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Polarized Raman scattering studies of orientational order

in uniaxial liquid crystalline phases*

Shen Jen,” Noel A. Clark, and P. S. Pershan

Division of Engineering and Applied Physics, Harvard University, Cambridge, Massachusetts 02138

E. B. Priestley

RCA Laboratories, Princeton, New Jersey 08540
(Received 14 September 1976)

The measurement of vibrational Raman depolarization ratios has been used to study molecular
orientational order in uniaxial single domain nematic and smectic liquid crystal samples. This technique is
demonstrated to obtain the same microscopic order parameter {(P,> = 1/2 {(3c0s’@— 1>, where 8 is the
angle between a molecular long axis and the uniaxial direction, as other existing methods. In addition, the
next higher moment of the orientational distribution function {P,> = 1/8 (35cos*@—30c0s’6+3> has
been measured for the first time. The physical basis, theoretical apparatus, and experimental methods
necessary for the application of this technique are thoroughly detailed in this paper. Measurements are
presented of the temperature dependence of {P,> and {(P,> of N-(p’-butoxybenzylidene)-p-
cyanoaniline (BBCA) dissolved in N-(p'-methoxybenzylidene)-p-cyanoaniline (MBBA) and of pure
MBBA in the isotropic and nematic phases, and in the isotropic, nematic, smectic 4, and smectic B
phases of N-(p'-butoxybenzylidene)-p-n-octylaniline (40.8). In the nematic phases the new quantitative
information marks significant discrepancies with existing theories of nematic ordering. In the smectic
phases the results show unambiguously the anticipated high degree of molecular orientational order.

. INTRODUCTION

In the earliest attempts to explain the anisotropic
properties of nematic liquid crystals, the molecules
were assumed to be rigid rods with cylindrical sym-
metry. It was also assumed that the symmetry axis of
any individual molecule made an angle 6 with the mac-~
roscopic symmetry axis of the nematic phase and the-
oretical efforts were directed towards prediction of an
anisotropic angular distribution function f(cos#). In
the case of an isotropic phase, all molecular orienta-
tions are equally probable and f(cos6) is constant. A
principal result of any of these calculations is a theo-
retical prediction for the statistical average of the Le-
gendre polynomials P,,(cos6) ,

(Py,(cosé)) = ff sinf dé P,,(cosb) f(cosé)
(i}

which, being nonzero only if the system is anisotropic,
may be viewed as orientational order parameters, 2

Of these (P,) has been of particular interest since, until
recently, only (P,) has been accessible experimentally,
The purpose of this paper is to fully describe a technique
reported briefly in a letter® by which (P,) and (P,) can
be simultaneously determined,

Molecular field theories such as that of Maier and
Saupe predict a temperature dependence of (P,) which is
in reasonably good qualitative agreement with numerous
experimental results.! Residual quantitative discrepan-
cies have prompted attempts to improve on the Maier~
Saupe calculation in a variety of ways. One approach is
to add more terms and thereby more adjustable param-
eters to the mean field.? In this way calculated values
of (P, in essentially perfect quantitative agreement with
experiment can be obtained. We will show, however,
that the associated theoretical values of (P,) differ sub-
stantially from our experimental results,
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A second question raised in a number of recent the-
oretical papers* concerns the assumption that liquid
crystal molecules can be treated as axially symmetric
rigid rods. In place of the simple angular distribution
function f(cos#6), these papers propose a more general

- expression in terms of the Eulerian angles necessary

to specify the orientation of molecules of lower sym-
metry. Inprinciple, this criticism of the earlier work
is correct and there is experimental evidence support-
ing the assertion that corrections due to local biaxiality
are of some practical importance.® On the other hand,
there is also experimental evidence to the effect that
liquid crystal molecules execute rotational motions
about their long axis, ® suggesting weak local biaxiality.,
In any event, we have considered the effects of local
biaxiality on our Raman measurements and conclude
that, even if such effects were present, they would not
significantly alter the measured values of (P,) and (P,).
To put this another way, the present measurements are
relatively insensitive to local biaxiality.

Another problem with the mean field calculations is
that liquid crystal molecules are not rigid rods. Typi-
cal molecules have a rigid central section with some-
what flexibile hydrocarbon “tails” attached to either one
or both ends of the rigid section. This is not very seri-
ous for the experiments since they presumably measure
the angular distribution of the rigid central part., It
could, however, be a source of discrepancy between ex-
periment and those theoretical calculations that assume
rigid molecules.

Finally, the Maier—Saupe calculation ignores short-
range molecular interactions which determine the nature
of orientational pair correlations. The influence of
short-range order on (P,;(cos#)) has been discussed by
Sheng and Wojtowicz."”

A satisfactory determination of the importance of
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(a) (b)

(C) 1 ~

=22

FIG, 1.
and the molecular frames, thatis Q=(q, 8,7). (c¢) illustrates
the symmetry relation f(a, 8, v} =f(r+ @, =—8, 7+%) under
#— —#. The origins are shifted for convenience.

these various effects on the properties of the nematic
phase will require experimental determination of the
orientational distribution function of each molecular
part. This in turn requires the determination of a large
number of moments (e.g., (P,;(cosb))) of several orien-
tational distribution functions, a ponderous experimental
task. This work represents a small step in this direction.

Il. BACKGROUND
A. Orientational statistics~microscopic order parameters

We begin with the assumption that the molecules are
rigid but of arbitrary shape. As mentioned above, this
may not be strictly true but it is probably satisfactory
for the central portion of the molecules. Consider two
coordinate systems; (1) the laboratory frame (x, v, 2)
fixed with respect to the liquid crystal and chosen to re-
flect the macroscopic symmetry of the system, the z
axis being parallel to the average director #; and (2)
the molecular frame (1, 2, 3) fixed on the molecule and
chosen by considering the molecular symmetry. The
3-axis is parallel to the major molecular axis (usually
along the longest dimension).

At any instant, due to thermal agitation, the orienta-
tion of a particular molecule is described by the three
Euler’s angles (a, B, ¥) that link the two coordinate sys-
tems, as illustrated in Figs. 1(a) and 1(b). The orien-
tational order of the molecules is then described by a
distribution function which can be expanded in terms of
the generalized spherical harmonics, the Wigner ma-
trices® DY) (o, B, ¥):

L
Flag -3 > 2l

o ash DY (,8,7), (12)
=0 m’m=eL
with

avin ‘f daf smﬁdﬁf dy DX (o, 8,7) f (e, B, 7)

Jen, Clark, Pershan, and Priestley:

(a) and (b) show the orientation between the laboratory

Raman scattering in liquid crystals

=(DEN (a, B,7)) , (1v)

where (- - +) represents a thermal average. It follows
that ald’ =1 and the values of the remaining coefficients
a”" with nonzero L depend on the degree of orientation-
al ordering. They are all identically zero in the iso-
tropic phase, where f =1/87% over all orientations, and
some will be nonzero in the ordered phases. They vary
with temperatures and saturate to constant values if the
system becomes completely aligned, It is therefore
natural to choose the a't) as a set of generalized orien-
tational order parameters that characterize the amount
of ordering. By observing the symmetries of the D%}
and the fact that f(a, g, ¥) is real, one can show that the a""
are complex conjugate pairs and obey a symmetry rela-
tion similar to that of the D’s. Thus, in general, for
each L, there are (2L +1)? independent real orientational
order parameters. In fact, this set of (2L +1)* parame-
ters for a particular L is all that is required to relate
the average of any Lth rank irreducible tensor to its
molecular value,

The distribution function, Eq. (1), can be greatly
simplified and the number of nontrivial order parame-
ters considerably reduced by imposing the known sym-
metries of the macroscopic liquid crystal phase and of
the individual constituent molecules. For a uniaxial
macroscopic phase with the unique axis parallel to the
z axis, the distribution function is independent of «,
and only terms with m’' =0 contribute to the summation,
Furthermore, evidenced by the lack of ferroelectricity
in the mesophase of interest, # and - # are equivalent
physical states. This implies [Fig. 1(c)] that f(a, 8, 7)

=f(m+a, m—-B, 7+¥), whence the coefficients of all the
odd L terms in Eq. (1) are zero. We have then
2L +1
fla,8,7)= 5 = alP D& (a,B,7) , (2)
L=even m==L T
where

(£) _(_4n _\'? m %

00,8, =(zo57) (-7 ¥Eue,

Therefore, for rigid molecules of arbitrary shape form-
ing a uniaxial liquid crystal we have (2L +1) real, inde-
pendent order parameters for each L, and L takes on
only even integral values. To lowest order in L, that

is L =2, there are five nontrivial parameters that are
commonly acknowledged in various theoretical and ex-
perimental works. We point out that a more familiar
definition, introduced by Saupe, ®

aﬁ =2 (310,15 - éu 6a3> (3)

with «, B=x,y,2, i,j=1,2,3, and i, =i- &, is equiva-
lent to the set of generalized order parameters of L =2
given by Eq. (1b). Repeated indices are summed over
throughout the paper. Under the same symmetry argu-
ments mentioned above the independent components of
Eq. (3), Sj;, form a second rank irreducible tensor
whose components, when expressed in the spherical
tensor notation, are given by the five coefficients with
L=2inEq. (2). (See, for example, Ref. 10.) This
tensor is called the microscopic tensor order parame-
ter S,

Writing Eq. (2) explicitly, we have
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fla,B,v)=(1/812)[1 +3 A (3 cos®B - 1) +5V 6 sinf cosp(A{®’ cosy + B{? siny) + 5‘/%—sinzB(A§2’ cos2y + B sin2y)
+§ A (35 cos'B ~ 30 cos?B +3) +§ V5 sinB cosp(7 cos?B ~ 3)(A{* cosy + B{* siny) +§-\/§ sin®B(7 cos?8~ 1)
X (A cos27 + B§¥ sin2y) + v 35 sin’8 cosp(A{Y cos3y + B{¥ sin3y) +%\/§ sin'B(4{" cosdy + B{Y sindy) +-- ],

where the complex a%’ and D{%’(a, 8, ¥) have been com-
bined into real quantities by defining

(@) - m (L)* _ A L) | aptD)
agy =(= 1" ay’3, =Ay") +iBy" .

The explicit form of the real order parameters for L =2
and 4 is given in Appendix II. For molecules having no
plane of symmetry, all the (2L +1) parameters for each
L are expected to be nonzero, with the A{*’ characteriz-
ing the “axial” ordering with respect to the director and

the others the “azimuthal” ordering around the molecu-

|

(2a)

!

lar axis. If the molecule has a single plane of symme-
try, and the 1 axis is perpendicular to this plane,
Sfla,B,7)=f(a,B,m—¥). This reduces the number of
nontrivial terms in Eq. (2a) to (L +1) for each L. The
number of nonzero order parameters is similarly re-
duced. If the molecule has two mutually perpendicular
planes of symmetry, then choosing the 3-axis to be
parallel to both obtains a further symmetry relation
fla,B,7)=f(a,B,m+7¥). This eliminates L/2 terms and
there remain only (1 + L/2) nontrivial terms in the sum-
mation,

fla, 8, =01/873)[1+3 48 (B cos®s-1) + 5/%_ A sin®B cos2y +1 A{P (35 cos*s - 30 cos?8 +3)
+%J§A§“ sin?8(7 cos?8 - 1) cos2y +%/3;5A§4’ sin‘Bcosdy ++ -] . 4)

If the molecule has a threefold or greater axis of sym-
metry, then taking this axis as the 3-axis results in only
one nontrivial term for each L, that is, ¥,,(8, )

=[(2L +1)/4n]*/2 Py(cosB). The simple assumption that
has been commonly adopted is that the liquid crystals
are made up by cylindrieally symmetrical rigid rods.
This obtains

fla,8,7)= 2

L=even

2L +1
W AéL) PL(COSB) (5)

or

2r 2r
fa(ﬁ)=fo dozf0 dy f(a, 8, 7)

= 3 2214 py(cosp) ®

L=even

and
ag= [ " singdB Py (cosp) f3(8) =(Py(cosp) , (1)

where # is the unit vector along the symmetry axis of
the molecule, The order parameters A{"’ vanish in the
isotropic phase, take nonzero values in the ordered
phase, and saturate to unity when the system becomes
completely aligned.

B. Macroscopic order parameters

Microscopic order parameters of the type just de-
scribed are usually the primary results of model calcu-
lations. On the other hand, many measurements relate
most directly to macroscopic quantities and it is neces-
sary to inquire about the relationship between the two.

Due to the long-range orientational order of the liquid
crystalline mesophases, most macroscopic tensor prop-
erties show some anisotropy. For example, any of the

r

phenomenological second rank tensors could be chosen
to describe the degree of ordering. We take a general
second rank tensor T and define a macroscopic tensor
order parameter Q as the anisotropic part of T!!:

Q=CT*=C(T-31trT) , (8)

where the constant C can be chosen according to the con-
vention that @,, saturates to unity in a completely aligned
state. This definition is quite general and applies to
both uniaxial and biaxial systems. In a uniaxial system
there is only one independent component, Note that, al-
though any phenomenological T could be used as long as
it shows a characteristic dependence upon the orienta-
tional ordering, it is not obvious that they will yield
equivalent values for Q. As a matter of fact, we want
an order parameter Q that not only serves to character-
ize the degree of macroscopic order but one that can
also be related to its microscopic counterpart. For
reasons that will be discussed shortly, the magnetic
susceptibility ¥ seems to be the most suitable macro-
scopic quantity to substitute for T in Eq. (8).

