This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 07:48

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Solute-Solvent Interactions

within the Nematic Mesophase

G. R. Luckhurst ® & M. Setaka 2"

# Department of Chemistry, The University
) i e Southampton, SO9 5NH, England

b Faculty of Pharmaceutical Sciences, University of
Tokyo, Japan
Version of record first published: 28 Mar 2007.

To cite this article: G. R. Luckhurst & M. Setaka (1973): Solute-Solvent Interactions
within the Nematic Mesophase, Molecular Crystals and Liquid Crystals, 19:3-4,
279-294

To link to this article: http://dx.doi.org/10.1080/15421407308084658

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/15421407308084658
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 07:48 23 February 2013

whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 07:48 23 February 2013

Molecular Crystals and Liquid Crystals. 1973. Vol. 19, pp. 279-294
Copyright © 1973 Gordon and Breach Science Publishers
Printed in Great Britain

Solute=Solvent Interactions within the
Nematic Mesophase

G. R. LUCKHURST and M. SETAKAft

Department of Chemistry
The University
Southampton, SQO9 5NH, England

Received March 17, 1972

Abstract—This paper reports the temperature dependence of the orientational
order of a spin probe dissolved in the nematic mesophases of four di-n-
alkoxyazoxybenzenes, determined with the aid of electron resonance spectro-
scopy. The solute orientational order can provide valuable information con-
cerning the pseudo-potential for the solute in the mesophase and hence the
nature of the anisotropic solute-solvent interaction. Techniques for obtaining
details of this interaction from our results are discussed in terms of extensions
of the Maier—Saupe theory to include & general anisotropic intermolecular
potential and to multicomponent mixtures of rod-like molecules. Our
analysis suggests that the pseudo-potential for the solute, like that for the
solvent, must include interactions in addition to London dispersion forces
employed in the Maier—Saupe theory.

The investigations of solute-solvent interactions were extended to an L.
shaped spin probe to see if, as has been suggested, its arms are preferentially
aligned with respect to the director in a nematic mesophase. No such pre-
ferential alignment could be detected.

1. Introduction

The orientational order in the mesophase of a nematic liquid crystal,
composed of rod-like molecules, may be defined as

S = (3 cos?d - 1)/2, (1)

where 8 is the angle between the rod-axis and the director.®*) The bar
denotes a time or ensemble average. Experimentally® § is found to
decrease with increasing temperature within the mesophase and to
vanish suddenly at the nematic—isotropic transition, Tx. These
observations are readily accounted for by the Maier—Saupe theory of
the nematic mesophase.® This theory attempts to calculate the

t Permanent address: Faculty of Pharmaceutical Sciences, University of
Tokyo, Japan.
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orientational energy or pseudo-potential of a single molecule resulting
from its interaction with the field generated by its neighbours.
Provided the anisotropic intermolecular interactions are restricted to
London dispersion forces the pseudo-potential is found to be

U= —A48(3cos? ~1)/]2V2. (2)

The parameter 4 is taken to be independent of temperature and is
proportional to the square of the anisotropy in the polarizability.
Since the pseudo-potential contains a single parameter the theory
predicts that the orientational order should be a universal function
of the reduced variable 7V2/Tg Vx? and hence of the reduced
temperature.® This prediction is found to be qualitatively correct®
although it was not known if the small discrepancies between theory
and experiment could be attributed to the wide range of techniques
employed to determine §. However an electron resonance investiga-
tion® of eight nematogens has helped to reveal that the discrepancies
result from the inherent limitations of the Maier-Saupe theory.

Recently attempts have been made to improve the Maier—Saupe
theory by including higher order terms in the intermolecular poten-
tial.®-8> In addition a general statistical theory of solute-solvent
interactions within a mesophase has been proposed.”> These
theoretical developments have prompted us to measure the tempera-
ture dependence of the orientational order of a spin probe (I) in the
mesophases of four di-n-alkoxyazoxybenzenes. The results of these
measurements are then analysed in depth with the aid of the new
theories in order to discover the nature of the information available
from such measurements. We have also taken this opportunity to
investigate the alignment of an L-shaped spin probe (II) by the
mesophase. ®)

2. Experimental

The four nematogens were obtained commercially and used without
further purification. Both 4, 4’-dimethoxy- and 4, 4"-diethoxy-
azoxybenzene were purchased from Sherman Chemicals Limited
while 4, 4'-di-n-hexyloxyazoxybenzene was bought from Frinton
Laboratories and the heptyl compound was purchased from E.
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Merck, Darmstadt. Their nematic-isotropic transition points are
listed in Table 1 together with the literature values.® Although
these small differences between the two sets of values are undesirable
the presence of trace impurities should not affect our analysis because
the orientational order of the probe in the impure mesophase has the
same dependence on the reduced temperature as in the pure meso-
phase.®

