eng. ScI.3 , 61 (1975).
in Eq. (3) is — 10”~ deg ’ .~ and can theref ore be 8R . G. Kepler , In “Proceeding s of the Second Inter-
neglected. P can be assumed’ to have a value of national Conference on Electrophotography, October
— 125 esu cm 2 (~~4.2x 10~~ C cm ”). Therefore 1973” (Society of Photographic Scientists and Eng i—
an estimate of dP. ’dT is — —4 x  1O”hl  C deg ’ cm~~. neers , to be published),

Thus the observed value of the pyroelectric ~~~ 
9The polarization is expected to change rap idly near

the S rnectlc-C—s mectlc-A transition temperature Isee ,efficient [(2 to 3)x 10”  C deg ’ cm ”2 ] is qu ite for example, R . Blinc, Phys. Status Solidi (b) 70 , K29close to the theoretical value. Since neither per- (1975)), Our measurements for the smectlc-C phasefect alignment of smectic-C and -H phases nor were therefore carried out 20’ below this transition
perfect untwisting of the chiral phases can be as- point to avoid any contribution to the current from such
sured. t he agreement is rather good. Further a pretransitlonal phenomenon .
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, SELECTRIC FIELD INDUCED TRA! SFORNATIONS MID STRUCTURAL EXPLANATION S OF LARGE
PITC H CHOLESTERIC FING ERPRINT AND SPRERIJLITIC TExTur~.Es. A. E. Stieb* and li I’I.
Labes, Department of Chemistry, Temple University, Philadelphia, Pa., 19122 , U.S.A.

Although there have been many studies of both fingerprint textures and
bubbles (spherulitic textures) in cholesterics of large pitch, no complete ex-
planation of their structures has been given. By studying the electric field
induced transformation of bubbles and fingerprints and combining these data with
wedge and diffusion—gradient observations, structural models consistent with
several types of bubble and fingerprint patterns have been developed.

In the absence of an applied field, two different fingerprint patterns are
observed, one of which has rtomeot~opic regions separating the individual stripes,
while the other pattern shows only bright focal lines. In the presence of a
field, both patterns undergo continuous transformations to more complex structures
involving discilnatlons. The dependence of the diameter of the fingerprint
stripes and bubbles on the field strength is given for a cholesteric with positive
dielectric anisotropy.

Bubbles of two types can be observed: one of them contains in its center
a vertical diselination and is more stable than the other type, which has not
been previously- reported. The behavior of both types of bubbles in an electric ”
field will be discussed, as well as a bubble to fingerprint transformation.

The optical properties of all of these patterns were investigated in detail;
structural models consistent with the experimental observations will be pre—

• sented.

*Visiting Research Associate, 1975—1976. Permanent address: Institut f.
Angewandte Festk~rper—Physik, Freiburg, 11. Cerma~y.
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Dielectric , elastic , and electro-optic properties of a liquid
crystalline molecular complex*

J. W. Park arid M. M. Labes
Department of Chemistry, Temple Universi ty. Philadel phia , Pennsy lvania 19122
(Received II August 1976)

The dielectric and elastic constants as well as the electro-optic response times of twisted nematic cells of
the binary liquid crystalline system N.(p-methoxybenzylidene)-p- n-butylaniline (MBBA)/4-cyano-4’ -
penty lbipheny l (CPB) were studied. The formation of a molecular complex between MBBA and CPB leads
to wide mesomorphic ranges and higher dielectric anisotropies, as well as favorable rise and decay times
This latter effect is mainly due to relative decreases in viscosity at a given temperature associated with
elevation of the nematic-isotropic transition temperature.