Provided the molecules can be treated as approxi-
mately rigid, there exists a connection between Q and
the a,f,l.’,’,, defined above, The subtle point here involves
a relation between macroscopic and microscopic (mo-
lecular) tensor properties, known as the local field cor-
rection for either electric or magnetic fields. The
local field correction for the magnetic response is neg-
ligible because interactions among molecules are small
(the diamagnetic susceptibility of typical mesogenic
molecules is of the order of 107 cgs units). ¥ is then
simply a sum over all molecules with susceptibility ¢
per molecule,

X= 2 =N def@i=NE) , (@)

molecules

J. Chem. Phys., Vol, 66, No. 10, 15 May 1977
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where N is the total number of molecules and x mag-
netic susceptibility per unit mass. Using the well known
transformation properties of irreducible tensor opera-
tors B¥’, one can write'

’

2
Q=Cx*=CNB® Y &(2,m)(D@*(a,8,7) ,

m==g

(10)

where the £(2, m) are the coefficients of the 82 when
the molecular susceptibility is expanded in terms of the
irreducible tensors in the molecular frame. Alterna-
tively, Eq. (10) can be expressed as

2
Qs = ClXas = 5 00a Xyy) =CN(BP) g D £(2,m)ai?)
mzeyg
(11)
with C given by
C= 3/N(2§33 = & &)

Equation (11) is the desired relation between the macro
scopic order parameter Q and the microscopic parame-
ters a2 defined by Eq. (1).

12)

For the electric response it is necessary, though dif-
ficult, to evaluate the nontrivial contribution from all
other dipoles in the medium. Satisfactory results exist
only for cubic crystals and isotropic fluids. For crys-
tals of lower symmetry, theoretical calculations are
quite complicated and the results are less informative.!®
Attempts to evaluate local field corrections for liquid
crystals have been even less fruitful,!* This is why the
macrocopic Q is best defined through x as we mentioned
earlier. However, empirical local field corrections
have frequently been used and it has been pointed out!®
that the one proposed by Vuks, ¢ and used to interpret
data from light scattering and Kerr effect experiments
on other systems, presumably also works for liquid
crystals. This amounts to a modified Clausius—-Mossotti
relation in the optical frequency region,

(e~ 1)/(€+2) =4 nNy {ap) , (13)

where € and ag are the optical dielectric constant and
effective molecular polarizability along the principal

B axis, € is the average optical dielectric constant, and
N, is the number of molecules per unit volume, Equa-
tion (13) implies a local field correction in the liquid
crystal phase similar to that in the isotropic phase.
Local field corrections depend on dipole—dipole summa-
tions over neighboring molecules and although they may
be calculated in a number of ways, the answers are ulti-
mately dependent on near-neighbor correlations. These
near-neighbor correlations appear to be relatively in-
sensitive to temperature, implying the same about the
local field corrections. Some indication along this line
has recently been observed!? in x-ray diffraction studies
on liquid crystals.

It follows that a semiempirical macroscopic tensor
order parameter Q’, defined in terms of the optical di-
electric anisotropy, can be related similarly to the mi-
croscopic aff), via Eq. (13) and the molecular polariza-

bility @. We have
€ =4 N, (€+2)(a®) (14)

and

: Raman scattering in liquid crystals

2
Q'=C'e€=C"tmN,(€+2)B® D a(2, m)(DE* (8,7,

m==2
(15)
or
Qua=C'(€ys = 7 8,p€,) =C'$ TN (€+2) (BfP), 6
2
x 3 a(2,mdd (16)
m==2
with
C' =9/4TNy(€ +2) (20133 - ap; — @p) . (17)

In the absence of empirical evidence it is far from cer-
tain that @ is the same as Q.

C. Review of experimental studies

There have been many experiments done in the past
to study the long-range orientational order in liquid
crystals, particularly in nematic liquid crystals, Most
of these experiments have been based on observations
of the average properties of second rank tensors and
have thus ied to determinations of the order parameters
Q and a2 introduced above. A brief summary of these
experiments follows.

(1) Macroscopic ovder parameter: Measurement of
the magnetic susceptibility, The determination of Q is
unambiguous in the sense that there is just one indepen-
dent component and the result is independent of molecu-
lar structure, On the other hand, the need for data in
the crystalline phase, in order to determine the abso-
lute magnitude of Q, is a serious drawback. The anisot-
ropy of magnetic susceptibility has been measured both
in nematic!® and smectic A'® phases.

(2) Microscopic ovder parameter: Magnelic veso-
nance. Magnetic resonance provides a direct measure-
ment of Q since the analysis does not require data in
the other phases. Splittings due to the dipolar interac-
tion in NMR, and the quadrupolar interaction in NQR,
give unambiguous information about the al’. Interpre-
tation of the experimental data is complicated by the
fact that in reality most mesogens have very low molec-
ular symmetry and the measured splittings depend on
all five of the L =2 order parameters a@’ of Eq. (2).
The situation can be simplified by choosing a solute mol-
ecule of known symmetry and studying its order param-
eters (which will number fewer than five, depending on
the symmetry of the molecule). The order parameters
of the solute molecule give some indication of the degree
of ordering of the host provided the solute molecule
aligns in the liquid crystal. However, there is no di-
rect relation between the order parameters of the solute
and those of the host.?® In an analogous way paramag-
netic solute molecules have been used in EPR experi-
ments to give similarly qualitative information about
the host ordering.?' Proton magnetic resonance experi-
ments have been performed on both nematic? and
smectic?® phases and the value of A{? estimated by cal-
culating the second moment of the broadline proton ab-
sorption spectrum under the assumption of rapid reori-
entation around the major molecular axis. There re-
mains one question concerning the flexibility of the mol-

J. Chem. Phys., Vol. 66, No. 10, 15 May 1977
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ecules. This can be answered by NMR of selectively
deuterated molecules?® and/or by NQR, #® in which the
splittings originate in specific, identifiable sections of
the molecules. Most such work has been concentrated
on the relatively rigid central core of the molecules.

(3) Measurements of Q' or al2) based on the empivical

local field corvection., With the empirical local field
correction and data in the crystalline phase, A{¥ can
also be determined from the optical indices of refrac-
tion, 2 that is from the optical dielectric anisotropy, or
from ir and uv absorption measurements.?’ The results
from the optical dielectric anisotropy are found to be
very close to those obtained by NMR. Presumably the
central core region of the molecule with its higher elec-
tron density and lower excitation energy makes the
dominant contribution to the optical dielectric tensor,
Also, qualitative information has been obtained by mea-
suring polarized fluorescence and pleochroic absorption
of a probe dye molecule dissolved in the liquid erystal
host, 2

(4) Movre general studies. A direct method of mea-
suring the full f;(8) by large angle x-ray or neutron
scattering has been proposed in the nematic phase,?
With large scattering vectors the interference effect
among molecules becomes negligible if the wavelength
of the incident photons or neutrons is much shorter than
the molecular diameter, Then, if one knows the molec-
ular scattering factor one can, in principle deduce f;(8)
by deconvoluting the observed intensity distribution.
Experiments utilizing this principle have not yet been
fully exploited, *®

I11. ORIENTATIONAL ORDER BY RAMAN
SCATTERING

It is well known that Raman scattering can be em-
ployed to obtain quantitative information on rotational
and other kinetic behavior of molecules in condensed
matter as well as gases of high density. The power
spectrum of the scattered light can be expressed as a
fourth rank tensor which is related to the average ori-
entational correlation function of the molecular Raman
polarizability, This suggests that application of Raman
scattering to the liquid crystal system will yield not only
the order parameters %', as in the conventional meth-
ods, but also information of next higher order, that is,
the terms with L =4 in the previous discussion, %

The simplest theoretical framework for discussion of
the present experiments is Placzek’s polarizability the-
ory of Raman scattering.* Consider a single Raman
active vibrational mode with normal coordinate @ and
eigenfrequency w. Following Placzek we introduce a
Raman polarizability tensor a', whose time dependence
in a reference frame fixed with respect to the molecule
follows that of @,

a'=(00/8Q)g. @ (18)

If the components of a’ are expressed relative to the
laboratory reference frame, they will have additional
time dependence due to the rotational motions of the mol-
ecule, In principle there is a further complication in
that we take &’ to be a macroscopic quantity in the sense

4639

that it relates the macroscopic incident electric field to
the macroscopic radiation field. I, however, a’ were
interpreted as a microscopic property of the bare mole-
cule, one could reasonably ask whether or not local
field corrections were needed in order to connect the
macroscopic properties to the microscopic. Quantita-
tive theoretical calculations of local field corrections
are exceedingly difficult and if they were needed here,
we would be hard pressed to proceed further. A simi-
lar local field problem exists for the conventional opti-
cal dielectric constants and, as we discussed above,
both Vuks!® and Chandrasekhar!'® have pointed out that
empirical evidence suggests these are not important,
We will present empirical evidence below supporting the
contention that local field factors are also not needed in
the Raman problem. The explanation, we believe, is
that local field corrections ultimately depend on the
short range correlations between molecules and that
these short range correlations are not significantly dif-
ferent in the isotropic liquid, the nematic liquid erys-
tal, the smectic liquid crystal, and even the crystalline
phases. Thus the @’ in Eq. (18) can be treated as a
“dressed” molecular polarizability in the sense that it
already includes the local field corrections., This par-
ticular point should receive more theoretical attention
although we believe it can be justified on the basis of
existing work.®® In any event, we will present empirical
evidence in support of the hypothesis that for each of the
molecular vibrations of interest here there is a tensor
a’ that is essentially unchanged in the molecular frame
when the material changes from the isotropic to any of
the liquid crystalline phases.

The experiments to be reported here are schematical-
ly illustrated in Fig. 2. Oriented single domain liquid

(o)
Z Z e
2 (S
52 bo
o ©
o°
00
go X ‘I———’
X A k
o Ks
‘o0 &g
Y
LA A A A
(|;e°=z,es=yorz
P _ A A
(iifey =y, e =yorz
(b)

A A
=X ory

FIG. 2. Experimental geometries, (a) Optical axis of sample
parallel to sample surface, (b) Optical axis of sample perpen-
dicular to sample surface.
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crystalline samples are prepared in thin slabs between
two glass slides. Figure 2(a) depicts the homogeneous
orientation in which the uniaxial direction is parallel to
the glass surfaces and Fig. 2(b) illustrates the homeo-
tropic orientation in which the axis is normal to the
glass surfaces. Incident laser light, wave vector k,
normal to the glass slides and polarization é,, is in-
elastically scattered and detected in the “back scattering
geometry” with either of two polarizations, For a given
geometry and incident polarization i =x,y, 2; the spec-
trally integrated intensities [;; are measured for two
polarizations}' =x,y,2. The primary measurements
used in the subsequent analysis are the following three
ratios of integrated intensities:

Ry :Iyz/lu ’ Rz‘_‘lzy/lw , R3=Iyx/lxx . 19)

Lax and Nelson®® have developed theoretical expres-
sions relating these observed intensity ratios to statis-
tical averages of the Raman polarizability tensors a},
as expressed in the laboratory frame taking into account
solid angle changes and transmission loss at the sample
surfaces. For example, using the well known proper-
ties of irreducible tensor operators in the laboratory
frame, the o ,', for a particular vibration on a particular
molecule are related to the @’ in the molecular frame
pyt!

(20)

a;=a(0,08 + D BP D a2, m") D&\ (a,8,7) ,

ml
where the B2’ are the irreducible tensors of rank 2 and
the (2, m) are their coefficients in this representation,
i.e.,
a'=a(0,082 + Y a2, m)B (21)
; m
Using the Cartesian form for the tensor components a,

in the molecular frame, the components (a,',),, in the lab
frame are related by the expressions in Appendix I.

The Lax—Nelson results for the present geometries
are

Rl=cnrly Rz=7’z/cn, R3=TS s (22)
where the total correction factor C, is
2
C.= Rout +V €ge 23
Mout +v €xr ( )
and
((ag 22 (CI, (CHY®
= —-4—2‘- R R TP AV AN = . (24)
"oy T ensy T (et

The objective now is to relate these three ratios to
the orientational statistics of the liquid crystal mole-
cule. Before proceeding, we should explicitly state an
assumption that is tacitly made in almost all discussions
of nematic order, namely, that the molecule has some
one axis that is special or different from all others.
Obviously, if one assumed the molecules to be cylin-
drical rods, the symmetry axis is this special axis.
However, molecules are not really cylindrical rods and
if such an axis exists, it more probably is related to
the microscopic rotational motions of the molecule.
That is, rotational correlation times about one particu-

: Raman scattering in liquid crystals

lar axis probably are much shorter than for any other,
For whatever reason, we assume such a unique molecu-
lar axis. Note, however, we have not assumed at this
point that the molecule has cylindrical symmetry about
this axis, Thus, we define a particular “molecular ref-
erence frame” in which this unique axis defines the 3-
axis. Consider now any particular Raman active vibra-
tion. The Raman tensor for this vibration will have
some form a,,', in this molecular reference frame. How-
ever, there is always some other molecular axis, re-
lated to this one, in which the Raman tensor has the di-
agonal form

a 0 0

as=al 0 b 0 (25)

0 01

Using the equations in Appendix I, the components of

@, (in the molecular frame discussed above) can be ex-
pressed in terms of a, a, b and the three Eulerian an-
gles ay, B,, and ¥, that bring the principal axis of a,
(that is, the axis for which a has the diagonal form) into
coincidence with the special symmetry axis for the mol-
ecule. Obviously, there is some ambiguity in the choice
of oy and 7,. However, this is associated with ques-
tions raised earlier concerning the assumption of local
uniaxial symmetry and will prove to be unimportant for
the present discussion.