TasLE 1 The Nematic-Isotropic Transition Temperatures

Transition Temperature T'g/K

Compound Literature Commercial Doped
values® product sample

4, 4’-dimethoxyazoxybenzene 408 406.0 405.5
4, 4’-diethoxyazoxybenzene 441 436.7 434.5
4, 4’-di-n-hexyloxyazoxybenzene 402 400.0 399.2
4, 4’-di-n-heptyloxyazoxybenzene 397 395.0 394.2

The paramagnetic probes (3-spiro-[2’ N-oxyl-3, 3’dimethyloxazoli-
dine]) 5«-cholestane (I) and (3-spiro-[2’ N-oxyl-3, 3’-dimethyloxazo-
lidine]) 58-cholestane (II1) were prepared using the standard synthetic
route.® KFach nematogen was then doped with spin probe (I) and
the nematic-isotropic transition of the binary mixture determined.
The results, given in Table 1, show that the addition of the probe
depresses the transition by, at most, a few degrees. The alignment
of the second spin probe (II) in the mesophase of 4, 4’-dimethoxy-
azoxybenzene was also investigated. The electron resonance
spectrum of each sample was measured as a function of temperature
in both the isotropic melt and nematic mesophase using a Varian E-3
spectrometer. The temperature was monitored with the aid of a
copper—constantan thermocouple immersed in the sample. In one
set of experiments, designed to determine the temperature depen-
dence of the g factor, the klystron microwave frequency was
determined with a Hewlett-Packard frequency counter fitted with a
5255 A frequency converter. All of the electron resonance spectra
consisted of the three sharp lines expected for such nitroxide radicals.
We also measured the polycrystalline spectrum of (I) dissolved in a
glass of frozen toluene so as to determine the nitrogen hyperfine
tensor.
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%W\/\/k (1)

N (11)

3. Analysis

When the ordering potential or director is parallel to the magnetic
field in the electron resonance experiment the coupling constant @ for
any nucleus in a radical dissolved by the mesophase is@1.12)

@=a+(23)Y A0, (3)

In this expression a is the scalar coupling constant, A’ is the aniso-
tropic hyperfine tensor and @ is the ordering matrix which describes
the solute alignment.®®) The g factor g, in the mesophase, is given
by an equation analogous to (3):

g=9+(2/3)} 7,0 (4)

4,

If both the g and hyperfine tensors are cylindrically symmetric about
the same axis 3 then Eqs. (3) and (4) reduce to

d=a+A4;,0,,,
and (5)
g =9+7950s-
Consequently it is only possible to determine one element of the
ordering matrix for such paramagnetic solutes, which include the
popular spin probe vanadyl acetylacetonate. Nitroxide radicals do

not suffer from this disadvantage for, although the nitrogen hyperfine
tensor is cylindrically symmetric, the g tensor deviates considerably
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from cylindrical symmetry and for a compound virtually identical to
(I) has principal components : 14

g, = 2.0089,
g, = 2.0058, (6)
and g, = 2.0021.

The principal coordinate system is shown in Fig. 1.

0 L
* z Y

o)

Figure 1. The structure of the oxazolidine ring together with the principal
coordinate system for the g and hyperfine tensors.

In the case of the spin probe (I) a molecular model reveals that
although the z-axis is likely to be a principal axis of the ordering
matrix this is not so for either the x or y-axes. Since the symmetry
axis of the nitrogen hyperfine tensor is parallel to the z-axis then the
change in the coupling constant on alignment gives the principal
component @, directly. If the other principal axes are labelled 1 and
2 then the ¢ shift is12

87 = 91,011 + (Og — Og5)(932 — 935)/3 - (7)

The components g;; and g;, can be calculated from g¢,, g, and ¢ the
angle between axes x and 1. The angle ¢ is estimated to be approxi-
mately 20° from an examination of the molecular model. Now if the
ordering matrix is cylindrically symmetric about the 1-axis then the
ratio of the shifts in the nitrogen coupling constant to that in the g
factor is

855 = ~ Ajy/2g%s ()
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Figure 2. The temperature dependence of the orientational order of the spin

probes (I), denoted by @ and [, and (II) denoted by O dissolved in the meso-
phase of 4, 4'-dimethoxyazoxybenzene.
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The temperature dependence of the orientational order of the probe