PACS numbers: 61,30, —v . 78.20.Jq. 77 •2O .+y

IN TRODUCTION where E is the applied field strength , ~ is the viscosity ,

In a pre vious pape r , ’ the formation of molecular corn- and q is not clearly known but is often approximated by
r, L where L is the layer thickness. ’°”' ” In this work weple xes in liquid crystalline systems such as N-

(p-methoxybenzylidene)-p-n-butylanil ine (MBBA ) and report on the above—mentioned par am eters as they vary
over the phase diagram of MBBA-CPB. ’

4-cyano-4 ‘-pentylbiphenyl (CPB) and several closely
related binary mixtures was reported . The phase dia-

EXPE R IMENTA L •1grams showed depressions of solid-nematic transitions
(a double eutectic) as well as increases in the nematic- MBBA and CPB were purchased from Eastman Kodak
isotropic transition temperature. Preliminary data Co, and Atomergi c Chemetals Co. , respectively, in
indicated positive deviations in the value of the dielec -
tr ic anisotropies ~~ ( = e ,, _€ ) and decreases in the delay 

pure grades used for electro-optic applications , and
mixtures were made by weighing the individual compo-

time for deformation of a twisted nematic cell. As these nents. The electrical and electro-optical properties
properties are quite different from those of ordinary were measured in planar or twisted cells consisting of
Liquid crystalline mixtures , which show linear variation tw~ glass plates coated with tin oxide separated by
in the dielectric anisotropies and constant elastic con-
stants , ’ 4  we decided to study in detail the properties of Mylar spacers . The spacing was either 36. 1 or 8.8

tim. The cells were put into a brass jacke t through
the MBBA-CPH system, which water could be circulated at constant tempera-

In order to assure strong coupling between an applied ture . Capacitance measurements were performed using
field and molecular orientation in a liquid crystal , a a General Radio 1608-A impedance bridge. Control of
high dielectric anisotropy ~1’ is desirable. Further , the the nematic director was achieved by applying a magnet-
time constants for reorientation (rise time) and relaxa - ic field of -27 kOe Cell spacings were calibrated for
tion (decay time) of the nemat ic director are both depen- every cell by measuring the capacitance of air, Thresh-
dent on viscosity . Gruler ci a!. ’ calculated the relation - old voltages were calculated from capacitance-voltage
ship between geometry and threshold field for field- measurements . The glass plates used in threshold-
Induced deformations of a nematic layer. In the case of voltage and electro-optical property measurements were
a planar alignment and a positive dielectric anisotropy coated with silicon monoxide (Sb ) to promote homoge-
(~~r 0), the threshold voltage (V ,5 ) is neous and uniaxial alignment. Only fre shly prepared

(1) SiO-coated cells were used. The cells were filled by
capillary action and uniform alignment confirmed by

where K = ~,, -f ~(k 33 — 2 k ,2 ) , and k~ are the Frank elastic microscopic examination and capacitance measure-
constants . ’ Above V~, the orientation of the nematic ments . All cells used in the threshold voltage and elec-
director changes with the characteristic rise time ‘7’, tro-optlcal properties showed capacitance values which
and relaxes in a decay time r 4 given by the following agree within 0. 5’~ of those determined by aligning In
expressions9 the magnetic field . The response times of twisted

nematic cells were measured in essentially the same
V~= r,(K~~0& )’’~ (2) way as described in Ref. 11. Most measurements were

where Kr = k,, -4-~ (k33 — 2k ~ ) , and k 14 are the Frank done at 10°C below the nernatic isotropic transition
elastic constants . a Above I’, the orientation of the temperature T5~ to mi ni m ize the effec ts of chan ges In
nemati c director changes with the characteristic rise the order parameter.
time r , and relaxes In a decay time r 4 given by the fol-
lowing expressions 9 RESULTS

— ______ — 
K ~ 

The values of the dielectri c constant ~ and the dielec-
— 

~ ‘7 trl c anlsotropy ~e of the various mixtures are plotted
aga inst mol% CPB in Fig. 1 . The solid lines are cal-

1’ ~~~~~~~~~ (4) culated values assum ing th e add itivity re lati onship

22 Journal of Appli ed Physics , Vol . 48, No. 1, January 1977 Copyright C) 1977 American Inititute of Physics 22
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FIG . 3. Reciprocal total rise times versus V2
~3~e for various

