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The elastic behaviour of liquid crystal dimers:

an ESR investigation of their induced chiral nematic phases

by D. IONESCU² , G. R. LUCKHURST* and D. S. DE SILVA

Department of Chemistry and Southampton Liquid Crystal Institute,
University of Southampton, Southampton SO17 1BJ, U.K.

(Received 9 May 1997; accepted 4 July 1997 )

We have attempted to investigate the dependence of the elastic behaviour of liquid crystal
dimers on the parity of the spacer linking the two mesogenic groups by using an indirect
method. In this the nematic phase formed by the dimers is converted to a chiral nematic by
the addition of a chiral dopant. The uniform distribution of the director in the helical structure
of the mesosphase is perturbed by the magnetic ® eld of an ESR spectrometer. The extent of
the ® eld-induced perturbation is then determined from the appearance of the ESR spectrum
of a nitroxide spin probe dissolved in the mesophase. The observed diVerence in the extent
of the ® eld-induced perturbation is analysed in terms of the higher orientational order of the
even with respect to the odd dimer. However, the theoretical model fails to account for this
diVerence in behaviour and a possible explanation is discussed.

1. Introduction liquid crystal dimers on the parity of the spacer further
we have studied two members of the series of a,v-bisLiquid crystal dimers, in which two mesogenic groups

are linked by a ¯ exible spacer, have properties that (4-cyanobiphenyl-4 ¾ -yloxy)alkanes. The melting points
for the dimers are rather high, typically about 150ß C,frequently display a dramatic dependence on the parity

of the number of groups in the spacer [1]. For example, which complicates the determination of the elastic
constants by conventional methods. We have, therefore,the entropy change at the nematic± isotropic transition

for even dimers can be three times larger than for the adopted an indirect but experimentally convenient route
to the elastic behaviour of the dimers. In this methodneighbouring odd members of the homologous series.

This major diVerence in the transitional entropy implies the nematic phase is ® rst converted to a chiral nematic
by the addition of a chiral dopant. The pitch of thethat there should be a corresponding diVerence in the

second rank orientational order parameter. This proves helical structure of the induced chiral nematic phase is
then perturbed by the application of a magnetic ® eld.to be the case for the order parameter of the mesogenic

group for the cyanobiphenyl dimers although the diVer- The change in the pitch produced by the ® eld is deter-
mined by, amongst other things, the twist elastic con-ence is not so great, with the order parameter at the

nematic± isotropic transition for even dimers being about stant of the nematic phase. To study the ® eld-induced
distortion of the helical structure we have used ESRone and a half times that for odd dimers [2]. For

conventional monomeric nematogens the elastic con- spectroscopy which has proved to be a valuable tech-
nique for monitoring the director distribution in chiralstants are predicted and found to be approximately

quadratic in the orientational order parameter [3] and nematic [5, 6] and other liquid crystal phases [7].
In the following section the theoretical backgroundso we might expect the elastic constants for even dimers

to be greater than those for odd dimers. Measurements to the experiments is outlined in order to make clear
the relationship between the twist elastic constant andof the elastic constants for two phenyl benzoate dimers

have shown that this expectation is correct [4] with the what is measured. The experiments themselves are
described in § 3 and the analysis of the ESR spectra iselastic constants for the even dimer being almost twice

as large as those for the odd dimer, in keeping with the given in § 4. The results are to be found in § 5 where
their signi® cance is discussed and our conclusions arediVerence in their orientational order parameters.

To explore the dependence of the elastic behaviour of in § 6.

2. Theoretical background*Author for correspondence.
The application of a ® eld to a chiral nematic with a² Permanent address: Department of Physics, P̀olitehnica’

University of Bucharest, 77206 Bucharest, Romania. positive diamagnetic anisotropy, DxÄ , has two eVects.
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834 D. Ionescu et al.

First, the helix axis is aligned orthogonal to the magnetic for the helical twisting power into the expression for the
pitch of the unperturbed helix gives the experimental® eld and then the pitch of the helix, P , is increased in

such a way that more of the director is aligned parallel parameter k as
to the magnetic ® eld than perpendicular. The orienta-

k = ( 2VmB/RT Jexp) (DxÄ K2 /m0 )
1/2

E (k) . (6 )
tional distribution function, p (Q) , for the director with
respect to the ® eld is predicted to be [8] Since the quantities needed to extract the twist elastic

constant from k are not known for the system which we
have studied, it is helpful to consider how the compositep (Q) = ( 1 Õ k

2 cos2
Q) Õ

1/2N P
2 p

0
( 1 Õ k

2 cos2
Q) Õ

1/2 dQ.

quantity represented by k should vary with the orienta-
tional order of the liquid crystal dimers. The twist elastic(1)
constant is expected to be quadratic in the solvent order