For a system with macroscopic uniaxial symmetry,
there are only four independent averages (a,; .. In
terms of these, the three ratios [Eq. (24)] can be writ-
ten

((ar)y ((ep))
¥y = r—Fax , V3= 7T .
2 (el K« )

(Olz,),,,;

= Magiy
(A

In fact these are the only independent ratios one can
have for a system with uniaxial symmetry. Following
the above discussion, these ratios can be expressed in
terms of the microscopic molecular quantities a and b,
the Eulerian angles a,, 8, and 7,, and the orientational
order parameters of L =2, 4.

(26)

The simplest results are obtained for the case of cyl-
indrical symmetry around the major molecular axis.
In Appendix I we express the {(az)?,) for a uniaxial
phase consisting of molecules of arbitrary shape in
terms of the order parameters and the components oz: 3
(relative to the fixed molecular frame), which are re-
lated to Eq. (25) through the Eulerian angles o, 8,
and 7,. The assumption of cylindrical symmetry about
the 3-axis obtains

A2{(al)2)y=3 +AB+1C+AD+ S P +(3B+iC-1D
-4 D?)(cos®B) + (& B -  C +§ I?) (cos'B)

A% {(ap)%) = B+5C+% D*+ (G B—15 D?){cos’p)
+@&B -4 C+g D% (cos'p)

A% (ap)3,)=$B+1C~(}C~35D?(cos®p)
- (§B~C+3D?(cos*p) ,

A% ()i =k +3B-§ D+ D*~ (B-2C -5 D +} DP)
(cos?B)y +(3 B—2C+1 D) (cos®p) , (27)
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where

A =alll +°‘z'2 +°‘3,3 ’

B=(1/A%[4 (e, - ag)? +a2] ,

C=(1/A% (a2 +a) ,

=(1/A) (a5 ~ o) - 05))

At a particular temperature the three ratios in Eq. (26)
give three equations linear in the two unknowns {cos?B)
and {(cos*s) with three parameters B, C, and D.
dition, the depolarization ratio measured in the iso-

tropic phase obtains another relation between these
three parameters,

3 _12B+12C +D?
45+12B+12C+D?

3@ +b2+1—a—~b-abd)
5a@+b+1)2+4(a®+b%+1-a-b—-abd)

Riao =

(28)

Rlao = (29)
If the type of vibration is identified and the relative ori-
entation Qy(ay, By, ¥p) is known, we can solve from the
data for the two order parameters '

AP =4{3cos?B-1) ,

Ag? =3 (35cos’B - 30 cos’g+3) . (30)
Consider two special cases. First, if the vibration
is known to have uniaxial symmetry in the local frame
and the symmetry axis makes an angle 8, with the major
molecular axig, the 3-axis, we have a=b in Eq. (25)
and
A=1 +za, B=(1/4A*)(1 - a)* sin“Bo ,

Aa (1 - a)? sin®g, cos?B,, D— (1-a)(3cos®By-1) .

(31)
The depolarization ratio in the isotropic phase,

Rigo=(1 -a)/(3+4a+8a%) , (32)

determines the parameter a. This particular case is of
special interest since there are four independent mea-
surements R,, R,, R;, and R;,, and only four quantities
to be deduced, A®’, A, a, and B,. Furthermore, if
the angle 8, is known, from molecular models or other-
wise, the problem is overdetermined.

For the second case, suppose the molecular polariza-
bility is not uniaxial (q¢ #5) and choose the 13-molecular
plane to include the principal axis for «,. In place of
Egs. (31) we obtain

A=1l+a+b ,

B=(1/4A%[a~b+(1 —a) sin’p,] ,

C=(1/A% (1 - a)* sin®g, cos?g, ,

D=(1/A)[2~ (a+b) - 3(1 - a) sin?8,] . (33)

Using Ry,, [Eq. (29)] and the three other ratios, it is
possible to solve, for example, for A*, A{Y a, and b
at some temperature with g, being treated as an un-
known parameter, The same measurements can be
made at different temperatures and compared, If the
assumptions discussed above are correct, the deduced
values of a, b, and B, must be independent of tempera-
ture.

Raman scattering in liquid crystals

In ad- -
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FIG, 3. Schematic diagram of molecular structures of (a)

MBBA, (b) BBCA, and a phase diagram of mixtures of these
two compounds (c).

This paper will proceed by assuming cylindrical local
symmetry about some molecular axis, designated as
the 3-axis. Values of A{®’ A{Y, a, b, and B, will be de-
duced for several vibratlons and the sensitivity of the
results to reasonable deviations from cylindrical local
symmetry will be examined. We will show that the re-
sults are insensitive to such deviations,

IV. EXPERIMENTAL
A. Materials
1. Properties of samples

The initial objective of this work was to investigate
the nematic phase of the extensively studied room tem-
perature liquid crystal compound N-( p'—methoxybenzyli—
dene)-p-n-butylaniline (MBBA) by examining the Raman
spectrum of a probe molecule, N-(p’-butoxybenzyli-
dene)-p-cyanoaniline (BBCA). BBCA was chosen be-
cause of its structural similarity to the MBBA host and
also because of its terminal cyano group whose bond
axis is nearly parallel to the major axis of the mole-
cule. Associated with the stretching vibration of the
cyano group there is a strong, narrow, anisotropic
Raman band which is spectrally isolated from all the
other Raman bands of the BBCA and MBBA molecules
and thus ideally suited to the study of long range orien-
tational order,

Figure 3 illustrates the molecular structures, se-
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FIG. 4. (a) Molecular structure and sequence of mesophases,

and (b) calorimetry frace of compound 40, 8,

quences of respective phases, and a portion of the phase
diagram for mixtures of MBBA and BBCA, Both mole-
cules are Schiff’s bases with approximately the same
molecular dimensions and both exhibit a single nematic
mesophase between their isotropic liquid and crystalline
phases. BBCA is readily soluble in MBBA for concen-
trations up to 30% by weight®? at room temperature.

Our principal source of materials has been the Harvard
Chemistry Laboratory®® but, on occasion, commercial-
ly available MBBA from Vari-Light Corp.* has also
been used.

In order to minimize the perturbing influence of the
BBCA guest on the physical properties of the MBBA
host, the concentration of BBCA was kept as small as
possible commensurate with reasonable signal-to-noise
in the Raman spectrum. In practice, it was found that
20% BBCA in MBBA was a suitable compromise concen-
tration, Phase separation was not a problem at this
concentration, although it would become bothersome at
higher concentrations. For example, the coexistence
range for a 40% mixture was found to be ~1 °C,

Some effort was made to investigate other liquid
crystals using probe molecules, but this was not found
to be very fruitful. We chose rather to dispose of the
probe molecule completely and con¢entrate on the nat-
ural Raman modes of the neat MBBA. This will be dis-
cussed further below and it will be seen that for the 20%
mixture of BBCA in MBBA the values of A{® and A{"
deduced from the Raman measurements on the BBCA
cyano vibration are indentical to the results deduced
from the vibrational modes of pure MBBA.

: Raman scattering in liquid crystals

We also examined another Schiff’s base liquid crys-
tal, N-(p'-butoxybenzylidene)-p-n-oxtylaniline (BBOA)
(or 40.8 in Verbit’s line notation®), which has been
identified as having nematic, and smectic A and B
phases.*® The molecular structure and phase sequences
for 40.8 are shown in Fig. 4(a). Figure 4(b) is a calori-
metric trace of 40, 8 obtained using a Perkin-Elmer dif-
ferential scanning calorimeter (DSC-2) calibrated
against an indium standard for both temperature and
thermal responses. The various transition tempera-
tures from the DSC agree with those observed by opti-
cal microscopy. All transitions are first order and we
estimate their latent heats to be 3,185, 1.303, 0.229,
and 0.919 cal/g for the crystal-to-smectic B, smectic
B-to-smectic A, smectic A-to-nematic, and nematic-to-
isotropic transitions, respectively. The uncertainty in
these values is estimated to be +0.009 cal/g.* The
small latent heat between the smectic A and nematic
phases is of interest and we will show in the next sec-
tion that the index of refraction data also show a very
nearly continuous change through this transition.

Liquid crystal materials having the Schiff’s base cen-
tral linkage are notorious for their poor chemical sta-
bility, owing to the ease with which they are hydrolyzed.
All reasonable precautions have been taken to retard
the degradation of our samples, though it was never
completely eliminated.

2. Alignment of samples

Samples of liquid crystal materials were sandwiched
between two 1 3X1x0,04 in, microscope slides sepa-
rated by Teflon spacers ranging from 25 to 250 um in
thickness, as shown in Fig. 5(a). Prior to assembling

' GLASS SLIDE
SAMPLE

/ ? INNER SPACER
% T

OUTER SPACER

i
N .
SPRING o A IDE
CLIP ; | 2 GLASS SL
(b)
SCREEN
SAMPLE A
P2 CELL Pl \
s £ L2 ’ Ll LASER
P |
-
(c)
><POLARIZER
ANALYSER
~——— RUBBING DIRECTION
FIG. 5. (a) Sample cell, (b) arrangement for examining the

conoscopic figures, and (¢) the interference fringes for homeo-
tropic (left) and homogeneous (right) alignment.
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the cells, the slides and spacers were carefully cleaned
and baked at temperatures greater than 100 °C. Ho-
meotropic (perpendicular) alignment was achieved by
coating the cleaned slides with a surfactant such as
hexadecyltrimethylammoniumbromide (HTAB). With
some practice, it was possible to obtain satisfactory
and reproducible homogeneous (parallel) alignment by
simple unidirectional rubbing of the cleaned slides.
The cells were drop-filled, using a hot plate when ne-
cessary (e.g., for the 40.8), and clamped on two sides
with spring clips. Homeotropic and homogeneous
smectic A samples were obtained by slow cooling from
the respective nematic orientation,

The alignment of the samples was routinely checked
in the following way. First, the cells were inspected
with naked, though well trained, eyes for any gross de-
fects. Having passed this visual test, cells were ob-
served under an optical microscope, allowing the align-
ment to be examined over distances as small as 20 um,
The conoscopic figure obtained by normal illumination
of the samples between two crossed polarizers with con-
vergent light [Fig. 5(b)] provided a third way of con-
firming the alignment, Typical interference patterns
show a dark cross with concentric dark circles and
families of hyperbolae like fringes centered at the axis
of the beam for homeotropic and homogeneous align-
ment, respectively.? The geometrical appearance of
these patterns, for example, their centering, their
symmetry, etc,, unambiguously reflect the success of
the alignment. By shifting the focal plane along the di-
rection of the beam, or moving the sample cell perpen-
dicular to the beam, we could detect misaligned areas
as big as the whole sample and as small as 20 um
across.

After determining that the alignment was satisfactory,
the transition temperatures of the material in the cell
were checked using the hot stage under an optical mi-
croscope, The absence of any initial drop in transition
temperatures, particularly T, was taken as evidence
that the process of alignment did not contribute appreci-
ably to the deterioration of the materials,

After determining that the alignment was satisfactory,
the transition temperatures of the material in the cell
were checked using the hot stage under an optical mi-
croscope. The absence of any initial drop in transition
temperatures, particularly T,,, was taken as evidence
that the process of alignment did not contribute appreci-
ably to the deterioration of the materials,

There are two factors limiting the thickness of the
samples. The first is naturally how much the boundary
conditions imposed by the aligning techniques can force
the material in the bulk to follow the alignment., By ex-
perience samples up to 300 p thick, which is by no
means the upper limit, always align reasonably well,
The second factor is the Raman scattering measurement
itself. The data depend strongly upon the thickness in
the nematic phase even for samples as thin as 30 u.
This is attributed to the turbidity and depolarized for-
ward scattering by the long-range director fluctuations.
The thickness of the sample is thus an important param-
eter in the experiments and was measured under a mi-

: Raman scattering in liquid crystals
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croscope by focusing the objective on the inner surfaces
of the glass slides illuminated with dark bakeground.
For each sample, measurements were made on the four
outside corners of the inner spacer where there was no
liquid crystal present, and no systematic deviation was
observed among the four sets of readings. The thick-
ness at the center, where the light scattering experi-
ment was performed, was taken as the average of these
readings. At a magnification of X160, the thickness
could be determined with an uncertainty of +2 pm.