36. i-pm-thick twisted nematic cells of CPB-MBBA m ixtures.
= ~1€ UB B A ( j — K)  + ~.€CPSK, Proceeding from top to bottom , the curves were measured for

the following mixtures and temperatures: 23.3 mol~i CPB,where -V is the mole fraction of CPB. The actual values 17 5°C’ 47. 9 rno l 1T CPB, 40°C; 70.3 mo1~f CPB , 35°C; 70. 3
of e~ show little deviation from this additivity relation- mol7 CPB , 25°C ; pure CPB , 26°C ,
Ship. On the other hand , Ae shows large positive devia-
tions with composition , which are obviously mainly due
to the nonlinearity of € 11• groups .’3 - ” correcting for the temperature dependence

of the elastic constant .FIgure 2 is a plot of the elastic constant k ,1 which is
calculated from Eq. (1) using V~5 and ~~€ values obtained In FIg. 3, the reciprocal of the total rise timefrom the capacitance-voltage relationships against ( r )  is plotted against V’~ a , The total rise timemol% CPB. The V1~Ae values are also given. The re- used in Fig. 3 and Table l b s  the time required to obtainsults indicate only a slight Increase in k,1 associated
with complex formation. The k,, values of MBBA and
CPB agree fa irly well with those reported by other TABLE I, Electro-optic par~~’seters of 36. 1.+tm-thick twisted