The parameter k which determines the distribution parameter, whereas DxÄ should be linear as should the
function for a particular material and at a given ® eld is chirality order parameter, J, and the scaling parameter

e. Overall then, k/E (k) is expected to be inversely propor-k = (P0B/p
2 ) (DxÄ /m0K2 )

1/2
E (k) . (2 )

tional to the square root of the solvent order parameter;
Here P0 is the pitch of the unperturbed helix, B is the we shall see whether this prediction holds or not in § 5.
magnetic ¯ ux density, m0 is the magnetic constant, K2 is However, at this stage it should be clear that measure-
the twist elastic constant and E (k) is an elliptic integral ment of k provides a less sensitive probe of the diVerence
of the second kind in the elastic behaviour of odd and even dimers than

for the direct determination of the elastic constants
E (k)= P p /2

0
( 1 Õ k

2 sin2
Q)

1/2 dQ. (3 ) themselves.
There is an alternative, albeit qualitative, route to the

elastic behaviour of the liquid crystal dimers in suchThe parameter k can take values from zero, corres-
experiments involving induced chiral nematic phases.ponding to an unperturbed helix, to unity when the
The conversion of a chiral nematic phase to a nematichelix is unwound and the director is aligned parallel to
is usually studied by measuring the threshold magneticthe magnetic ® eld. In ® gure 1 we show examples of the
® eld needed to cause the transition [8]; according todistribution function calculated for values of k from 0
theory this ® eld is given byto 0 9́9. The plots of p (Q) are shown in the range for Q

from 0 to 90 ß rather than the complete range because
Bth= (p

2
/P0 ) ( m0 K2 /DxÄ )

1/2
. (7 )

of the symmetry of the system. It is apparent that it is
However, in our ESR experiments the magnetic ® eld isnot until k is relatively close to unity that p (Q) begins to
more or less constant and to control the transition weshow any signi® cant increase in the probability of ® nding
use the concentration of the chiral dopant. It is possiblethe director parallel to the magnetic ® eld. As we shall
to predict this threshold concentration by combiningsee, the form of the ESR spectrum allows the parameter
equations (4), (5 ) and (7) to givek to be determined, from which the twist elastic constant

can be extracted, provided P0 and DxÄ are known.
xth= ( 2BVm /RT Jep) (K2DxÄ /m0 )

1/2
. (8 )

The chiral nematic phase is created for the liquid
This result is analogous to the expression for k incrystal dimers which we have studied by the addition of
equation (6) and so use of the same arguments suggestsa chiral dopant. The pitch of the helix in the induced
that the threshold concentration of chiral dopant neededchiral nematic is determined by the mole fraction of the
to convert the nematic to a chiral nematic state at adopant, x , and for the low concentrations used in our
given ® eld strength should be smaller for an even thanexperiments
for an odd dimer.

P0= (xbM ) Õ
1
, (4 )

3. Experimentalwhere bM is the helical twisting power [9]. According
The liquid crystal dimers studied, i.e. a,v-bisto theory bM is also related to the twist elastic constant

(4-cyanobiphenyl-4 ¾ -yloxy)nonane (BCBO9) ( ® gure 2-I)for the nematic [10], in fact
and a,v-bis (4-cyanobiphenyl-4 ¾ -yloxy)decane (BCBO10)

bM=Õ RT Je/2pK2Vm , (5 )
( ® gure 2-II) were synthesized using a Williamson
etheri® cation of 4-hydroxy-4¾ -cyanobiphenyl with thewhere J is a chirality order parameter which is determined

by the ordering matrix of the dopant and its shape appropriate dibromoalkane [12]. Their phase behaviour
and transition temperatures are: BCBO9: Cr 132ß C Nchirality, e is a scaling parameter which is proportional

to the orientational order of the nematic solvent [11] 170ß C I; BCBO10: Cr 162ß C N 183ß C I which are in
good agreement with literature values. This particularand Vm is its molar volume. Substituting the prediction
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835Elastic behaviour of L C dimers

Figure 1. The director distribution function p (Q), calculated from equation (1) for diVerent values of k together with the ESR
spectra of the spin probe TEMPONE simulated with these distribution funtions, as described in § 4.
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836 D. Ionescu et al.

Figure 2. The molecular structures of the liquid crystal dimers (I and II), the spin probe ( III) and the chiral dopant ( IV)
used in this investigation.

pair of dimers was chosen because their nematic± cholestane nitroxide spin probe and so allows a more
sensitive study of the director distribution.isotropic transition temperatures are amongst the lowest

in the series; in addition the spacer lengths are the same The chiral dopant was cholesteryl chloride; this was
purchased from Avocado and also used without furtheras those for the dimers studied by DiLisi et al. [4].