B. Raman spectroscopy system

The laser Raman spectroscopy system consists of
three main components: an argon ion laser and associ-
iated optics, a spectrometer with digital data acquisi-
tion devices, and a temperature controlled oven that
houses the sample cell.

A Coherent Radiation model 52-B 3 W c.w. argon ion
laser operating at 5145 A was the exciting source. Oc-
casionally, the 4800 A line was used to check the spec-
tra. The laser output was stabilized using a servo sys-
tem similar to the commercially available Coherent
Radiation 235 light regulator. Long term (periods of
several hours) drifts in the laser intensity were thus
kept below 5% and short term drifts (periods of 30 min)
were even smaller, The experiments were done with
less than 100 mW incident power, monitored continuous-
ly by a Spectra-Physics 401 C powermeter which viewed
a small amount of light deflected from a beam splitter.
The illuminated sample area is estimated to be on the
order of 200 um in diameter. The scattered light is
imaged onto the entrance slit of a SPEX 1400-II double
monochromator equipped with two 600 groves/mm grat-
ings blazed at 5000 A in second order, A polaroid HN-
32 film polarizer is used to analyze the polarization
state of the scattered light and an oriented quartz wedge
polarization scrambler between the polaroid and the
entrance slit serves to eliminate the polarization depen-
dence of the spectrometer transfer characteristic,
Light emerging from the exit slit of the spectrometer is
detected by a cooled EMI 9558 photomultiplier tube with
an S-20 cathode response. The output pulses from the
PMT are amplified and fed via a discriminator into the
memory of an RIDL Nuclear Chicago model 34-12B 400
channel analyzer. The stored data can be displayed on
a CRT on the multichannel analyzer or plotted on an
X-Y recorder,

C. Raman scattering and treatment of data

To establish the geometries mentioned in the last sec-
tion (Fig. 2) we rotated either the sample cell (the con-
stant temperature housing) or the polarization of the in-
comingg beam (with a piece of half-wave plate cut for
5145 A). The optical axis of a homogeneous sample was
oriented relative to the direction of the incident polar-
ization by minimizing the transmission through a
crossed polarizer placed behind the sample, For ex-
ample, when the optical axis is strictly parallel or per-
pendicular to the fixed direction of the incident polar-
ization, the transmission is at a minimum with a
crossed polarizer after the sample, In the nematic
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phase the extinction was less perfect for thick samples
because of the depolarized forward scattering; never-
theless, a minimum could be reached when the sample
was properly oriented,

The transition temperature was checked during the
experiment either by moving the sample to the micro-
scope hot stage, or with the temperature measuring de-
vice in the oven itself. For the latter, because the
front face of the sample cell was partially in contact
with the room atmosphere, we could observe the tem-
perature gradient across the circle where the beam en-
ters, The nematic-to-isotropic transition was deter-
mined by the change of the transmission pattern of the
beam as well as by the appearance of the sample viewed
with naked eye from outside, The difference between
the temperature readings from the thermistor inside the
ovén block and the known temperature for the transi-
tions occurring at the center of the circle and near the
circumference was less than 0.05 °C for samples of
40.8. Similar differences were considerably smaller
for the nematic samples with much lower T,,. The
same observation can also be made at the smectic A-to-
nematic transition.

We also observed laser heating of the samples, par-
ticularly near the nematic-to-isotropic transition where
thermal lensing accompanied the growth of the transmis-
sion spot when the laser was first incident on the sam-
ple. The region under illumination undergoes a transi-
tion before the temperature of the oven reaches Ty, and
a “hole” can be seen on the sample which is “burnt” by
the beam, For the nematic samples of the mixtures or
neat MBBA, an incident intensity of 80 mW “lowered”
the transition by roughly 1.5 °C. For samples of 40.8
the effect was less serious and with 50 mW incident
power the apparent decrease in T,; was less than 0,2 °C
This can be attributed to different absorption at the in-
cident wavelength as evidenced by the yellowish appear-
ance of the MBBA and the nearly colorless appearance
of 40.8.

The spectrometer is capable of yielding Raman spec-
tra of typical resolution as high as several tenths of a
cm™ by reducing the slit width. However, in order to
make use of the solid angle correction formulas it is
simpler to have a fixed collecting solid angle, deter-
mined by an aperture after the collecting lens, and the
entire area under illumination imaged into the slit. Al-
though this means poor resolution, it does not affect the
intensity ratio measurements, since the observed line
shape I,,(w) is a convolution of the slit function S(w")
with the true line shape of the power spectrum I{w),

Iys(w)= fw dw'S(w") I(w +w")

It is seen that the integrated intensity of the observed
line shape is proportional to that of the true line shape
with a factor depending on the slit function only, There-
fore, for a well isolated Raman band, such as the cyano
stretching vibration, the depolarization ratios are ob-
tained by the ratios of the area under the observed line
profiles. This is done with a planimeter.

The situation is more complicated when the bands are

: Raman scattering in liquid crystals

not well resolved, since it is necessary then to devise
some method for obtaining the area under each band
separately. In principle, this can be done with a nu-
merical fitting of the observed composite band profile.
We assume a triangular slit function and Lorentzian
line shapes of different widths and peak heights and do
the fitting on an HP9820 calculator., Depending on the
situation, a number of Lorentzians are fed in to fit the
observed band profiles. The fitting turns out to be sat-
isfactory and the areas are easily calculated from the
best-fit parameters for each band. We observe, how-
ever, for each specific band of interest in a particular
scattering geometry, the linewidths of depolarized and
polarized spectra do not differ appreciably at a given
temperature., This makes possible a simplification in
the analysis of the data. For bands that can be approx-
imated by Lorentzians of nearly the same widths, the
peak heights are themselves proportional to the inte-
grated intensities with the same proportionality factors.
This is indeed confirmed by comparing the results ob-
tained in these two different ways, We thus measure
the depolarization ratios for bands in a composite pro-
file by comparing the peak heights of depolarized and
polarized spectra and estimate that the error introduced
by so doing is less than 4%.

D. Measurement of indices of refraction

Index of refraction data are required for the solid an-
gle and transmission loss corrections.®® They also pro-
vide results on the order parameter which can be com-
pared with the Raman measurements, The measure-
ments are conveniently made with a Pulfrich refractom-
eter (Bellingham and Stanley, Inc.) on which the sample
is aligned homeotropically between the top surface of
the prism and a piece of fused quartz cover glass, Mea-
surements were made at 5145 A (argon laser) and 6328 A
(He-Ne laser), and the refractive indices at the wave-
length of the Raman scattered light were found by inter-
polation,

Further experimental details are available in the
Ph. D. thesis of Jen,*

V. STUDY OF THE CYANO STRETCHING
VIBRATION

A. General observations and data

The vibrational Raman band associated with the
stretching mode of the cyano group is located at 2225
em™, corresponding to scattered radiation at 5810 A
for 5145 A incident radiation. The measured depolar-
ization ratios R, and R,, defined in Eq. (19), show
strong dependence on sample thickness (see Fig. 6).
This effect is quite reproducible and occurs for the
other Raman bands we have studied (see below), as well
as for the CN stretching band. There are two ways
such a thickness dependence might arise, First, if the
director were not uniform over the scattering volume,
due to disclinations, large impurity particles, etc.,
one might expect to observe a thickness dependence.
This seems improbable in the present case considering
the reproducibility of the data and also considering the
fact that the data are insensitive to the application of
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static magnetic fields of up to 5.6 kG along the direc-
tion of rubbing (Fig. 7). We thus believe the observed
thickness dependence is attributable to the second possi-
bility, namely, multiple scattering by long wavelength
director fluctuations, which causes spurious depolariza-
tions, which causes spurious depolarization of both the
incident and scattered beams, Thus, the thicker the
sample the greater is the “scrambling” effect. This
trend is clearly evident in our data, and it is not sur-
prising that previous studies of the intensity and/or de-
polarization ratios of various Raman bands of nematic
materials have failed to show any temperature depen-
dence over the entire nematic range. * Since theo-
retical correction for this multiple scattering effect is
not simple and the data show a strong effect even at
thicknesses as small as 30 um, which is the thinnest
sample we can use and still have satisfactory signal-to-
noise ratios, we account for the effect by measuring the
ratios R, and R, as functions of thickness and extrapolat-
ing to zero thickness,

Figure 6 shows the ratios R, and R, for a 20% mixture
of BBCA in MBBA plotted against AT ; - T, at two
thicknesses, together with the extrapolated values, The
depolarization ratio in the isotropic phase is also shown,
and is seen to be independent of thickness. This ratio
R,,, was also measured at various concentrations below

0.35

0.30]
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0.20
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38 30 25 20 is 10 5 0 -5
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FIG. 6. Raman depolarization ratios Ry (a) and R, (b) of the
cyano stretching band for 20% BBCA in MBBA at 29,3 (squares)
and 54.5 p (circles) thick., Dashed lines are extrapolated data
at zero thickness. For Ry,, in (a) the triangle and the crosses
are data from 125 and 250 p thick samples.
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FIG. 7. Thickness dependence of measured depolarization
ratios Ry (squares) and R, (circles) of the cyano stretching band
from samples of 20% BBCA in MBBA at 27,0 °C below transi-
tion, Data points with + and x are respectively those with static
magnetic field of 5.6 and 0.9 kG along the direction of rubbing.
Ty; ranges from 54,5 to 56.5°C,

20% and no dependence on either temperature, within
a range of ~10 °C, or concentration was observed.

B. Order parameters of the 20% mixture

The Raman polarizability tensor for the localized
cyano stretching vibration of the BBCA molecule has
the uniaxial form of Eq. (25) with a=b, From the mea-
sured ratio R,,, and Eq. (32) the parameter a was de-
termined to be 0.055+0.020. The surface coupling fac-
tor C, in Eq. (23) was calculated for the scattered light
at 5810 A, at each temperature, using linearly inter-
polated values obtained from the measured indices of
refraction for the liquid crystal (Fig. 8) and the glass
slides, which gives n,,, =2, =1.5150 with negligible tem-
perature dependence. From a space-filled model for
the BBCA molecule the angle g, between the symmetry
axis of the cyano group and the major molecular axis is
estimated to be 10°+2°, We thus obtained the order
parameters A{® and A{®, under the assumption of cyl-
indrical molecular symmetry, from each pair of R, and
R, at respective temperature by Egs. (27), (30), and
(31). These results are shown in Fig. 9. The uncer-
tainties shown are estimated* by taking into account of
all the statistical uncertainties from R,, R,, R,,, (or a),
and B,. The uncertainties due to the indices of refrac-
tion are negligibly small,

Although the MBBA and BBCA molecules are very
similar in many respects, the order parameters ob-
tained at such a high concentration are not necessarily
those of neat MBBA. However, the available evidence
supports the idea that A’ obtained from the 20% mix-
ture is identical to that for MBBA, within experimental
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FIG. 8. Indices of refraction of 20% BBCA in MBBA, Squares
are measured at 5145 A, and circles at 6328 A, (Tyr=55.25°C
for crossed data points, Tyr=53.78°C for open points),

uncertainty. Proton NMR splittings (Fig, 10), diamag-
netic anisotropies (Fig, 11), and optical indices of re-
fraction (Figs. 8 and 12) for neat MBBA and the 20%
mixture are nearly identical. Since we assume here
that the molecules are rigid cylinders, the macroscopic

0.7
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0.1

t2)
Ag + Ag

—o.tT» o,

-0.2

L 1 4 L 1 I
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AT= TNI_T (.°C)

FIG. 9. Theoretical and experimental values of the nematic
order parameters A{? and A§® of 20% BBCA in MBBA. Solid
lines: Maier~Saupe theory; dashed lines: Humphries~James—
Luckhurst theory with A==0,55 and m=10+2. 0: Raman mea-
surements; o: NMR from Ref. 24(b); crossges: relative mea-
surements from optical dielectric anisotropy (+: 20% mix-
ture; x: neat MBBA); iriangles: relative measurements from
diamagnetic' anisotropy (4 : from Ref. 18(c), a: from I. Haller,
J. Chem. Phys. 57, 1400 (1972),v : Ref. 50.
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FIG. 10, Proton NMR splittings of MBBA [0: Ty;=45,0°C,
from P. Papon and J.-P. Lepesant, Chem. Phys. Lett, 12,
331 (1971); +: Tp;=46.64°C; x: Tyy=42,70°C] and 20% BBCA
in MBBA [0: Ty;=55.84°Cl.

Q.., the semiempirical Q,,, and the microscopic 4%’
are allequivalent. Figure 9 shows a comparison of the
data for A$®, from NMR measurements of partially
deuterated MBBA?* and our Raman measurements, with
Q.. and @,,. Relative values of A for the latter were
obtained by assuming A® to be proportional to Ay and
Aa and fixing the proportionality factor to obtain agree-
ment at AT =2 °C. The temperature dependence and the
absolute values for A{?’ from the Raman data agree
very well with those obtained from the other independent
measurements,
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FIG. 11. Diamagnetic anisotropy of MBBA [O: from G. Sigaud
and H. Gasparoux, J. Chim. Phys., 70, 699 (1973}, Tyy=
46,0°C; x: from I. Haller, J. Chem. Phys, 57, 1400 (1972),
Tyr=41.3-45,7°C; +: from Ref. 49, Ty;= 45.75°C).
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FIG, 12. Indices of refraction of MBBA versus reduced tem-

perature at 5145 A [o: Tyy=44.65°C, 8: Ty;=46.25°C] and at
6328 A [0: Tj;=44.65°C,®: Ty;=46.25°C, ®: from I. Haller,
H. A, Huggins, and M. J. Freiser, Mol. Cryst. Liquid Cryst.
16, 53 (1972), Ty;=47.0°Cl.