(I) dissolved in the mesophase of 4, 4’-diethoxyazoxybenzene.
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Figure 4. The temperature dependence of the orientational order of (I) dis-
solved in the mesophase of 4, 4’-di-n-hexyloxyazoxybenzene. The different
symbols represent the results obtained for different samples.
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Figure 5. The orientational order of spin probe (I) dissolved in the mesophase
of 4, 4-di-n-heptyloxyazoxybenzene. Theresults found for the two samples used
in this investigation are represented by the different symbols.
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and therefore independent of temperature. We have measured this
ratio for (I) dissolved in the mesophase of 4, 4-dimethoxyazoxy-
benzene and find that it is temperature independent. Experimentally
the ratio is found to be —3.4 x 10* MHz which should be compared
with the theoretical value of —4.5 x 10* MHz. This was calculated
using the value of 53.5 MHz determined for A, from an analysis
of the polycrystalline spectrum. In view of the difficulty experienced
in measuring &g precisely and the large experimental uncertainty in
the anisotropic ¢ tensor the agreement between theory and experi-
ment is good. We shall therefore assume, in the remainder of this
paper, that the ordering matrix for the probe (I) is cylindrically
symmetric not only in the mesophase of 4, 4'-dimethoxyazoxy-
benzene but also in those of the other nematogens. The element of
the ordering matrix for the molecular long axis, which we denote by
P,, can now be obtained from @,;, determined from the shift in the
nitrogen coupling constant. The results of such determinations of P,
for (I) dissolved in the four nematic mesophases are plotted, as a
function of the reduced temperature, in Figs 2-5.

4. Interpretation

The solute ordering matrix is readily calculated from its pseudo-
potential by taking the appropriate Boltzmann averages. According
to a molecular field treatment of a multicomponent system of rod-like
molecules the pseudo-potential for molecules of type ¢ ist

U®0) =Y x; 48 PP PP (cos 6), (9)
L;j
where z; is the mole fraction of component j. The coefficients a{”
depend on the strength of the anisotropic interaction between two
molecules of species ¢ and 5:

2P = (1/p) j S gz (NR®(r) dr (10)

where p is the number density and the pair distribution function
n®)(r) is assumed to be independent of the nature of ¢ and 5. The
orientational order is defined using the even Legendre polynomials
P, and, for example,

By — jﬂg)(cos 8) exp { — UY6)/kT} sin 09/, , (11)
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where the orientational partition function is
Z, - j exp { -~ UOG)/KT} sin 60 . (12)

At the nematic—isotropic transition the molar orientational Helmholtz
function

Ap=—(NJ2) Y z,0;08PPPPP - RT Y x,InZ,, (13)

Liig i

vanishes and so the transition temperature of the mixture is readily
determined as a function of its composition.” Saupe has also
developed a theory of solute alignment in the nematic mesophase. 1)
However his expression for the pseudo-potential is assumed to be
independent of both the composition of the mixture and the orienta-
tional order of its components. Although the theory has been used to
correlate the solute ordering matrices determined in nuclear magnetic
resonance experiments,1®) because of its qualitative character, we
shall not consider it further.

A rigorous interpretation of the ordering matrix, determined from
experiments employing large solute concentrations is difficult because
this high concentration couples the equations for the solute and
solvent order. However in an electron resonance experiment the
solute concentration is so low that Eq. (9) is effectively decoupled and
reduces to

UD(@) = ¥ a$V PPPPY (cos 6), (14)
I

and
U(z)(ﬁ) = Z 'LZ%”P%)P(I?’ (cos ), (15)
57

for a binary mixture. In these equations the solvent is denoted by
the number (1) and the solute by (2). The solvent order PP is
obtained by substituting Eq. (14) into Eq. (11) and is therefore
identical to that in the pure mesophase. When calculating the solute
order, although P for the solvent may be obtained experimentally,
values for the higher solvent orders P® must usually be calculated.