The spin probe employed in this ESR investi- puri® cation ( ® gure 2-IV); it forms only a strongly
monotropic liquid crystalline phase and melts at 99 ß C.gation was 2,2,6,6-tetramethyl-4-piperidone-N -oxide

(TEMPONE); it was purchased from Aldrich and used Binary mixtures containing up to 2% by weight of
cholesteryl chloride in both BCBO9 and BCBO10 werewithout further puri® cation ( ® gure 2-III). Although at

® rst sight this probe does not seem particularly suitable prepared. The components were dissolved in chloroform
and then the solvent was removed under vacuum. Afor liquid crystal studies because of its small shape

anisotropy, TEMPONE presents a number of satis- small amount of the solid mixture together with a trace
quantity of the probe were introduced into a quartzfactory features. Thus, it has a relatively rigid molecule,

is not chiral and its ESR spectra are well resolved. sample tube and degassed under vacuum. The sample
was placed in the microwave cavity of the spectrometer,The ratio of the hyper® ne splitting to the linewidth in

this case is better than that for the highly anisotropic heated to just within the isotropic phase and the ESR

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



837Elastic behaviour of L C dimers

spectra were recorded on cooling as a function of where T Õ
1

2 is the width of the absorption line at half its
temperature in the mesophase. height. In fact, the width of the hyper® ne lines of a

The addition of cholesteryl chloride to the nematogens nitroxide radical tumbling in solution often exhibit a
depresses the nematic± isotropic transition and also marked dependence on the nuclear quantum number m

creates a biphasic region with co-existing isotropic and associated with the transition [14] and has the form
chiral nematic phases. The phase boundaries were found

T Õ
1

2 (m )=A +Bm +Cm
2
. (10)

to approximate to Henry’s Law behaviour which is to
be expected for this low solute concentration [13]. For However, for a nitroxide dissolved in a liquid crystal,
the largest concentration of the chiral dopant the width the linewidth is predicted and observed to depend on
of the biphasic region was observed to be about 7 ß C the orientation of the director with respect to the mag-
while the temperature, TI , at which the biphasic mixture netic ® eld [15]. The theoretical angular dependence of
was converted to the isotropic phase, was approximately the linewidth coeYcients is found to be of the form
5 ß C below TNI for the pure material. Similar behaviour

A =A0+A2P2 (cos Q) +A4 P4 (cos Q) , (11)was found for both odd and even dimers.
The ESR measurements were made using a Bruker where P L(cos Q) is the L th Legendre polynomial and Q

ECS 106 electron spin resonance spectrometer ® tted is the angle between the director and the magnetic ® eld.
with a Eurotherm B-VT 2000 variable temperature unit. However, this introduces three unknowns for each hyper-

® ne line and so, to reduce the number of adjustable
4. Simulation of the ESR spectra parameters, we have assumed that the linewidth for a

Before we come to analyse the recorded ESR spectra, director orientation between the two extreme director
we ® rst consider the appearance of the spectrum to be orientations can be obtained from the interpolation
expected for a chiral nematic phase perturbed by a formula
magnetic ® eld [5, 6]. In a uniformly aligned nematic

T Õ
1

2 (Q) =T Õ
1

) + (T Õ
1

d
Õ T Õ

1
) ) cos2

Q. (12)with the director parallel to the magnetic ® eld the ESR
spectrum of an organic nitroxide contains three nitrogen Here T Õ

1

d
and T Õ

1
) are the linewidths observed when

hyper® ne lines. The hyper® ne spacing is the component the director is aligned parallel and perpendicular to the
of the partially averaged hyper® ne tensor parallel to the magnetic ® eld, respectively. The resonance ® elds, Br ,
director, AÄ

d
. The position of the central line is determined depend on both components of the partially averaged

by the parallel component of the partially averaged hyper® ne and g-tensors and, for a spin probe containing
g-tensor, gÄ

d
. If the sample can be aligned with the a single magnetic nucleus of spin I, are given by:

director perpendicular to the magnetic ® eld, then the
form of the ESR spectrum is unchanged but the line

Br (Q) =B0 (Q) Õ
hKÄ (Q)m

gÄ (Q)mB
Õ

h
2
AÄ

2
)

4gÄ (Q)
2
m

2
BB0 (Q)

AÄ
2

d
+KÄ (Q)

2

KÄ (Q)
2positions are now determined by the perpendicular

components of the tensors, AÄ ) and gÄ ), because of the
Ö [I (I+1 ) Õ m

2]. (13)
uniaxial symmetry of the nematic phase. When the

In this expressiondirector adopts a range of orientations with respect
to the magnetic ® eld the observed spectrum is a sum
of spectra from all orientations, provided the rate of
diVusion between diVerent director orientations is slow