nem atic cells of MBBA-C PB ,

1 

6 Mol~ CPB
Parameter 23. 3 47. 9 70 ,3 70. 3 100, 060 — 

I 

f 

~ _ T ~°c)’ 37.5 40, 0 35. 0 25.0 26.0
Ca’ . 3. 14 6. 36 8.48 8.70 10.7

-

40 - 

f 
f ~ ~ V~ (~ 1.26 0. 94 0,77 0. 88 0,72

C V~A 5.0 5 .7 5.0 6.7 5. 5

~~~~~~ 
tmsec) 5 30.8 17. 5 15, 1 23. 0 21, 3

— 220 — ~ 0, 53 0.6 1 0.66 0, 84 1.04

~V
2sec) 39 44 51 77 88

~ I I • I I • _ _________________________________c0 20 40 50 so I 00 BAll data were taken at 10’C below T~~, with the exception ofMol.% CPR
the data at 70.3 mot% and 25°C , which Is 20°C below F51FIG. 2. V~,A€ and ku versus snol% CPB at 10°C below the ~~~ and ‘~ were measured during and after application of

nemmlc—Iaotroplc transition temperatu re . 2d v,

23 J. Appi. Phys., Vol . 48, No. 1 , January 1977 J.W. Park and M.M. Labes 23
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Erratum: Dielectric, elastic, and electro-optic properties of
a liquid crystalline molecular complex
[j. AppI. Phys. 48, 22 (1977)1

J. W. Park and M. M. Labes
Department of Chemistry, Temple University. Philadelphia, Pennsylvania 19122

PACS numbers: 99.l0. + g, 61.30. — v , 78.20.Jq, 77.20.+y

Following Eq. (1) on p. 22 , the paragraph should read 6F.C , Frank , DIscuss . Faraday Soc. 26, 19 (1958) .as follows: where k13 is the splay elastic constant. 6 The ~F.M. Leslie , Mo!. Cryst , Liq. Cryst. 12, 57 (1970) ,
appropriate relationships for changing a twisted nematic C,J, Alder and E .P. Raynes , J . Phys. D 6, L33 (1973) .
texture to a homeotropic alignment are given by the
following expressions in mks units. 7 , 8 The threshold
voltage V~ is

2649 J. App i, Pitys ,, Vol. 48, No. 6, June 1977 Copyright C) 1977 American Institute of Physics 2649
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ing of 71 .3 mol~ CPB. The response times agree very
well with the theoretical predictions given by Eqs. (3)
and (4). In the whole nematic range (15—43 °C), the

80 response times are much less than the 100 msec desir-
able for actual display applications. The shape of the
curves can be understood in terms of the temperature
dependences of the elastic constants , viscosi ties , and
dielec tric anisotropies .

CONCLUSIO NS

Th e fo rm ati on of a m olecular com plex between MBBA
and CPB affords wide mesomorphic ranges as well as
desi rable modifications of the properties of the liquid
crystalli ne phase such as ~ € , i~ , and K.  Useful display
devices could be built wi th such a system since the

40 — electro-optic response times of a thin cell are ~ l00
msec over the entire nematic range. The MBBA-CPB
system rep resents no attempt at optimizing the changes
in viscosi ty and dielectric anisotropies possible by
vi rtue of a donor-acceptor interaction , nor does it in-
dicate that elastic constants are responsive to such an

2O~~~~~~~~~~~~~~~~~~~~~~ ta~~ota I interaction. Further work is underwa y designing meso-
gens which would show even mo re marked donor or
acceptor properties.

0 I I I I
20 30 40 1’

TNI °~Vl ,rk sUplx rted i n  part by the I . S A i m y  Research OfficeTempe rature ( °C ) ([)urh~~~) under Grant ~ o , l)All ( 0 ) —5 4—G — Q 1’~~.
FIG. 4. Total rise and ih - c a v  times I I  7n ~~. ~-u m twisted ‘j . \V, Park.  C’ S B ;ik , and M . r~i . Labes , J. Am . Chem . Soc .nematic cell consistin g of 71 .3 mo!’ (.‘I’B and 29 . 7 inol’~ -37 ; ;9s ( 1 $ 7 5) ,
MIIIS A , at var ious  t emper :th ,r es . The app lied vi llage is 5. I )  V.

II , A . kashnow m d  U . S . ). i,b.- . Mol . C ’ rvs t . Liq . Crvst , 23,
:;29 (197. ;) .

90~ ligh t transmission after field is applied , and is the 11. F . MiC h( ’l a nd G . ’iV . Smith . J. App I . Phys. 45 , :1234
sum of the delay time and rise time. ” Delay times were ( 1 170.

l) . Mcv erh ofcr .  J. App l . Fhvs. 46 , 5054 ( 1975).
three to six times longer than rise times depending on 

~II . Gru ler . T. .1 , Scheff r , and G , Meie r . Z . Naturforsch .
composition and temperature.  The l inear dependence of A 27 , I l l  (1972) .
I ~~~~ on l~~~m is consistent with the theoretical pre— ‘F.C.  Frank , I) iscuss.  Faraday Soc . 25 , 19 (1958) .
dic tion from Eq (4) and other experimental results . ~0— 12 ‘F . M . Leslie , Mol . Crys t . Liq . Crvst .  12, 57 (1970) .
Decay time is defined as the time required to return to ~C.J, Alder and F. P. Itaynes , J. Phys . D 6, L33 ( 1973) .

‘ F Jakeman and F . P. Ravnes , Phys. Lett . A 39, 69 ( 1972) .10~ light transmission after the voltage is turned off.  ‘°A . l . Baise and M .M . Labes , App i , Phys. Left. 24 , 295

Va rious electro-optical prope rties and parame ters (1973) .
“C.S. flak , K . Ko , and M , M . Labes, J. Appl. Phys. 46 , 1are summa rized in Table I . The parameter ~~~~~~~~~~~~~ 

(197 )
.~(r; ’~~,~~) i s  the inverse slope of the curves in Fig. 3 ‘2T .S. Chang , P. E. Greene , and E .E , Loebner , Liqu id Cr ~s-
and is directly proportional to i~, whereas r1 is propor- ta ls and Ordered f lu ids , edited by J. F. Johnson and R .S .
tional to q/K . Porter (Plenum , New York , 1974) , Vol . 2 , p. 115.

‘SI . Hailer , J , Chem, Phys. 57 , 1400 (1972).
FIgure 4 shows the temperature variation of rise and ‘4 P.G. Cummins , D .A . Dunmur , and B. A. Laidle r , Mol ,

decay times of an 8.8-Mm twisted nematic cell consist- Cryst. Liq. Cryst. 30 , 109 (1975).
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BRoAI ) I - : N ! ~; (;  ( I F  THE NF ~1ATIC T EMPERATURE RANGE Fl Y A
NON—MESOCEN IC SOLUTE I N  A N F7 ’IATIC LIQUID CRYSTAL

.1 . 1. . PARK ANT) Fl. M. LARES
lk’p ; m r r r e n t  of Chemis t ry ,  it -am ple l’n l v e r s it y ,  P h i l a —

__________ 

th ’lp h l . i , l’en n sy l v a n l a  19172

( S u b m i t  t e d  f o r p u b  l i t -a t  Ion J . m n u . i r y  7 , 1 9 7 7 )