C. Remarks on the data analysis

Before comparing our data with existing theories,
two areas must be considered at greater length, since
they have been tacitly assumed unimportant in the above
discussion but could in principle affect our results.

(1) Divector fluctuations. The order parameters A%
and A{? are measured relative to a fixed external labo-
ratory axis while theoretical calculations of these quan-~
tities are made relative to the local director n(r).
These two need not be identical and indeed will not be
if the director deviates from the external symmetry
axis. One mechanism that produces such deviations is
thermal fluctuations of the director, and the effect of
such fluctuations on the measured order parameters
has been considered in detail by Sheng.*® He showed
that, for small amplitude fluctuations, the probability
distribution for the director can be approximated by a
Gaussian,

F(p) o exp(~- 62/6%) |, (34)

where 6 is the polar angle between the director and the
z axis of the laboratory frame and 6, is the rms fluctua-
tion of the director in the laboratory frame. Sheng ex-
pressed his results in terms of a dimensionless param-
eter y given by

‘Y:éch qmax/Ll » (35)

where %k is Boltzmann’s constant, 7, is the nematic-iso-
tropic transition temperature, L, is a material constant,
and ¢q,,, is the cutoff wave vector for the continuum ap-~
proximation description of nematic liquid crystals, 7

is related to 6, by

y=n2[AP L (T./T)6; , (36)
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where [A®’],r is the mean field value of (P,(cos8)) at
absolute temperature T. Luckhurst? has established
an approximate theoretical prediction for §,, which
agrees with the EPR line shapes of some spin probes
dissolved in nematic liquid crystals., No data are avail-
able for the materials used in our studies, but they
should not differ greatly from the data on PAA (p-
azoxyanisole), We therefore use Luckhurst’s value of
6,~10° at T~T, and [A{® |,» =0.429 in Eq. (36) to ob-
tain an estimate for v of

y=0,055

From Fig. 3 of Sheng’s paper, it can be seen that a v

of this order of magnitude introduces a shift in

[AZ oasures and [A¢H hnoaswes toward smaller values by
an amount small compared to our experimental uncer-
tainty. These results are shown in Table I. We, there-
fore, conclude that our experiment is insensitive to di-
rector fluctuations provided ¢, for our materials is not
unlike that for PAA,

(2) Noncylindrical molecules, Suppose one relaxes
the assumption of cylindrical symmetric molecules.
Then, the appropriate orientational distribution function
might look like the one in Eq. (4) (for a molecule with
two mutually perpendicular planes of symmetry). The
principal molecular axes 1 and 2 will then have an
anisotropic distribution around the 3-axis (see Fig. 1)
and, for L=2 and 4, we will have nontrivial order pa-
rameters A2 and A{Y characterizing the “axial” order-
ing with respect to the director, and A>’, A{®, and A{Y
characterizing the “azimuthal” ordering around the ma-
jor molecular axis.

1t follows that, in addition to the parameters in Eq.
(27), we must define quantities

E=(1/A%[4 (0], - a2~ 2]
F=(1/A% (a3 - o}?) ,
G=01/4%(a;, - ay) , (37

where A has been defined above, and the following terms
have to be added to Eq. (27).

A% (al)2): — /2@ F+3AG-ZADG)A®R
+3#JE(F+1ADG)A® + BEVTD)AL |
AZ((ap)2): —4 /2 (3F - ADG) AP ++ /2 (F +LADG) AM
+(ENTOAY
A2((ah)L): 20/ @ F+AG -4 ADG)A®
+% JE(4F +ADG) A + BENTO)AL . (38)

TABLE I. Experimental values of the molecular field order
parameters estimated by taking into account the broadening
of the distribution of the director.

Temperature AP AfY
TNy ~T for

T-T Tn;=320°K ¥=0 y=0.055 Y=0 ¥=0.055

Th C) (M-S} 8y =10°) (M-8} 8, =10°)
0.092 29,34 0,615 0,602 0,256 0.239
0.055 17,72 0,563 0,549 0,211 0,194
0.0099 3.18 0,465 0,447 0,141 0,124
8.63x10™* 0,276 0,433 0,413 0,122 0.105
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TABLE II. Estimated corrections to the order parameters A
and A(‘h calculated under the assumption of cylindrical molecu—
lar symmetry.

Results after
Cylindriecal first order
Tyy—T | symmetry corrections
c) AP Al A2 A AW AP AL
30 0.657 0,151 | 0.030 0,075 0.000 0,668 0.210
15 0.580 0.052 | 0.036 0.082 0,000 0,589 0.113
4 0.444 —0.106 | 0.048 0.104 0.000 0,436 —0,044

For the uniaxial cyano stretching vibration we have sim-
ply

E=(1/44%) (1 - a)?sin’gy =B

F=(1/A%) (1 - a)*sin®B, cos?g, =

G=(1/A? (1 - a) sin%B,

We are not able to solve this problem exactly as there
are not enough measurements to. fix the three new un-
known parameters., However, we can proceed in the fol-
lowing way to make some estimation of how serious
these effects might be, We assume for simplicity that
the statistics involving 8 and ¥ are independent so that
the distribution of the molecules around their major
axes deviates from isotropic as*®

. T 2r .
F'0)= [ singdg [ da flo,8,1) = 30 +0c0s2),  (39)
0 0

which gives

AP =1 f (sin?Bcos2y) = \/% (sin®B){cos27)

=16/3 (sin’p)
A =1 /2 (sin?B(7 cos?B - 1) cos27)
£16,/3 (sinB(7 cos?8 - 1)} ,
AP =4 /3 (sin*Bcosdy) £ 0 (40)

The effect of 2 nonzero 0 is greater for A{* than for
A{® according to Eq. (40). For conventional measure-
ments of A{?’, where only A’ contributes, this has
been discussed by Alben et al,® for PAA, The value of
§ in that case was found to be 0.3, independent of tem-
perature. ¥ A positive value for 5 means that the planes
of the molecules are on the average more likely to lie

in the planes determined by the director and the major
molecular axes. In other words, steric interactions
can significantly influence the ordering in nematic liquid
crystals, ®

We have estimated first order corrections to Aj* and
A{Y by substituting into Eq. (40) zeroth order values of
(sin?B) and {sin®8(7 cos?s - 1)) calculated from our data
under the assumption of cylindrical molecular symme-
try, and setting 6=0.3, The results are listed in Ta-
ble II. We have also estimated the effect on A§®’ and
A$Y of nonzero A{* and see a noticeable change in the
results, even when A"’ is made of the same order of
magnitude as A, Although negative values of A,
A®, and A and/or of 6 could be tried, and the re-
sulting changes in A{* and A{* would be in the opposite

Jen, Clark, Pershan, and Priestley:

Raman scattering in liquid crystals

sense compared with those produced by positive values
(Table II), the arguments necessary to justify such val-
ues involve reasoning we believe to be unphysical,

Although the effects of noncylindrical statistics do re-
sult in positive shifts in A{® by as much as 0.05, this
is just about equal to the experimental uncertainty in
AP, We believe that although the assumption of cyl-
indrical molecular symmetry may result in a small
systematic error in A", the magnitude of this error
is no larger than 0.05. The errors in the values of
A$? are considerably smaller,

D. Comparison with existing theories of nematic order

The principal theoretical efforts to predict the tem-
perature dependence of nematic order are the mean field
theory of Maier and Saupe and the extended version of
this by Luckhurst ef al. Essential to both of these ef-
forts is the temperature dependence of the specific vol-
ume. This can be extracted empirically from the data
on indices of refraction*® since only values relative to
the value at the transition are required. This appears
to be justified when we compare (for neat MBBA) the
dependence of V*=V,(T)/V,{Ty;) upon T*=T/T,, from
absolute density measurements®® with that extracted
from the indices data, as shown in Fig. 13. In fact this
dependence, V*vs T* for both neat MBBA and the 20%
mixture, is nearly identical. Together with the nearly
identical functional dependence of AT vs T* for these
two materials, this implies that the theoretical predic-
tions for both are nearly the same.* We neglect in the
following the correction due to volume discontinuities at

the transition, as we know it is very small.*®  Also in
.00
0.95 0]
0.90 5
>
-
0.85 0 «
2
4
0.80 15 ~
z
.75 —20
AT :MBBA
0.70 —125
AT:20% MIXTURE
] i 1 1 13%0
0.92 0.92 0.94 0.96 0.98 1.00
=T/ TN]
FIG. 13. Temperature dependence of V* =V, (T)/V,(Ty, and

T*V*™ with respect to T* =T/Ty;. Data points are from ab-
solute density measurements (& from Ref. 50), relative values
extracted from indices of refraction [0: 20% mixture, 0: neat
MBBA].
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TABLE NI, Predicted order pa-
rameters at the transition density
by hard-rod models. The various
models are referred to in Sec. II.
Except for the Onsager’s approxi-
mation, an aspect ratio of L/D
=1,7 is assumed. Numbers not
available in the literature are

marked by *,

Model AP Al
Onsager? 0.78 0.50
AlbenP 0.48 *
Lasher® 0.60 *
Cotter? 0.65 *

L. Onsager, Ann. N. Y, Acad.
Sei. 51, 627 (1949).

"R, Alben, Mol. Cryst. Lig.
Cryst. 13,.193 (1971).

°G. Lasher, J. Chem. Phys. 53,
4141 (1970).

9M. A. Cotter, Phys. Rev. A 10,
625 (1974),

Fig. 13 we show the temperature dependence of T*V*"
for a number of integers m.

Following the work of Maier—Saupe and Humphries—
James-Luckhurst, specific computation schemes were
developed that reproduced these earlier calculations of
nematic order parameters, Details of these procedures
are available in the Ph, D. thesis of one of us (SJ).*
The Maier—Saupe (MS) theory predicts at each a(Ty,;)/
a(T)=T*V*? theoretical A{® and A{¥, and gives at the
transition a(Ty,) =4.541, AZ’ =0.4289, andAg" =0.1198.
Inthe nematic phaseateach AT, for which o* canbe fixed

from Fig, 13, we have thus a pairof calculated A{® and A{¥.

These are also shown in Fig. 9 as the solid lines. Al-
though they do show the qualitative behavior of the mea-
sured quantities A{¥’, there are significant quantitative
discrepancies. The results of the Humphries-James—
Luckhurst (HJL) theory are also shown in Fig. 9 as
dashed lines. Here the parameters «(Ty,) =4.650 and
A=-0.55 are chosen to fit the experimental A{*’ =0,318
at the transition, which implies a predicted value AfY
=0,050. With this pair of a(Ty,) and A, successive val-
ues of A$? and AsY are calculated as functions of a*
=a(T)/a(Ty). The parameter m=10+ 2 is then deter-
mined by the best fit of the experimental A{*’ with the
calculated values at a* =T* V*™ in the nematic phase
with the aid of Fig. 13. Although with extra parame-
ters in the HJL theory the fit for A{? is perfect, the
predictions for A{* are not significantly improved.
Also, the value of A=- 0,55 seems to indicate a poor
convergence of the pseudopotential expansion, if this
expansion is adequate. Furthermore, the choice of

m =10+ 2 that is required to fit the A{% data implies an
unusually strong dependence of the order parameters on
density. With more reasonable values of m (for exam-
ple, m=4), the fit of the HJL theory, although not per-
fect for A{¥’, improves upon the MS theory. The pre-
dictions for A", however, still disagree significantly
with the data. Even if the estimated spreading of the

: Raman scattering in liquid crystals
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director is taken into account, these discrepancies pre-
vail, We list in Table III the order parameters pre-
dicted by various hard-rod models at the transition den-
sity, which may also be compared with the experimen-
tal data.

It would also be interesting to compare the data with
the phenomenological theories using different fitting
schemes. For example, since the mean field theories
do not necessarily include the long wavelength director
fluctuations, one might expect that some of the predic-
tions might be improved with the fitting being made far
away from the transition. However, in this type of
mean field theory, the ratio of 45* /A% is basically
fixed and will be seen to disagree with our results as we
present further experimental facts.