B0 (Q) =
hn

gÄ (Q)mB
,

gÄ (Q)
2=gÄ

2
)+ (gÄ

2

d
Õ gÄ

2
)) cos2

Q,

KÄ (Q)
2=[AÄ

2
)gÄ

2
)+ (AÄ

2

d
gÄ

2

d
Õ AÄ

2
)gÄ

2
)) cos2

Q]/gÄ
2
(Q) ,

(14)on the ESR timescale; this is observed to be the case for
our systems. To extract information about the director
distribution function it is necessary to simulate the ESR
powder patterns, usually with some theoretical form where h is the Planck constant, n is the microwave
for the director distribution. This is achieved in the frequency and mB is the electron Bohr magneton.
following way. The observed spectrum L (B) is then a sum of spectra

The ESR experiment records the ® rst derivative of the from all director orientations and so is proportional to
absorption line shape. This shape may be lorentzian for
a pure transition or gaussian if the line is inhomogenously

L (B) = P
2 p

0
L (B, Br , T Õ

1
2 )p (Q) dQ, (15)

broadened by unresolved proton hyper® ne structure.
For the spectra which we have recorded we ® nd that

where p (Q) is the director distribution de® ned in § 2. Tothe lorentzian line shape provides the best ® t. The form
illustrate the changes in the ESR spectrum as the helixfor the ® rst derivative of this function is
is unwound, we have simulated spectra for the same
values of k as those used to evaluate the distribution

L (B, Br , T Õ
1

2 ) =
2T

3
2

p

(Br Õ B)

[1 +T
2
2 (Br Õ B)

2]2 (9 )
functions shown in ® gure 1. The magnetic parameters
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838 D. Ionescu et al.

used to simulate the ESR spectra are those which we orientational order ® rst changes with decreasing temper-
ature. For the coexisting nematic phase in the biphasichave determined from the experimental spectra measured

for TEMPONE dissolved in the even dimer (BCBO10) region above TN the orientational order is essentially
independent of temperature [16]. We see that for theat 180ß C; they are listed in the table. The simulations

show that when k is close to unity (0 9́9), the ESR lowest concentration of the chiral dopant the spectra
contain the expected dominant three hyper® ne lines forspectrum is dominated by three nitrogen hyper® ne lines

associated with the director parallel to the magnetic a nearly uniformly aligned chiral nematic phase with the
director parallel to the magnetic ® eld, since DxÄ is positive® eld ( ® gure 1). In addition to these strong spectral lines,

there are two weak outer features associated with the for the dimers. It is clear from the spectra that, even
for the lowest concentration of the chiral dopant, thedirector perpendicular to the ® eld. Only two of the three

hyper® ne lines are observed because although AÄ
d

diVers magnetic ® eld of the ESR spectrometer (~0 3́3 T) is
insuYcient to unwind the helix of the induced chiralfrom AÄ ) the two principal components of the partially

averaged g-tensor are almost the same and so the central nematic phase completely. We should note that in
addition to the nitrogen hyper® ne lines there are twolines overlap. Although the spectrum contains contri-

butions from other orientations of the director, they are carbon-13 satellite lines on either side of the central peak;
only one of the satellite lines is observed for each ofnot so apparent as those from its extreme orientations,

because it is the ® rst derivative of the absorption the outer parallel peaks because the other is overlapped
by the perpendicular peaks. The carbon-13 satellites dospectrum which is observed. As the value of k decreases,

so the probability of ® nding the director perpendicular not contain any information relevant to the director
distribution and so in the remainder of the analysis weto the magnetic ® eld grows and so too does the intensity

of the perpendicular lines, at the expense of the intensity shall ignore them. As the concentration of the chiral
dopant is increased, so the intensity of the perpendicularof the parallel features. This trend continues until, in the

limit when k vanishes, there are equal probabilities for peaks relative to their parallel counterparts grows as
the eVect of the magnetic ® eld on the helical distribution® nding the director parallel and perpendicular to the

® eld. Accordingly, the heights of the parallel and perpen- of the director decreases. For concentrations of about
2 6́ mol % or more, the helical distribution is apparentlydicular spectral features are almost the same; the slight

diVerence results from the angular dependence of the unperturbed by the ® eld of the spectrometer. The vari-
ation in the spectra for concentrations of chiral dopantlinewidths. It is important to note that the spectra

simulated with k =0 and 0 7́0 are quite similar and so less than about 2 6́ mol % is in good agreement with
the simulations (see ® gure 1), described in the previousthe ESR technique for determining the composite para-

meter k can only be used with any certainty when this section, for increasing values of the parameter k. The
increase in k is caused, essentially, by the change in theis in the range from about 0 7́0 to 1 0́0. In the following

section we describe the ESR spectra which we have mole fraction x , since at a constant shifted temperature
the other quantities determining k [equation (6) ] shouldrecorded and how the magnetic parameters necessary

for their analysis were determined. be approximately independent of the concentration of
the chiral dopant. Although the general trend in the
variation of the ESR spectra with increasing concen-5. Results and discussion