~~~~~ 
The g e n e r a l  r u l e  tt , .i t . id d i t  ion of a non—

rn e ’ : ;” i  m i m i c  s o lu ’e causes  .i s h . i r p  decrease  in the  ne m a t i c—
t ‘ p i e  I I . lnsl  i i  n t t ’ m p e r . m t u r e  (T~~ i) of a ne ina t ic

s v i v m ’nt I s  i t  ( t - v 1 ’ d  i. ’ o ’n t h i -  s ( ’l ut c  and so lven t  can
en te r  ( i t t ’ m i o n o r - .,, ~ m -  t or  i n t e r a c t i o n . A d d i t i o n  of
4— - j r n i b  I ( ‘( ~ ‘ny 1 to t lie n m - n a  t i c  l i q u i d  c r y s t a l  4—cyano —

‘ — 1 4 1 1 1  V I l i p l i e n y l  (nen lat  Ic range ~ 2 5_ 350) leads  to
‘ i i  I t  i , . , , , .  i n  r 8~, 1 . 1 1 1 1 1  ~‘ m t i ’ c y m - ; m e  I n  t h e  c r y s t a l —
i i i i i i  II  I t  i n , -  I t  l o u  t n n p t ’ r  . it u r e . Time m a x i m u m  nemat ic
r.iii)~, (’ ( .~ 1— 3t1°) I f ;  .~~( hlcvcd a t  ~ 7 mole % so lu te .

I n  m > r d m ’ r  t o  m - x t ~~nd I i q m . m i d  c r y s ta l l i n e  t e m p e r a t u r e
r an)  8 m. , I t  i s  , u r r n o n  to p r e p a r e  a m ix e d  sys tem to take ad—
v a n t ;g t -  of m ’ t i t . - u t i c  b e h a v i o r .  Ii i  a t yp ica l  b inary  mix tu re ,
w h e r , ’ t I m  ru t l ip o n en t s  a rc  m i s c i b l e  in a] 1 p ropor t ions , the
ph ase d i  . ) ‘ . r am  shows a n e a r l y l i n e a r  dependence  of the

_______— f lt  l u l l  I c  ‘i : , ’ ’ t  rop i m ’  (N ~~I )  t r a n s i t i o n , and a s i m p l e  eu t ec t i c  ______________

d e i e r n i i n t ’d  by h e a t s  of m e l t i n g  of the components  in the
c r y s t a l  • n e n a t i c  (C- m N) tr a n s i t i o n .

In a p rev ious  paper ,1 we reported unusual phase diagrams
o f h t n . i t v  l i q i m l i l  c r y s t a l l i ne m i x t u r e s  be tween  4 — cy a n o — 4 ’ —
p e n t y  I b i  p t m e n y  1 (CI II) and Scl, 1 I f  base or azo type  l i q u i d
c r y s ta l s :  fo r  example , when N—(p—niethoxybcnzylidene)—p—n—
b u t y l a n i l in e  (HBB A ) is mixed w i t h  CPB , a double eu t e c t i c  is
found in the C-I N t r a n s i t i o n  and the  N-’I t r ans i t i on  tempera—
tu r e  Incre a ses  as one proceeds from either component to an ~o
equimol .ir mixture.

These un usua l phase diagrams were attributed to a
• d o n o r —ac c ep t o r  t y p e  i nt e r a c ti o n  be tween  the  c o n s t i t u e n t

f l i t >  I ( ‘ ( ‘ I I  l e o .  Fu u — I her s t t~d len 2 of t h e  l ’t I ( l l A— C i’Fl  sy 01 cm slmow ed
I l t I l I i ( ,  ‘ n i t  Ivm ’  m l t ’ v I ; , t  i~~n~ t i m  t he  d i e l e c t r i c  . l n i r , o l r l m p ic’s
(Am. .) 1 1 4 1 1 1 1  .8  ullI rt l i l l  1 1 in( ’ar  rd l I  t i o u u s l i l  