The simplest approach is to restrict the summations to those terms
with L = 2 and this is equivalent to the Maier—Saupe theory of the
pure mesophase. For the resulting expressions to be identical with
those obtained by Maier and Saupe the interaction coefficients must
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be inversely proportional to the square of the molar volume :
AP = uf Dy -2 (16)

This is equivalent to assuming that the pair distribution function is
proportional to p? and that the u,,. ,(r) are determined by London
dispersion forces which have an r—¢ dependence.@?”) The solvent
order in this theory can be calculated as a function of the single
variable o by solving the equation

PP = J P{(cos 0) exp { — «P P (cos 0)} sin 6d8/Z,, (17)

where

Z, = j exp { - a POPYP (cos )} sin 848, (18)

and the variable « is given by
a = ugW/ETV? . (19)

The parameter 45 can be related to experimental quantities because
the orientational Helmholtz function vanishes when « takes the value
~4.541 and consequently

ugt = ~4.541 kTx Vi?, (20)

where the subscript K denotes the value at the nematic-isotropic
transition. The variable « may therefore be related simply to the
reduced temperature 7* and volume V* by

o = —4.541/T*V*2 (21)

Since the reduced volume of the mesophase appears to be a universal
function of T* we can calculate the reduced temperature for a given
value of «. The solute order is readily determined from the solvent
order by evaluating the integral

PP = IP(J)(OOS 8) exp { — @ PO PP (cos 0)/kT} sin 0d0/Z,, (22)

where

Z, - I oxp { D PPOPP (cos 6)/kT} sin 60 . (23)
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This calculation may also be performed as a function of « by intro-
ducing a temperature independent parameter 8, defined as the ratio
w1 (4501 for then

P kT = Ba. (24)

We have attempted to fit our experimental results by varying this
parameter 8 until the solute order is correctly predicted at the
transition point. The results of such a calculation for the spin probe
(I) dissolved in the mesophase of 4, 4’-diethoxyazoxybenzene are
shown, as the lower curve, in Fig. 3. The theory is clearly in poor
agreement with experiment for this particular mesophase and indeed
similar discrepancies were found for the other three nematogens.

The gross discrepancy between theory and experiment may be
removed by postulating an alternative form for the volume depen-
dence of the interaction coefficients #3». Since this dependence
cannot be predicted with any certainty we shall adopt an empirical
approach and assume that

B = ugy -, (25)

where the exponent y is treated as an adjustable parameter. The
temperature dependence of the solute order is now fitted by varying
both 8 and y. The optimized values of these parameters are given
in Table 2 and the theoretical curves calculated from them are shown
in Figs. 2-5.

TaBLE 2 The Solvent and Solute—Solvent Parameters

Nematogen B y BTY/K
4, 4’-dimethoxyazoxybenzene 0.709 7 204
4, 4’-diethoxyazoxybenzene 0.825 8 296
4, 4’-di-n-hexyloxyazoxybenzene 0.612 18 150
4, 4’-di-n-heptyloxyazoxybenzene 0.556 25 122

The agreement between theory and experiment is seen to be virtually
perfect. However although this success is encouraging we have
adjusted two parameters and so must look closely at their values
before accepting this modification of the Maier—Saupe theory. The
exponent y appears to be unusually large especially in comparison
with the values of three ®) and four® used for the pure mesophase. In
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addition the mixed parameter u3"® has been shown® to be given
fairly accurately by the geometric mean approximation

w1 = (uiDyER)LI2, (26)

Since ug™Y is proportional to the nematic-isotropic transition tem-
perature T9, B*T%P should be constant and equal to the virtual
nematic—isotropic transition point of the spin probe. The calculated
values for this temperature are given in Table 2 and it is clear that
the quantity B*T} is not even approximately constant. We conclude
therefore that although this simple extension of the Maier-Saupe
theory successfully predicts the temperature dependence of the solute
order, the parameters required are unreasonable and we must seek an
alternative modification of the theory.

It has been found® that to account accurately for the temperature
dependence of the orientational order in the pure mesophase it is
essential to retain those terms with L =2 and 4 in the pseudo-
potential. Presumably we should also keep both terms in the ex-
pansion of the pseudo-potential for the solute when attempting to
calculate its orientational order. In general such calculations would
involve the four arbitrary parameters %3V, 4V, 43® and 4¢». Since
one might reasonably expect to fit virtually any result with four
independent parameters we have reduced the number of variables to
two in the following way. The orientational order in the nematic
mesophases of 4, 4'-dimethoxy- and 4, 4-diethoxyazoxybenzene has
been determined by nuclear magnetic resonance®® and the para-
meters 43V and A (equivalent to 4!V /aV) determined by fitting the
temperature dependence of the orientational order. The optimized
values of these parameters, obtained with an exponent y equal to four,
are given in Table 3. These parameters were used to calculate the
solvent orders P and P{" which are required in the calculation of
the solute pseudo-potential and hence its orientational order. The