In ® gure 3 we show some typical ESR spectra measured tration of chiral dopant is qualitatively the same for odd
and even dimers, there is a quantitative diVerence. Thatfor the spin probe TEMPONE dissolved in the two

dimers BCBO9 and BCBO10 for diVerent concentrations is, the helical director distribution is less perturbed for
the odd than for the even dimer at the same concen-of the chiral dopant at the same shifted temperature of

13 K. The shifted temperature, TN Õ T , is de® ned in terms tration and shifted temperature. This shows that the
threshold concentration of the chiral dopant is lowerof TN , the temperature at which the sample is converted

from coexisting isotropic and nematic phases to the pure for the odd than for the even dimer, which disagrees
with our earlier prediction; we shall return to thisnematic phase, since it is at this temperature that the
point shortly.

The other feature which is qualitatively apparent from
Table The magnetic parameters used to simulate the ESR the spectra shown in ® gure 3 relates to the diVerencespectra given in ® gure 1 for the spin probe dissolved in

in the parallel and perpendicular components of thethe induced chiral nematic formed by the even dimer
partially averaged nitrogen hyper® ne tensorBCBO10.

DAÄ =AÄ
d
Õ AÄ ). (16)AÄ d/mT AÄ )/mT gÄ d gÄ ) T Õ

1

d /mT T Õ
1

) /mT

This diVerence is equal to the mean of the high and1 2́8 1 6́1 2 0́057 2 0́054 0 0́38 0 0́67
low ® eld separations between adjacent parallel and
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839Elastic behaviour of L C dimers

In order to determine values for the composite para-
meter, k, and the anisotropic nitrogen hyper® ne inter-
action, DAÄ , from which the solute order parameter can
be determined, it is ® rst necessary to simulate the ESR
spectra. This was achieved by using the theory described
in the previous section; the simulated spectra were
matched to the experiment by varying AÄ

d
, AÄ ), gÄ

d
, gÄ ),

T Õ
1

d
and T Õ

1
) (for each line) as well as k. Although the

number of adjustable parameters is relatively large, good
estimates of the majority of them can be obtained
directly from the experimental spectrum. In addition, we
do not ® nd a particularly strong correlation between
the parameters which are determined. We have also
found that it was possible to use the same linewidth
parameters, T Õ

1

d
and T Õ

1
) , for each of the nitrogen

hyper® ne lines and that there was a signi® cant diVerence
between these parameters (see the table). It seems
likely, therefore, that the origin of the line broadening
is unresolved proton hyper® ne structure rather than
rotational modulation of the magnetic interactions. The
quality of the ® t between the experimental and simulated
spectra was judged visually. As an example of the
agreement obtained, we show in ® gure 4 the observed
spectrum for TEMPONE dissolved in BCBO10 doped

Figure 3. The dependence of the ESR spectrum of with 1 3́0 mol % of cholesteryl chloride at a shifted
TEMPONE dissolved in the odd and even dimers on the temperature of 9 K, together with the spectrum simu-
concentration of chiral dopant, cholesteryl chloride. The

lated using the magnetic parameters given in the table.spectra were recorded at the same shifted temperature,
There is clearly very close agreement between the two;TN-T , of 13 K.
this gives us some con® dence in the values of DAÄ and k

which we have determined. These are listed in the
Appendix for the systems we have studied as a functionperpendicular spectral features; it is seen to be greater
of the mole fraction of the chiral dopant and the shiftedfor the even than for the odd dimer and in both cases
temperature, TN Õ T . We have not included the resultsmore or less independent of concentration at the same
for the highest mole fraction of chiral dopant since forshifted temperature. Such behaviour is to be expected
this k is close to the limiting value of zero and cannotbecause DAÄ is proportional to the second rank orienta-
be determined with any accuracy. As we have expected,tional order parameter, S33 , for the symmetry axis-3 of
k is closest to unity for the lowest mole fraction of thethe nitrogen hyper® ne tensor which is approximately
chiral dopant and the error in k for these solutions isorthogonal to the CNC plane. In fact
expected to be smallest; we estimate it to be about

DAÄ = ( 3/2 )A ¾33S33 , (17) Ô 0 0́2. We shall, therefore, concentrate our discussion
on the results for the odd and even dimers with thewhere A ¾33 is the anisotropic component of the nitrogen
lowest mole fraction of the chiral dopant. For these andhyper® ne tensor along axis-3 and for TEMPONE this
indeed for the other mole fractions, the error in theis reported to be 1 8́9 mT [17]. Since the diVerence is
anisotropy in the partially averaged nitrogen hyper® neapproximately Õ 0 3́ mT, this means that the order para-
interaction, DAÄ , is estimated to be Ô 0 0́4 mT.meter is only about Õ 0 1́. For such low values, S33 is