E. Examination of the truncated orientational
distribution function

Since it is clear that the Raman studies just described
obtain order parameters A¢¥ that disagree with theo-
retical predictions, it is desirable to interpret the sig-
nificance of this disagreement, Consider the quantity o

defined by

o=(cos?B - (cos?p)) /{cos®B) . (41)
By Schwartz’s inequality we have

(0?) = ({cos*B) - (cos?P?) /(cos?h)?= 0 . (42)

Note that in the isotropic phase (¢2 =0.8 and in the per-
fectly aligned state (¢ =0. However, (o2 =0 does not
imply perfect alignment. Rather, a state in which the
principal axis of every molecule makes some definite
angle B or 7 — 8 with respect to the 2z axis will have

{0?) =0, even if all azimuthal angles are equally prob-
able, Taking

AP =1 (3cos?8-1) |
AW =1(35cos*s - 30 cos?8 +3) s
Eq. (42) can be written as
AP = (14001 +(0?) (A - 20(2 - 7 (D) A
~ 74 -5®)] . (43)

Figure 14 is a plot of A? vs A{? obtained from Eq. (43)
by assuming several fixed values of {¢?), The experi-
mental points, as well as those predicted by the mean
field theories, are shown., From this plot one can read
off the experimental values of {¢?) and see that they sat-
isfy both the Schwartz inequality and the expectation
that (04, iS less than (¢%),,,=0.8, One can see fur-
ther that the increase in the nematic order accompany-
ing a decrease in temperature also decreases the em-
pirical value of (¢%. Viewed this way, there is nothing
unphysical about negative values of A,

A slightly different way of viewing this same resuit
is to consider the first three terms in the orientational
distribution function, Eq. (6),

FEB) =31 +542 Py(cosp) +9A{Y Py(cosp)] . (44)

In Fig. 15 we plot F1**(8) for two temperatures using our
experimental values of A2’ and A{* and values calcu-
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FIG. 14, Variation of A§® vs A{?), Circles are data points
from Raman measurements, Dotted lines are contours of con-
stant {¢®). Solid lines are predictions of mean field theories.

lated from the HJL theory after the parameters are ad-
justed to obtain good agreement with 4;, Note that
although f;(B) is positive definite f3*(8) need not be.

We also show in the same figure f}'(8) for values esti-
mated from Table I. The principal results to see in this
figure is that the BBCA molecules (and presumably also
the MBBA hosts in the mixture) have a stronger tenden-
cy to be tipped away from the nematic axis than pre-

Jen, Clark, Pershan, and Priestley: Raman scattering in liquid crystals

dicted by the mean field theory. This tendency is
strongest near the transition, We mention here two
possibilities for this disagreement. First, the assump-
tion of a rigid molecule may be unrealistic. To the ex-
tent that molecules are nonrigid, there is no unique
choice of a single set of order parameters, as we have
mentioned in Sec, I, In the present case, the agree-
ment between the NMR results and all the other mea-
surements of A2’ suggests that the A¥’ may be suitable
if the angle B is defined by the rigid part of the mole-
cules, that is, the central core, with respect to the di-
rector, In this case, there is no a priori reason to be-
lieve that the mean field theory should apply only to one
part of a complex molecule. For example, if an L-
shaped isomer is relatively probable, the observed
behavior of A{*’ may be rationalized. Second, it is still
possible that the rigidity of the molecules is approxi-
mately acceptable but the mean field theory fails be-
cause it neglects the interactions that induce splay on

2 microscopic scale, that is, pair correlations® % in
which neighboring molecular axes are not parallel., For
example, the dipole-dipole interactions could do this.

To summarize, although the existing statistical the-
ories of nematic ordering are qualitatively useful for
the understanding of the gross features, they are not
quantitatively reliable,

VI. STUDY OF THE OTHER VIBRATIONAL BANDS
A. Introduction

In this section we will describe our attempts to use
the intrinsic Raman spectra of the neat liquid crystal
to obtain the same information that was previously ob-
tained from the probe molecule and its uniaxial cyano-
vibration, Most liquid crystals are not made from mol-
ecules with Raman active modes that have the same
simple symmetry and orientation as the cyano group.

33 33
30 AT =30°C ~ 3.0

(cos B)

m
£

AT=3°C

-0.3 IS NN SN NSNS BN U N N | ~o3L_1 ¢
1.0 08 06 0.4 0.2 0.0 1.0 0.8
cos B

0.6 0.4 0.2 0.0
cos B

FIG. 15. Plots of the theoretical and experimental truncated angular distribution function f,‘;“ (8): solid lines, HJL theory; large
dots, Raman measurements from Fig. 13; small dots, estimation from Table I.
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Nevertheless, on comparing the Raman spectra of a
series of increasingly complex molecules as shown in
Fig. 16, one observes that in going from benzene to the
larger molecules there appear both new Raman modes
associated with the different groups attached to the
phenyl rings, and other bands which seem to be associ-
ated with the rings themselves. However, after the
relatively rigid and heavy central section of the Schiff’s
base is built up, the addition of the tails merely results
in new bands of weak vibrations associated with the
alkoxy or alkyl end groups. The main structure of those
bands associated with vibrations in the central core is
not perturbed significantly by vibrations in the tails.
We have also taken similar Raman spectra of isotropic
solutions of the 20% mixture, CBOOA and 40.8, and
they all appear to be very close, if not identical, to
those of the MBBA and p-cyanobenzylidene-p-N-octyl-
aniline,

The criteria of selecting useful bands are threefold:
first, they should be associated with the rigid central
part of the liquid crystal molecule so that an unambigu-~
ous comparison with the various other data is possible;
second, there should be enough signal to make the in-
tensity measurements feasible; third, we need to have

1600

T 1
1700 1300

bands whose Raman intensities are sensitive to the mo-
lecular orientation, Apparently, from Fig. 16 there
are five bands at approximately® 1170, 1200, 1576,
1597, and 1625 cm™ which appear to be associated with
vibrations in the central core of the Schiff’s base liquid
crystal molecules., Furthermore, the measured depo-
larization ratios of these bands do show very character-
istic changes with respect to the orientational order,
These data will be presented below. Some preliminary
spectra have also been taken in the region 27003800
em™, where the bands are associated with the proton
vibrations, which may be useful in the studying of the
statistics of the tails.

B. Data from nematic samples

The Raman depolarization ratios R,, R,, and R; of the
1576, 1597, and 1625 cm™ bands have been measured as
functions of both temperature and thickness for the 20%
mixture and neat MBBA. We plot in Fig. 17 typical data
of the 1597 cm™ band for the 20% mixture at two thick-
nesses. The temperature dependence of R, and R, is
very similar to that shown in Fig. 6, The variation of
R, is less dramatic. R,,, is also shown in the same
plot, and there is no observable dependence on either
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FIG. 17. Raman depolarization ratios Ry, R;, R3, and R, of
the 1597 em™ band for samples of 20% BBCA in MBBA, Cir-
cles: 76,1 pu; squares: 51,5 p thick.

thickness or temperature within a range of roughly 7 °C
above the transition, The data on the other bands, as
well as the data for MBBA and the measurements for the
10% mixture at one temperature, are tabulated in Tables
IV-Vl1.

C. Discussion

It is far from obvious that the equations derived above
and applied to the cyano-vibration will be applicable
here, For one thing, the cyano-vibration is highly lo-
calized in the molecule and its frequency is well sepa-
rated from the other vibronic modes. Intermolecular
coupling effects could be much more important for the

TABLE IV, Raman depolarization ratios of vibrational bands
at 1576 and 1625 em™! for 20% BBCA in MBBA. Ratios other
than R;,, are extrapolated values at zero thickness.

Jen, Clark, Pershan, and Priestley: Raman scattering in liquid crystals

TABLE V. Raman depolarization ratios of vibrational bands
at 1576, 1597, and 1625 cm™! for neat MBBA. Ratios other than
R,,, are extrapolated values at zero thickness.

Aw AT
(cm'l) (°C) RI Ry R3
1576 16 0.157+0,010 1.3954 0,040 0.481+ 0,030
10 0.179 1.246 0,451
4 0.208+0,030 1.094+ 0,080 0,429+ 0,030
Rio= 0.343:0,015
1597 16 0,177+0,010 1.370+ 0,070 0,464+ 0,020
10 0.201 1,220 0,460
4 0.228+0,020 1.075+0,090 0.457+0.015
Ryo= 0.373+0,010
1625 16 0.148+0,010 1.148+ 0,100 0,370x0,020
10 0.170 1.077 0,363
4 0,199z 0,020 0,994+ 0,050 0,358+ 0,014
Rip= 0.310:0,010

modes being considered here and the temperature de-
pendence of the Raman intensities could have contribu-
tions in addition to that due to the macroscopic nematic
order parameters. Experimentally, there is also the
question as to whether each of these bands is from a
single vibration. In fact, it is quite possible that some
of the bands are of composite profiles. We will, how-
ever, assume for simplicity that they all can be repre-
sented by a simple real phenomenological polarizability
tensor and proceed on the basis of the assumptions made
earlier, Eventually we will evaluate the results thus ob-
tained and judge empirically whether or not the assump-
tions are valid,

We consider first the data for the 20% mixture, The
polarizability tensor in the local frame has the general
biaxial form given by Eq. (25). We first solve from the
measured ratios R,, R,, R;, and R, for the four un-
knowns A, A{?, a, and b by Eqs. (27), (28), and (33)
with g8; being an adjustable parameter. This is essen-
tially to assume cylindrical molecular symmetry and
ignore the angle o, as we have mentioned at the end of
Sec., OI, By comparing the calculated values A* with
those shown in Fig. 9, we obtain an angle 8, for each
of these bands. This angle is determined to be between
0° and 2° for the 1576 and the 1625 cm™ bands and 4°
and 6° for the 1597 cm™ band. Taking these values for
By, the values of A calculated here are all seem to
match reasonably well with those shown in Fig. 9. The
parameter @, has as yet been left uncommitted. We

TABLE VI. Raman depolarization ratios of vibrational bands
at 1576, 1597, and 1625 cm™ for 10% BBCA in MBBA. Ratios
other than R,,, are extrapolared values at zero thickness.

Aw AT
-1 °
(cm™) cC) Ry R, Ry Aw AT
1576 25 0,160+ 0,010 1.91640,110  0.496+0.020  (em™)  (°C) Ry R, Ry
15 0.182 1.530 0.464 1576 6.4  0.1910.006 1.058+0,040  0.441%0,017
4 0.22740,015 1.105%0.060 0,419+ 0,020 Fo=  0.34120.010
Rip= 0.318% 0,012
1597 6.4  0,2124£0,012 1.14040,080  0,471:0,015
1625 25 0.145+0.011 1.32040.050  0.362+0,020 o ool 012
‘m_ . .
15 0.165 1.145 0.353
4 0.205% 0,015 0.892:0,070  0,334:0.020 1625 6.4  0.183£0.005 0.882:0,035  0.419:0,018
Rue=  0.281+0,010 Ri= 0.321:0.010
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thus try different values for a, with those angles g8, ob-
tained above using, instead, the general relation for

@y, in Appendix I and Eqs. (27) and (28). The reiterated
values for both A{* and A" are not appreciably differ-
ent from those obtained by setting ¢ =0. This is mainly
because B, is very close to zero and presumably the vi-
brations are such that the tensor element of the Raman
polarizability in the local frame (ag),, is very different
from either (a,);, or (@,),, in magnitude. Since the po-
larizability is in general biaxial, from the analysis
above, we have two sets of solutions for a and b (see
Appendix III for the procedure used to obtain numerical
solutions), The reason is readily understood from the
form of the equations in Appendix I and Sec. III. When
By =0, the interchange of a and b essentially interchanges
the axes 1 and 2 in the local frame. Therefore, exactly
the same order parameters A%’ and A{" are obtained
from either (a,, b,) or (a,, b,)=(b,, a,). This is simply
a consequence of the assumption of cylindrical molecu-
lar symmetry. These are shown in Table VI for the
1576 and 1625 cm™ bands. We see in the same table
when B, #0, that is, for the 1597 cm™ band, there are
again two sets of @ and b although the values are no long-
er directly interchangeable, as slight differences exist
between a, and b, as well as between a, and b;. How-
ever, if we rotate the axes 1 and 2 by 90° and inter-
change a and b afterwards, we get once again the other
pair, that is, (a;, by)ay0° = (ba, Gp)g 000 and (a3, ba)g 00
=(by, @)yy=00°. Not knowing a,, we are not certain
which set to choose. Nevertheless, these two sets of
(a, b) yield order parameters A{?’ and A{" which are
only slightly different.

Before drawing any conclusion, however, we can ap-
ply a further test to see if the calculated values of a
and b are consistent with our assumptions, The es-
sence of the Raman technique is to extract the order
parameter from the Raman intensities, which are pro-
portional to ([ a7 (Q)]?) with

a;(Q)=(ay), +[ar(@)], ,

where (ai), is the isotropic part of the polarizability
tensor az(Q),

(ap); =3 1tr{ap(Q)] =3 Itr(eg) = (ay); ,

with @, being in the local frame, Eq. (25), and being
temperature independent. [a(Q)], is the anisotropic
part of az(Q),

Loz (@), =R(Q)(ey), R () .

The subscripts ¢ and a are referred to respectively the
trace and the anisotropy. Therefore, a good test for
the consistency of this technique is to compare the cal-
culated values for trace and the anisotropy of the polar-
izability a’ in the local frame at various temperatures.