~‘
, s i t  g u t  increases  in

the  sp l ay  e l a s t i c  const an t s , and m ar ked  decreases In the

4 1

, 8 

-—--. 
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c i  & ‘ct re— Imp t i c  rcuiionui’ t Imm•s  of t w i  s it’d nem at  Ic c e l ls  mn(le
I i  ( m i m i  I l i t  I t i  I s t i l l  I I ! ,

I t  o c c u r r e d  to us tha t  s imi l a r  type  phase dlagriim s and
changes in p r o p e r t i e s  could be achieved when a non—me so—
genic so lu te  is disso lved in a l i qu id  c r y s t a l l i n e  solvent
I f  the so l u t e  and St) lv ef l t  undergo a d o n o r — a c c e p t o r  i n t e r —  . ‘ -

action . In general , additi on of a non—mesogenic solute
leads to a sharp decrease in T~~ 1 of a mesogenic solvent.
Such a decrease can be understood in terms of the degree
of d i s r u p t i o n  of nen i at i c  order  caused by the  s o l u t e , wh ich
a r e  f u n c t i o n s  of t h e  s iz e , shape and f l e x i b i l i t y  of the
s o l u t e, and  to any ch anges i n  d i p o l e — d i pole i n t e r a c t i o n s  or
dispe rs ion  forces  in the solvent caused by the solute. The
sl ope of t h e  dep re s s ion  of TN*1 (~ TN ,I / a X , where X is the
mo l e t r a c t i o n  of solu te)  Is a measure of t h i s  p e r t u r b a t i o n .

Con r .m ry t o  i i i  is g~ ’t i e  r~ ’ I to I m.’ , we f I n i l I t n t  I when  4—
.ini um ob I ~m lim. ’ii y I (Al i t ’ )  • 

8 a zi on— m esoge n I c  done r type  s b ]  ecule ,
is added  to CPB , TN~ I increases and TC~N 

decreases wi th a
m a x i m u m  n e m a t l c  range bei ng achieved at  “~ 7 mole % AJIP .
As opposed to pure CPB , which has a nema tic range of 25_350,
93~. CPB/7% A li t’ has a range of 21_380 . The phase diagram
(FI g u r e  1), de termined by using polarized optical microscopy
on a M e t t l e r F P— 2 hot s tage , and d i f f e r e n t i a l  scanning cal-
o r i m e t r y  ( D S C ) , u t i l lz in g  a P e r k i n— E l m e r  DSC 1—B , is an othe r
ex a m p l e  of a t w o — c o m p o n e n t  sy s t e m  f o r m i n g  a compound sh ow—
ing a congruent  m e l t i n g  p o i n t  a t  a 50:50 m i x t u r e , and ex-
h i b i t i n g  two e u t e c t i c s  in the  m e l t i n g  p o i n t .  E n t h a l p ies
(A H )  of the C-’N or C~ I t r a n s i t i o n s  for  the b ina ry  mix tu re
are plo tted in Figure 2, showing virtually linear variations
of the total enth,ilp fes of mel ting with composition. The
comp lexi ty of Figures 1 and 2 can he explained in terms of
defini te compositions in the stable solid phases.

When 4—cyanobipheny l (CBP),  which is structurally
s i m i l a r  to  AIIP , b u t  hear s  a cyano  group i n s t ead  of an ami no
g r o u p ,  is  m i x e d  w i t h  CPu , a i .m r un a l  phase d ia g r am  of a two— ______________

component  system w i t h  (~ TN..~.I / a x ) x o  —50°is obtained.
Both AEP and ClI P dissolved in n ematic  phase V (a eutect ic
m i x t u r e  of p—m ethoxy azoxybenzenes which are p ’—subs t itu t ed
w i t h  e t h y l  and n—butyl groups) induce 9harp decreases in
T~~8 1, g i v i n g  (3T N m J /~

) X ) X~ O va lues  of — 2 0 3  and —160° respec-
t Ive ly .  1”or a b [nary n i i x t u r u  between MiIII A and CIII ’ , TN.,1
dec reased appr ox in a i t e ly  l i n e a r l y wi th  mole f r a c t i o n  of ClIP
w i t h  (3T N,4 I /a X ) X~,0 —123° . t1ov~~ er , the m e l t i n g  point curve
showed a s l i ght ne~ at !vc dev ia t ion  from a smooth l ine near
the 50:50 mixture. -
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0 20 40 60 80 tOO