We begin with the results for DAÄ which we use toexpected to be proportional to the solvent order para-
determine the solute orientational order parameter, S33 ,meter which is normally the same for conventional
for the 3-axis in the spin probe [see equation (17)].nematogens at the same shifted temperature [18]. For
Since DAÄ is negative for the spin probe dissolved in bothour solutions where the only diVerence is in the concen-
liquid crystal dimers it follows that the order parameterstration of the chiral dopant, it is to be expected, therefore,
are also negative. This shows that the 3-axis tends to bethat the solute order parameter should be independent
aligned orthogonal to the director, which is to be expectedof this concentration at the same shifted temperature, as

we have observed. given the disc-like shape of TEMPONE (see ® gure 2-III).
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840 D. Ionescu et al.

pure dimers, BCBO10 and BCBO9, at the nematic±
isotropic transition; here the ratio of the order para-
meters is found to be 1 5́1 [2]. This agreement suggests
that the molecular ® eld controlling the alignment of the
solute originates largely from its anisotropic interaction
with the mesogenic groups of the dimers. The temperature
dependence of the solute order parameters is found to be
essentially the same for the two dimers at least at temper-
atures removed from the nematic± isotropic transition, in
keeping with previous studies of solute ordering in liquid
crystal dimers [19]. We ® nd analogous behaviour of the
solute order for the other chiral nematic phases with
diVerent concentrations of the chiral dopant, at least to
within the experimental error (see the Appendix).

We turn now to the temperature dependence of k/E (k) ;
this is shown for both odd and even dimers with the
lowest concentration of the chiral dopant in ® gure 6. At
the same shifted temperature, the ratio k/E (k) is larger
for the even than for the odd dimers. This diVerence is
small, no more than about 10%, but as we can see
from the results given in the Appendix, it is also found
for the other systems with higher concentrations of
the chiral dopant. However, according to the theory
described in § 2 the ratio k/E (k) should be inversely
proportional to the square root of the order parameter
and so it should be larger for the odd than for the even
dimers. The diVerence is predicted to be small with a
ratio of k/E (k) for odd to even of about 1 2́ whereas
experiment gives a value which is less than unity and
approximately 0 9́. It is not clear why the model fails
to predict this ratio correctly. What evidence that is
available certainly suggests that the anisotropy in the
diamagnetic susceptibility, DxÄ , is linear in the solvent
order parameter, while the twist elastic constant, K2 , isFigure 4. A comparison between (a) the ESR spectrum
quadratic in this. The other assumption concerns theobserved for TEMPONE dissolved in the even dimer
helical twisting power which is taken to be independentBCBO10 at a shifted temperature of 9 K with a chiral

dopant concentration of 1 3́0 mol % and (b) the simulated of the orientational order of the solvent. This certainly
spectrum calculated with the magnetic parameters given appears to be a reasonable assumption for the chiral
in the table and with k equal to 0 8́6.

dopant used in this study, for direct measurements of
bM for this and analogous chiral dopants show the
helical twisting power to be more or less temperatureThe dependence of S33 on the shifted temperature

for both odd and even dimers doped with 1 0́1 and independent [20] as expected from equation (5). A
possible explanation is that the proportionality constants1 0́4 mol % of cholesteryl chloride, respectively, is shown

in ® gure 5; the lines are simply guides to the eye. It is relating the various quantities to the orientational order
parameters are not the same for odd and even dimers.immediately apparent that the solute order parameter

for the even dimer is greater than for the odd dimer This is not expected to be the case for DxÄ and K2 but it
is conceivable that the chiral order parameter, J, andwhich is to be anticipated given the larger order para-

meter found for an even than for an odd dimer [2]. At the scaling parameter, e, [see equation (5) ] are related
to the order parameter by diVerent proportionalitythe smallest shifted temperature of 13 K the ratio of the

solute order parameters for the even and odd dimers is constants for the odd and even dimers. However, further
studies of the helical twisting power of a given chiral1 2́3 and this decreases to 1 1́8 at the largest shifted

temperature of 23 K. If we allow for their temperature dopant in liquid crystal dimers with spacers of diVerent
parity are required to see if this is the case. In contrastdependence, these values are consistent with the order

parameters of the mesogenic groups measured for the to the behaviour of the ratio k/E (k) at a given shifted
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841Elastic behaviour of L C dimers

Figure 5. The dependence of the solute order parameter, S33 , on the shifted temperature, TN-T , for the odd ( E ) and even
( + ) dimers containing 1 0́1 and 1 0́4 mol % of the chiral dopant.