TaBrE 3 The Interaction Parameters
2O ug w0D\ (TP
compomnd Gre) 2m) ¢ () (5

4, 4-dimethoxyazoxybenzene -4.59 -0.187 0.831 0.141 280
4, 4'-diethoxyazoxybenzene -4.54 0.116 0.737 0.535 236
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Figure 6. A comparison of the theoretical and experimental orientational
order of (I) dissolved in the mesophase of 4, 4’-dimethoxyazoxybenzene.
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Figure 7. The predicted temperature dependence of the orientational order
of the spin probe (I) dissolved in the mesophase of 4, 4’-diethoxyazoxyben-
zene together with the experimental order.
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difference between experiment and theory was then minimized by
adjusting the solvent-solute parameters 8 and A where 8 is given by
Eq. (24) and A is the ratio 4@?[al®. The curves, calculated with the
parameters listed in Table 3, are shown in Figs. 6 and 7. The agree-
ment between theory and experiment for these two solvents is most
encouraging. In this modification of the Maier-Saupe theory the
ratio of the interaction parameter us'" to the nematic-isotropic
transition temperature is no longer constant but varies with A.®)
However, as we can see from the ratios given in Table 3, the extent
of this variation is rather small and so the quantity p*7% should be
approximately constant. The two values for 82T} given in Table 3
are indeed similar and so lend some support to the theory. Since only
a few values of A have been determined even for the pure mesophase
it is difficult to know how the solute-solvent A should vary. However
these values of A do parallel those found for the pure solvent.

In view of the reasonable results found for the solute-solvent
interaction parameters it would appear that the solute pseudo-
potential, like that for the solvent should be extended to include
those terms with L equal to four. However it will only be possible to
predict the temperature dependence of the solute order if that of the
solvent is already known. When this information is absent an un-
ambiguous analysis is difficult because of the large number of arbitrary
parameters in the theory.

5. The Alignment of L-shaped Solutes

In 1969 Havach et al. reported an electron resonance investigation
of the alignment of four nitroxide radicals dissolved in the nematic
mesophase of 4-n-hexyloxy-4'-ethoxyazobenzene.® Although one of
these radicals gave an electron resonance spectrum containing the
expected three nitrogen hyperfine lines the others gave spectra con-
taining two or even three sets of three lines. This unusual behaviour
was interpreted in the following fashion. The spin probes were non-
rigid but, it was argued, could adopt a stable L-shaped conformation.
If each arm of the L was oriented parallel to the director and if
exchange between these configurations was slow on the electron
resonance time scale then the observed spectrum might consist of
sets of hyperfine lines.® Such behaviour is of considerable impor-
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tance in understanding solute-solvent interactions. Since certain of
the effects noted by Havach et al. were not reproducible we have
studied the alignment of the L-shaped spin probe (II) dissolved in the
mesophase of 4, 4-dimethoxyazoxybenzene.

Now if this probe was oriented with either arm parallel to the
director then the plane of the oxazolidine ring would also be parallel
to the preferred molecular orientation. Consequently the observed
nitrogen hyperfine spacing should be the same for both configurations
because of the cylindrical symmetry of the nitrogen hyperfine tensor.
However since the g tensor is not cylindrically symmetric the ¢
factors for the two configurations will not be identical and so the
centres of the two spectra could be separated by as much as 9 gauss.
In fact we observe only three lines in the spectrum and must conclude
that this L-shaped solute is not preferentially oriented about either
arm. Our result casts further doubt therefore on the interpretation
of the electron resonance spectra obtained by Havach et al.

The orientational order for this second probe dissolved in the
mesophase is shown, as open circles, in Fig. 2. The order was
determined from the hyperfine shift using Eq. (5) but plotted as twice
this value so as to accommodate the results in the figure. As we can
see the orientational order determined in this way is less than that
measured for the first probe in the same mesophase. This does not
necessarily mean that the L-shaped probe is less oriented than radical
(1) for in (II), unlike (I), the symmetry axis of the hyperfine tensor
is not a principal axis of the ordering matrix. The quantity which is
calculated from the hyperfine shift can be related to the principal
components of @ and if the ordering matrix is cylindrically symmetric
this relationship is particularly simple :(®

033 = (i(_)____os;xﬁ— D Fz . (27)
In this expression P, is the orientational order of the rod-like molecule
and  is the angle between the symmetry axes of the hyperfine tensor
and the ordering matrix. To estimate » we make the bold assump-
tion that, at the same reduced temperature, the orientational order
for both spin probes is the same. With this assumption and the results
shown in Fig. 2 we find that 4 is virtually independent of temperature
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and about 67°. This value is consistent with a molecular model of the
probe and so suggests that both probes are oriented to about the same
extent by the mesophase.
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