Mole W,, ABP

F i g u r e  1. Pha se d i ag ram of CPR—AII P mi x t u r e :  TN4I (A ) ,
m e l t i n g  poi nt of las t  t race  of solid ( 0 ) ,
and melting point of excess components
(•).
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These results  c l ea r ly  i nd i ca t e  that  CPB and MW form
a complex. The complex may e i t h e r  be linear through the
interaction between CN and Nil 2 groups , or p la te—like
tI~ r o u g h  I lie Iui (tract iou he tweed ii I Imhli ny I r i n g s . F i ti mer of . 

-

liese t i  fec is can I cad to  ii 1 u i viii tie highit’ r than that of
CI’b Itself. in the case of the MIIM— CIW mixture , a non—
linear complex , which is not li quid crys talline , may be
fornied wi th substantially lower formation constants than
those of MRRA-CPB or CPB—MW . The lack of a long flexible
hydrocarbon chain in CR1’ could cause the decrease In the
s ta b i l i ty o f a complex in the h i g h l y  ordered l i quid cryst al—
line and solid phases . Such an effect is unlikely in the
t’IBRA—CPB and CPB—ABP systems .

l i t c e n t l y,  01110 han st u d i e d  severa l other  binary liquid ‘

c ry sr . i  I line sy st em s , where  one c on mp f ln en t  b ears  a cyano
g r o u p ,  and reports similar phase diagrams but with extended
smec t ic  ranges. lIe proposes a d ipo le—induced  lamellar
st ructure as an alternate model to explain the phase dia— ‘ -

grains. Such a model may Indm cml he app l i c a b l e  in some
sit nat  Itins , p a r t i c u l a r  I y i i i  e xp l a i n in g  ti me in duced sniectic
iit- soiiorp hils m . I t. is hard to see how such a model could ex-
p lain the strong non—linearity In 1N~ I in the case of the
( :l’B-AB P mixtures studied in th is  work , where a donor—acceptor
in tc - r.ictlon appeara so l i k e l y .  Furth er  studies on these ‘

unu su a l phase relationshi ps should allow a mechanistic
distinction as well, as providing liquid crystals with wider

~mesomorphlc ranges and modified electro—optic parameters.
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A NEW GENERATION PROCESS AND NATR IX REPRESENTATION OF

DISCLINATIONS IN NEMAPIC AND CHOLESTERIC LIQUID CRYSTALS~

A. E. Stieb* and M. M. Labes

Department of Chemis t ry , Temple Univers i ty ,  Philadelphia,

Pa. 19122

Abstract

Disclinations in nematic liquid crystals are described

as transitions between two different states of quantized

bulk deformations in a layer. The quantized states of defor-

mation are due to well defined uniform boundary conditions,

which allow only discrete solutions of the partial Euler

differential equations governing the deformation.

A new continuous generation process for the non-singular p ’

disclinations of integer strength is discussed. The local

turns of the director field , involved in this process, can )

be used for an algebraic description of the topological pro—

perties of the disclinations. This formalism can also be

applied to disclinations of half integer strength and to dis—

clinations in cholesteric liquid crystals. From this theory,

the existence of stable disclinations of the strength s=O

can be predicted.

Disclinations of integer strength are created by an ex—

perimental process analogous to the new theoretical genera—

tion process. Experimental evidence for the existence of die—

clinatlons of the strength 0 is given.

*V isiting Research Assoc iate , 1975—1976. Permanent address:

Institut f. Ang. Festkörper-Physik , 7800 Freiburg , W. Germany
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Fluorescent Liquid Crystal Display Utilizing an Electric Field Induced

*Cholesterjc—Nematjc Transition

L. J. Yu and H. H. Labes

Department of Chemistry, Temple University, Philadelphia, PA 19122 : -

Abstract

An electric—field induced cholesteric—nematjc transition on

a sample containing a europium chelate guest molecule of little or no

polarization shows contrast ratios as high as 9:1 for its brilliant red

(612 nut) fluorescence.
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