temperature, the temperature dependence of this is in employed in our experiments the theory outlined in § 2
predicts that k/E (k) should be inversely proportional toqualitative agreement with theory. Since the orienta-

tional order grows with decreasing temperature, k/E (k) the mole fraction, x , of the dopant. To test this prediction
we have calculated xk/E (k) with the results listed in theis predicted to decrease with decreasing temperature Ð

as we ® nd (see ® gure 6). Over the temperature range Appendix for three concentrations. Comparison of these
at the same shifted temperature for either the odd orstudied, the ratio k/E (k) varies linearly with the shifted

temperature and the slope is found to be independent the even dimer reveals that much of the concentration
dependence has been removed, especially when allow-of the concentration of the chiral dopant, to within the

experimental error (see the Appendix). To make a quanti- ance is made for the uncertainty in k. However, the
largest discrepancy is for the smallest mole fraction oftative comparison of experiment with theory we have

calculated |S33 |1/2
k/E (k) which for a given concentration the chiral dopant where the measurement of k is expected

to be the most reliable. In addition the same behaviourof the chiral dopant is predicted to be independent of
temperature. Since the temperature dependence of the is found for both odd and even dimers which suggests

that the experimental error may not account for thesolvent order parameter has not been measured for these
dimers, we have used the solute order parameter as a failure of the theory to account for the our results.
surrogate for this. The results for the scaled quantity
|S33 |1/2

k/E (k) are listed in the Appendix for the three 6. Conclusions

The order parameter determined for the spin probeconcentrations of the chiral dopant in the odd and even
dimers. It is apparent that although the scaling has reduced dissolved in the induced chiral nematic phase is found

to be greater in the even dimer than in the odd, whichthe temperature variation, a small dependence remains.
To remove this temperature variation completely it would is in keeping with the higher orientational order of the

even dimer. The key quantity we have determined is kbe necessary to invoke some higher power of the order
parameter with which to scale k/E (k) , but there does which is related primarily to the anisotropy in the

diamagnetic susceptibility, the helical twisting powernot appear to be any theoretical justi® cation for this.
Alternatively it may simply be that the solute order and the twist elastic constant. The ratio, k/E (k), for both

dimers is observed to decrease with decreasing temper-parameter cannot be determined with suYcient accuracy,
although we should note that similar behaviour is ature as predicted by theory although the rate of change

appears to be larger than the theoretical value. Ofexhibited by all of the systems which we have studied.
We now consider the dependence of the ratio k/E (k) perhaps more signi® cance is that k/E (k) is greater for

the even than the odd liquid crystal dimer which con-on the concentration of the chiral dopant used to induce
the chiral nematic phase. For the low concentrations trasts with the theoretical prediction based on apparently
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842 D. Ionescu et al.

Figure 6. The dependence of k/E (k), on the shifted temperature, (TN-T ), for the chiral nematic phases formed by the odd ( + )
and even ( * ) liquid crystal dimers with the lowest concentration of chiral dopant, i.e. 1 0́1 and 1 0́4 mol %, respectively.

BCBO9 x =0 0́101 TN =444 Kreasonable assumptions concerning the dependence of
DxÄ , bM and K2 on the orientational order of the dimers. (TN Õ T )/ Õ DAÄ / k/ 10

2
xk/ |S33|

1/2
k/

K mT Õ S33 k E (k) E (k) E (k)This disagreement suggests that the proportionality
constant for bM and the orientational order may diVer

9´0 0´261 0´092 0´97 0´89 0´89 0´270
for the odd and even dimers 11´0 0´269 0´095 0´95 0´84 0´85 0´260

13´0 0´279 0´098 0´93 0´81 0´82 0´255

15´0 0´293 0´103 0´90 0´77 0´77 0´247We are grateful to the EPSRC for the award of a
17´0 0´307 0´108 0´87 0´73 0´74 0´242

research studentship to Ms D. de Silva and for a grant 19´0 0´307 0´108 0´84 0´68 0´69 0´225

21´0 0´312 0´110 0´80 0´63 0´64 0´209(GR/H96904) with which we purchased the Bruker ESR
23´0 0´317 1´112 0´77 0´59 0´59 0´197spectrometer. We also wish to thank the EC for a grant

made under the TEMPUS scheme which facilitated Mrs
D. Ionescu’s visit to Southampton.