[(“Dt]u =3 by tr(a,’) ,
[(aa')a]u = (aa’)u -[ (dé)t]u
We believe the most significant way to make these com-

parisons is in terms of the following linear combina-
tions:

4653
[(adl.):]n =[(aa,)t]zz :[(aal)t]aaz% (a +b +1) ’
[(ag),}yy 2a—b-1
sTr{a;)  a+b+1’
[, 20-a—1
3Tr(ag,)  a+b+l
[(“d')a];; _2-a-b (45)

3Tr(agy) a+b+l ’

since the trace and the anisotropy of ad' in the local
frame are then tested separately, These quantities de-
duced from the data of the 20% mixture are also in-
cluded as the lastfour columns of Table VII. From this
table, the near constancy of the quantities associated
with the calculated ad', as well as the very good agree-
ment for A’ and A* here with those shown in Fig, 9,

seems to support the integrity of the Raman technique.

The same analysis has also been carried out for the
neat MBBA, and the results are listed in Table VIII.
We notice that although A{¥’ agrees with the results for
the 20% mixture, the A$¥, a, and b are quite different
from those shown in Fig. 9 and Table VIII. The values
a and b are, however, still self-consistent among them-
selves. Rather than concluding the technique has failed,
we believe that this discrepancy simply indicates that
the two liquid crystals, the 20% mixture, and the neat
MBBA have different values for the order parameter
A{Y even though they have the same A’ at the same
reduced temperature. The difference between the two
liquid crystals can also be seen from the observed R,,,
for the same bands. This simply means that the local
modification of the polarizability is different for the two
materials., The results for the 10% mixture at AT
=6.4 °C turn out to be very close to those of the neat
MBBA. In Fig. 18 we plot the order parameters calcu-
lated in this section together with a reproduction of
Fig, 9.

We conclude this section with the following remarks.
First, if we estimate the effects of director fluctuations
in the manner discussed earlier, the data are not ex-
plained by the mean field theories for neat liquid crys-
tals like MBBA. Second, the difference in the order
parameter A" between neat MBBA and the 20% mix-
ture may very well be an indication of the different pair
correlations in these two liquid crystals, since it is
well known that the two types of molecules, MBBA and
BBCA, have very different dc dielectric properties as
indicated by the signs of the dielectric anisotropy. The
fact that the results for the 10% mixture are very simi-
lar to those for neat MBBA can tentatively be rational-
ized by making the reasonable assumption that inter-
molecular interactions are smaller at this concentra-
tion. This, however, requires further experimental
study.

VII. STUDY OF THE LIQUID CRYSTAL COMPOUND
40.8

A. Data

The index of refraction data for the compound 40. 8
are shown in Fig. 19 at two wavelengths, 5145 and
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TABLE VII. Calculated values of A%, A%, 4, b, the trace, and the anisotropy for the three bands of the 20% mixture. Uncer-
tainties include all the statistical uncertainties listed in Table IV and By=1°=1° for the 1576 and 1625 cm™ bands, 5°+2° for the

1597 em™! band.

{a, »)
R 2a-b~1 2pb~a-1 2-a=b
AT(°C) AP A 1. 2 +h+1
! § w @ atb atbrl a+tb+1 atb+1l
Aw =1576 em™
25 0,650£0.017  0,109+0,038 —0.14010,025 0,19840,134 1.058:0.042 —1,397+0,080 —0,439:0.080 1.836+0.115
0,198 ~0.140 1,058 -0.,439 —-1.397 1,836
15 0.591 0.039 ~0,153 0.216 1.063 —-1.432 -0.390 1.822
0.216 —0.153 1,063 ~0.390 ~1,432 1,822
4 0,465+0,020 =-0.083+0,038 —0,162:0,022 0,235+0,047 1,073+ 0,052 —1,453+0,076 —0,343:0.105 1.79640, 140
0,235 ~0,162 1.073 ~0.343 —1.453 1.769
Aw=1597 em?
25 0,643+0,015 .0.151:0,039 —0.123+0,028 0,166+0,030 1,043:0,041 ~1.35410,090 =0,523:0.075 1,876:0.115
0.647+0.015 0,154+ 0,039 0.173 ~0,130 1,042+0,041 —0,50220,075 —1.374:0.090 1,876=0,115
15 0,585 0.049 ~0,131 0.173 1,042 —-1.377 —0.502 1,879
0.589 10,049 0,179 -0.137 1,042 -0.485 —-1.394 1,879
4 0.430£0,021 —0,0,8540.037 —0.140%0,029 0,180+0,047 1,040:0,055 —1,404+0,100 —0,48140,115 1,885:0.160
0,433:0.021 —0,087+0,037 0.188 —0.145 1.043:0.055 —0,45920,115 —1,417:0.100 1,876:0.140
Aw=1625 cm™!
25 0.638+0,016 0.114-0,038 ~0,097+0,025 0,225z0,034 1,12820,042 ~1,25840,042 —0,402:0,075 1,660+ 0.100
0.225 -0.097 1,128 —-0.402 —~1.258 1. 660
15 0.582 0.042 ~0,108 0,240 1.134 —~1,280 —0.365 1. 645
0,240 -0.106 1,134 -0.365 -1.280 1,645
4 0.456+0,020 =—0,079+0,040 —0,114+0,030 0,25420,045 1.140£0,054 =—1,300£0.093 —0,332:0.130 1,63220.040
0.254 ~0.114 1,140 -0.332 -1.300 1,632

obvious, though none is observed in the smectic phases.
Considering the entire temperature range, the charac-
teristic change of the ratios R, and R, is remarkable.
R, is much less sensitive to changes in temperature.

6328 A, It is interesting to notice the nearly continuous
variation between the nematic and the smectic 4 phases.
Also, there seems to be some indication of pretransi-
tional behavior in the vicinity of the smectic A-to-
smegtic B transition. The Raman depolarization ratios
of the same bands as in the last section have been mea-
sured as functions of temperature and thickness. Due
to intensity considerations, R, in the smectic phases
was necessarily obtained using relatively thick sam-
ples. We plot in Fig. 20 typical ratios for the 1597 cm™
band; the data for the other bands are listed in Table IX,
The thickness dependence in the nematic phase is quite

B. Discussion

Following the analysis described in the last section,
we consider the 1597 cm™ band. In the previous sec-
tion we took B, to be roughly 5° for both MBBA and
BBCA molecules. With the aid of a space-filled molecu-
lar model for 40. 8 we estimate the angle g, to be rough-

TABLE VIII. Calculated values of A{?, A, a, b, the trace, and the anisotropy for the three bands of neat MBBA. Uncertainties
include all the statistical uncertainties listed in Table IV and S;=1°+1° for the 1576 and 1625 em! bands, 5°+2° for the 1597 cm™

band.
@b
2a—b—1 2b~a—1 2—a—bh
o @) o
AT(C)  Af Af w @ atb+l atb+l arb+il atbtl
Aw=1576 em™!
16 0,601 0.157 ~0.160 0,169 1. 009 ~1,476 -0,498 1.973
0.169 ~0.160  1.009 —0,498 —1,476 1.973
10 0,546 0,092 —0.161 0.171 1.010 ~1,479 -0,497 1,976
0.171 ~0.161 1,010 ~0,497 —1,479 1.976
4 0,470 0.018 ~0.167 0.180 1,013 ~1.495 - 0,467 1,962
0.180 -0.167  1.013 ~0.467 ~ 1,495 1.962
Aw=1597 cm™?
16 0,578 0.141 —0.150 0,094 0. 944 - 1.477 ~0,701 2,178
0.561 0.144 0.103 —0.157  0.946 -0,673 —1,498 2,171
10 0,506 0,081 —0,165 0,112 0. 947 -1.523 —-0,645 2,168
0.509 0.084 0,121 —0.172 0,949 -0.618 —1.544 2,161
4 0.445 0,023 —0.184 0.138 0.954 ~1.579 ~0,566 2.145
0,448 0.023 0.147 -0.19 0,956 ~0.539 -1.599 2,138
Aw=1625 em™
16 0.586 0.150 —0.104 0,166 0. 062 -1,294 -0,531 1.825
0.166 -0.104 1,062 -0,531 —1,294 1.825
10 0.536 0.078 ~0.110 0,174 1.064 ~1.310 -0,509 1,820
0.174 -0.110  1.064 —~0.509 -1.310 1.820
4 0.464 ~0.002 —0.117 0.184 1,067 —~1.329 —0,483 1.812
0.184 ~0.117  1.067 ~0.483 ~1,329 1.812
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FIG. 18. Order parameters A{® and A§" deduced from the
measurements on the 1576 (squares), 1597 (triangles), and the
1625 (circles) cm™ bands. The open data points are for the
20% mixture, and the closed data points for the neat MBBA.,
The cross is for the 10% mixture. Dots are data from Fig, 13.
Solid lines: MS theory; dashed lines: HJL theory (———: m
=10; ~—-: m=4; A=-0,55).

ly 10°, assuming the alkoxy and alkyl tails of the 40.8
molecule are pointing along the same direction with re-
spect to the central core as they do in the MBBA mole-
cules. The same calculation yields 4%, A{®, a, and
b, which are listed in Table X for the case of ¢;=0.
Since the angle 8, is larger than before, the effect of
@&y may be expected to be nontrivial. However, for dif-
ferent values of e, the calculated values Aj? and A{Y
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FIG. 19. Indices of refraction of compound 40, 8. Data at the

lowest temperature are in supercooled smectic B phase.
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FIG. 20. Depolarization ratios of the 1597 cm™! band of 40. 8.
Squares: 49.6 p; circles: 74.5 p samples. In smectic A and
B phases data include those from 120 g thick samples,

are not appreciably different from those obtained by
setting oy =0, The calculated values a and b at fixed

«, seem to differ slightly for the nematic and smectic
regions; the deviations are much less pronounced when
they are expressed in terms of the more physically sig-
nificant quantities defined by Eqs. (45). The absolute
values for a and b are small compared to unity and, al-
though the relative variations appear large, the absolute
values of the uncertainties are tolerable when compared
with the experimental errors, which include all the sta-
tistical uncertainties from the data, R;, R,, R;, and R,,,,
as well as the estimated value 8; and the choice of a,=0.
In addition, if we compare the calculated A2’ with the

relative values obtained from the optical dielectric

anisotropy measurements by using the empirical local
field correction, the agreement is quite good. Figure

21 is a plot of the Raman data A¢?’ and A{¥ obtained

above and the relative values of A obtained by fixing
the proportionality factor to give agreement at 75.3 °C.
We also show in Fig., 22 a plot similar to that in Fig.
14, that is, A" vs A$®’. Note that at the lowest tem-
perature the deduced values of Af2’ and A{¥ satisfy the
Schwartz inequality and predict value of (¢% >0, For
nearly complete order one might expect a molecular dis-
tribution function
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TABLE IX. Raman depolarization ratios of vibrational bands SR B 88 L
[ )
at 1576 and 1625 cm™ for 40.8. Ratios other than R,,, are ex- oo o2 o2 2
. 2 -
trapolated values at zero thickness, L + é 5 B2 B s O U . A
+[== &3 58 58 22 28 £ %% 8%
o AT NSl NN NN N NN NN N AN o
(cm™) O Ry R, R
1576 75.3 0.169+0.016 1.260£0,060  0,444+0,020
71.0 0,151 1.560 0,459 22 o ~ 0 10 o w
67.3 0.135 1.820 0.470 -5 33 &8 83
64.6 0.125+0,016 2.000£0,200  0,477+0.031 aalss s< $< S<
59.5 0,097 2.280 0.409 H71s9 292 92 ¢ 9K Qo me va o
55.5 0.086+0.006 2.660£0,160  0,395:0, 026 Ml <% 2% o5 58 38 88 38 SK
51.0 0.076 2,950 0,400 sST STST ST T YT T TY Ty
46.6 0.039+0.001 2,920£0.130  0.4140.028
38.6 0.037 2,690 0.440
Rygo = 0.337+0,015
(=33 S w ”n O i~ o
1625 75.3 0.184+0.016 1.320£0,070  0.355+0.025 25 25 83 g3
71.0 0.162 1.420 0.355 o << 3 ﬁ 3 3 S <
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59.5 0.095 1.690 0.312 17T TS TS TS VS 7S _S ~3 Mo
55.5 0,084 0,003 1.810:0.100 0,288z 0. 020 e
51.0 0.079 1.850 0.293
46.6 0.048+0,004 1.840+0,160  0,30140,016
38.6 0.045 2,100 0.245 g 2 § § 8 5 § 3
Rigo= 0.309+0.016 > < > S S > S
< |53 53 .. %% 93
L |88 S8 ¥ $F 3P IS8 T2 3¢ 52
Ll a8 s& I3 3 23 g 23 33
T |90 S 60 S0 S o8 S o3 SO
Aexp(-p%/a?) for 0=p=7/2
fgy= , (46) 3 = e -
2 /A2 o < =] o
Aexp- (B-m)%/A% for 1/2<B=n 2 = o =
+H +H +H +H
fro . ys . . . s & & 8§ & & g g 8
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o : : : .S A A
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FIG, 22. A{Y vs A{® for compound 40,8, The solid line is
from MS theory. The distribution function Eq. (46) gives a
variation of A((,‘“ Vs Aéz’, which is essentially identical to that
from the MS theory for A§=0.7. The circles are data points
taken from Fig. 25.

pears to be applicable also in the smectic phases. For
example, the A’ results are in excellent agreement
with the optical dieleciric anisotropy measurements,
Nevertheless, further experimental studies, such as
the NMR measurements on partially deuterated mole-
cules, as well as the other independent measurements
using different techniques, are required to provide
more data. We also learned recently that the EPR line

APPENDIX |

shape of spin probes dissolved in liquid crystals® has
been applied to measure both AZ’ and A" in the
nematic phase. This may well give our technique
another test.

Viil. SUMMARY

The study of the intensities of the different polariza-
tion components of the vibrational Raman spectra of
liquid crystals has been unambiguously exploited for the
first time. By investigating the well-recognized cyano
stretching vibration, the Raman scattering technique has
provided new quantitative measurements on the orienta-
tional statistics of individual molecules in a nematic
liquid crystal.® Subject to the same shortcomings as
all the other techniques, this technique has been dem-
onstrated to obtain the same information on the micro-
scopic order parameter A{?’. In addition, new informa-
tion at the next higher order in the orientational statis-
tics, namely Ag® | has been obtained for the first time,
This new quantitative information marks significant dis-
crepancies upon the predictions of existing microscopic
theories of nematic ordering.

This technique is further generalized by similar stud-
ies using vibrational bands of the neat liquid crystal so
that the limited applicability of studying only mixtures
is eliminated. This makes the Raman scattering tech-
nique readily applicable to essentially all liquid crys-
tals, New data resulting from this general study indi-
cate further the inadequacy of the existing theories.

In smectic A and B phases this technique seems to
work reasonably well, although more extensive studies
are certainly necessary. In fact, the basic shortcom-
ings that occur in the nematic phase become much less
significant here, Immediate applications of this tech-
nique to the study of statistics of general molecular
groups, such as the end chains of the thermotropic liquid
crystal molecules, as well as those of the lyotropic
liquid crystal molecules, may be possible,

Expressions for the Raman polarizability tensor elements in the laboratory frame, (« L), j» in terms of the mo-
lecular tensor elements a;; for a molecule of arbitrary orientation a, B, v follow. Note that the rotation which car-

ries the molecular frame of reference into the laboratory frame is R(— Y, -

B,— @) (see Fig, 1), The given expres-

sions thus result from the following series of clockwise rotations: y about the 3-axis, 8 about the new 2- -axis, and

o about the new 3-axis.

(@r)e =3 (@) + @y +a3) + 3 20l — afy - a),) (35in?8 cos?a — 1)

+3 (af; - ay,)[cos2y (cos?B cos?a —

. 14 s { . . : . .
+c082y cosf sin2a] + oy, sins(2 cosy cosp cos?a — siny sin2a) - az'a sinf(2 siny cosB cos®a + cosy sin2a) ,

’ ’ 4
(ar)yy =3 (ag; +ag, +0g3) +} (204, - a4, - a5,) (3 sin?B sin®a - 1)

sinfa) - sin2y cosB sin2a | —

ay,[sin2y(cos?B cos?a - sinta)

(AL 1)

’ ’ s s N s
+3 (ay; — @) [ cos2y(cos? sin®a - cos?a) +sin2y cosp sin2a] - a,[sin2y(cos?8 sinte — cos?a)

- cos2y cosBsin2a] + o, sinB(2 cosy cosp sin®a +siny sin2a) — @, 8inB(2 siny cosg sina - cosy sin2a) ,

@;;) (3cos®s —1)

I 1 ? ! ’
(@p)ee=35(ag +a'p +0g5) + % (Zags - 0‘1,1 -

+38in?8[ (e, - @5,) cos2y - 2a4, sin2y] -

? 4 s .
(ap)y =1 QRag - a)) - a,,) sin®Bsin2a + 1 (o], -

2 sing cosp(ay, cosy - ag, siny) |

(AL 2)

(AL 3)

a,)[cos2¥(1 +cos?B) sin2a +2 sin2y cosB cos2a]

- 3 a5, [sin2y(1 +cos?B) sin2a - 2 cos2y cosp cos2a]
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+a,, sinB(cosy cosBsin2a +siny cos2a) - a,, sinB(siny cosg sin2a — cosy cos2a) (AL 4)
(@7)ee =% 20y, — @) - ag,) sing cosBeosa — 5 (a4, — a,,) sing(cos2y cosp cosa ~ sin2y sina)

+ 0y, sinB(sin2y cosB cosa +cos2y sina) + a,,(cosy cos2p cosa — siny cosp sina)

— @yy(siny cos2B cosa +cosy cospsina) (AL5)
(arp)e =3 (205~ @), — a,,) sing cos@sina — 3 (ay; - a5,) sinB(cos2y cosp sina +sin2y cosa)

! . . . . .
+a,, sinB(sin2y cosB sina — cos2y cosa) + a,(cosy cos2B sina +sinycosp cosa)

— @y, (siny cos2B sina — cosy cosBcosa) . (AL6)
i
APPENDIX 1l AW =z§‘\/—3§(sin‘*ﬂ cosdy)
A. Order parameters of L =2 and 4
B = —\/—(sm“B sindy) .
Definitions:
. m x * , .
aéﬁ’ =AE +iBY = (-1) a(;.L-')m (Dgu" (2, B, 7)), B. (o )2, in terms of the order parameters
Aém =1, We require the average over all orientations of the
A [;z) =1(3cos28-1) , square of th.e tensor components given in .l}ppendix I.
@ - For a umaxml' system there are only four independent
A® = /3 (sinf cosgcosy) | quantities {(az)), ((a;)3), ((ay)%, and ((az)%). These
B® = \/E(sinﬁ cosBsiny) | quantities can be expressed in terms of the order param
) eters of L =2 and 4 as in the following. For conve-
AP = \/— (sin’8cos2y) , nience, we use (cos?g8) and {cos*g) instead of A%’ and
B® = —\/—_(sinzﬁ sin2y) | A{®, and define the quantities
A(“ 8 <35 COS4ﬁ 30 COSZﬂ + 3) A= alll + aa'z + O‘S’S s
A = /5 (sinB cosB(7 cos?p - 3) cosy) , B=(1/A%)[1(af; - a5)? +a,Z]
B = /3 (sinB cosp(7 cos?8 - 3) siny) , C=(1/4% (02 +a,) ,
AN =% J§<smaa(7 cos?8—1) cos2y) , D=(1/A) (2a4; - af; - 035)
B = 1./3 (sin®(7 cos® - 1) sin2y) , E=(1/A%[%(a], - a,,)? - a;2]
AP = 5 (sin*B cosp cosdy) F=(1/A%(a- o) ,
B = /3 (sin®g cosB sin3y) , G = (1/4%) (o], - agy)

|

A2 (a))2) =t +£B+5C+5 D+ PP+ (3 B+5C -5 D~F DP)(cos®p) +({§ B - § C+35 D?) (cos'B)
+(BENTO)AP ++ F (3 ﬁAé“ -2 J%Aga’) - (2/34) VE[4 (0f - ) AR - af, B® — a; AP + 0y, BP)
+(D/218){(afy - ) (2VEAL +2 J2AW) 0/, (4 JEBE +& JIB®) 1ol [2/2AR - (9B ALP)
~0y,[2V3BP - (9N B) B} +16{-Eap, BE + af,($ VEAR + (3/1VE) AP - 3/ TB) AP

+als[# V3B +(3/W B BY + (3/V35) BO]} + 8 [a,a( $ViBE - g Bgu)

+0123( \/—Bl‘z’+TAl +7==A§4>>] 2‘11 2‘/_3(2)_3@32(4)), (AIL 1)
A% {(a }:f,}=%B+%C+ﬁDz+(%B—1LDa)(COSZB)+(1LB—%C+—LDZ)(cos4B>
HENTOAP + +F(JEZAY —VEAD) +(D/14) {4 (o], - aj,) 4 /242 + [34M)

—tal, @VEBE + JEB®) +af, [ AR - ANB) AP - ofy[VEB® - 1 /V5) BP]}
~36{/%& af, B® - o[ [EVEAR +(L/WB)AY - AV BBV AN - ag[VEBR +(1/TV5) B + (1/V35) B}

. 1 1 1 1 20,0,
_-%x; [(11'3 (g VEB® +zre Bi* — 7= Bgv)- ol (; VBA®D + e Al +oae A;“)] += 8 VB BP - JEBW)
(AIL 2)
AK(a))) =2 B+1C - (2C— 4 D%) (cos?) - (1 B~ C+ D?) (cos*Py- UENTO) AP +H F VBAE - 8/EAL)
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D
“144 (o) = gy) (\/’%-Aém +2 \/%Azm) - 20, (\/%Bzm +2 \/%B ) +af; <\/—A( '~ 7-_—A““) 0‘23(\/—}31 —Bw)

+G{2y/& ap B - 3 a [ VEAR + (4/TWB) AW - @V BB AP - Lal [4VEBR + (4/7«/—5) B +(4/V35) B}
’

a v 6 4 v6 4 4
+ [“13< B s B - g BEY) - oo AR g AL m“‘am)]* 4% (55 - 8 /TBM),
(AL 3)

A2 (apR) =k +3B -4 D+ D? - (B~ 2C - § D +} DP) (cos?p) + (3 B - 2C +4 DP) (cos*B) +4E JH AL
2D
# F(/242 +2/T A8+ (2/34) /3 [(af, - a3 AR - 20/, B - 20/, 4% ~ 204, B®| + 214
><[(011'1 - )~ 2\/:§_A§2) +3 \/%-Az‘“) - 204,(~ 2\/§B2(2) +3\/§ B~ 2&1'3(\/%A1(2) +76=5Af4))+2a2'3(\/—§ B® +7——531“’)]

- 46{/% iy B{Y + s[4 \/'%Afz’ - /WAL + QN T AP - agy [ VEBP - (1/15) B + (L35 B}

[ 1 1 80 a
S 500 ) B0 (o ) o s
(AIL.4)
APPENDIX 11l. EVALUATION OF A{2), A%, a,and b £{(1 +b(2R,y, +1)% - 4(3R,,, — 1)
From Egs. (27), (37), and (38) and the experimental X[(1 +5%)(38R,q0 — 1) +B(2R,,, + 1)]}/2] . (AILL 3)

depolarization ratios we have the following system of

;‘};‘,a;fgiﬁﬁf‘c*‘ are linear in the order parameters values of R,,,, where the contours may be an ellipse
0 o (Riso < 3), a parabola (R, =3%), or a hyperbola (R,,, > %).
ay; {cos®p) +ay, (cos*By =c, , As the functional dependence of Eq. (AIIL.2) on 2 and b
is quite complicated, we choose to solve Egs, (AIIl. 2)
and (AIlL 3) for @ and b in the following way. For a

Equation (AIL. 3) is plotted in Fig. 23 for a number of

a,, {cos?B) +ay, (cos?By =c, ,

a5, {cos?B) +as, (cos’B) =c, , (AIN. 1) given R,,,, a value for a is obtained from Eq. (AIIL, 3)

b with an arbitrary value of b, This pair of a and b are
where then substituted into both sides of Eq. (AIIL 2) with the
A =Xg=V1X11y  AQp=Xa— Y1 X2 , parameters &, B;, etc., being chosen heforehand. By

comparing both sides of Eq. (AMI, 2), for successive
values of b, we can eventually locate the specific b,

Q3 =X5= V3X3 , Qgp =Xg— V3 X3 , with corresponding a, for which Eq. (AIIL 2) is satisfied.
As both Eqs. (AIIL. 2) and (AIIL 3) are second order in

a and b, we expect at most four sets of solutions (a, b).
C3=¥3X%) =X, However, using values of b ranging from ~10 to 10 we
get for all the cases only two sets of real solutions with

Ay SXg=VpXy , Aopp =Xg = VX3,

C1 =7 X0~ X7, Co=VaXy— X7,

and #;, 7,, and 7; are the ratios after the correction of
surface coupling factor [Eq. (22)], and for £=1, 4, 7, 10

xp=x,(a, b, ag, By, AP, AP AY)
and for the rest of &
Xp =xk(a7 b, aOy 30) .

All the x, are directly related to the entities in Eq. (38)
and the coefficients in Eq. (27). It is worthwhile to no-
tice that all the x, are second order polynomials in a
and b, which implies that Eq. (AIIl.1) are also second
order in @ and b. We can get a relation between a and »
by eliminating (cos?f) and (cos*8) from Eq. (AIL.1),

(¢~ auc3/a31) (aze ~ azlaaa/asx)
=(cy = @513/ a31) (a1, — ay1a55/a3))

with oy, 8,, etc., being kept as adjustable parameters,
The depolarization ratio inthe isotropic phase R,,, pro-
vides another relation between q and b, that is, Eq. (28)
or

3 0.6 3/4
a=[1/2(3Rpo — 1)][~ (1 +5)(2R,4, +1) FIG, 23. Contours of constant Ry, in the (a, b) plane.
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the experimental depolarization ratios. For the special
cases, like with ;=0 or a =b (uniaxial), the simplifica-
tion of this algorithm is straightforward. The actual
computer program that was written for the Xerox SDS
Sigma 7 computer is available in the Ph, D. thesis of
one of us (SJ). %
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