BCBO10 x =0 0́130 TN =456 K

Appendix (TN Õ T )/ Õ DAÄ / k/ 10
2
xk/ |S33|

1/2
k/

K mT Õ S33 k E (k) E (k) E (k)Here we give the results for the parameters, DAÄ and
k, extracted from the ESR spectra for the spin probe

9´0 0´332 0´117 0´86 0´71 0´92 0´243
dissolved in the chiral nematic phase produced by the 11´0 0´338 0´119 0´84 0´68 0´88 0´236

13´0 0´342 0´121 0´80 0´63 0´82 0´219addition of the chiral dopant to the nematic phase of
15´0 0´347 0´122 0´76 0´58 0´76 0´204the odd and even liquid crystal dimers. The results are
17´0 0´357 0´126 0´72 0´54 0´69 0´190

listed as a function of the mole fraction, x , of the chiral 19´0 0´372 0´131 0´68 0´49 0´64 0´179

dopant and the shifted temperature, TN Õ T .

BCBO10 x=0 0́104 TN =485 K
BCBO9 x =0 0́127 TN =442 K

(TN Õ T )/ Õ DAÄ / k/ 10
2
xk/ |S33|

1/2
k/

K mT Õ S33 k E (k) E (k) E (k) (TN Õ T )/ Õ DAÄ / k/ 10
2
xk/ |S33|

1/2
k/

K mT Õ S33 k E (k) E (k) E (k)

13´0 0´342 0´121 0´97 0´91 0´94 0´315

9´0 0´251 0´089 0´82 0´65 0´82 0´19215´0 0´346 0´122 0´95 0´86 0´89 0´301

17´0 0´346 0´122 0´93 0´82 0´85 0´286 11´0 0´271 0´096 0´76 0´58 0´74 0´180

13´0 0´271 0´096 0´74 0´56 0´71 0´17319´0 0´365 0´128 0´91 0´78 0´82 0´283

21´0 0´375 0´132 0´89 0´75 0´77 0´271 15´0 0´280 0´099 0´65 0´47 0´59 0´148

17´0 0´306 0´108 0´65 0´47 0´59 0´15323´0 0´375 0´132 0´87 0´72 0´74 0´260

25´0 0´375 0´132 0´85 0´69 0´72 0´251 19´0 0´306 0´108 0´62 0´44 0´56 0´145
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xk/ |S33|

1/2
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[9] Ruxer, J. M ., Solladie, G ., and Candau, S., 1978, Mol.11´0 0´360 0´127 0´73 0´54 0´85 0´194

Cryst. L iq. Cryst. L ett., 41, 109.13´0 0´360 0´127 0´73 0´54 0´85 0´193

[10] Ferrarini, A., Moro, G . J., and Nordio, P. L., 1995,15´0 0´360 0´127 0´71 0´52 0´82 0´185

17´0 0´370 0´131 0´67 0´48 0´76 0´175 L iq. Cryst., 19, 397.
19´0 0´370 0´131 0´63 0´45 0´69 0´161 [11] Ferrarini, A., Moro, G . J., Nordio, P. L., and

Luckhurst, G . R., 1992, Mol. Phys., 77, 1.
[12] Emsley, J. W ., Luckhurst, G . R., Shilstone, G . N .,BCBO9 x =0 0́152 TN =440 K

and Sage, I., 1984, Mol. Cryst. L iq. Cryst. L ett., 102, 223.
[13] Martire, D . E., 1979, T he Molecular Physics of L iquid(TN Õ T )/ Õ DAÄ / k/ 10

2
xk/ S

1/2
33 |k/

Crystals edited by G. R. Luckhurst and G. W. GrayK mT Õ S33 k E (k) E (k) E (k)

(Academic Press), Chap. 10.
9´0 0´255 0´089 0´69 0´51 0´77 0´152 [14] McConnel, H . M ., 1956, J. Chem. Phys., 25, 709.

11´0 0´245 0´086 0´68 0´49 0´75 0´145 [15] Luckhurst, G . R., and Sanson, A., 1972, Mol. Phys.,
13´0 0´256 0´093 0´66 0´48 0´73 0´146 29, 1297.
15´0 0´280 0´098 0´64 0´46 0´69 0´144 [16] Palffy-Muhoray, P., Dunmur, D . A., M iller, W . H .,
17´0 0´280 0´098 0´60 0´42 0´64 0´132 and Balzarini, D . A., 1984, L iquid Crystals and Ordered
19´0 0´280 0´098 0´53 0´36 0´55 0´114

Fluids edited by A. C. GriYn and J. F. Johnson (Plenum
Press), Vol. 4, p. 615; Beckmann, P. A., Emsley, J. W .,
Luckhurst, G . R., and Turner, D . L., 1986, Mol. Phys.,

References 59, 97.
[1] Luckhurst, G . R., 1995, Macromol. Symp., 96, 1. [17] Nayeem, A., and Freed, J. H ., 1989, J. Phys. Chem.,
[2] Emsley, J. W ., Luckhurst, G . R., and Shilstone, G . N ., 93, 6539.

1984, Mol. Phys., 53, 1023. [18] Humphries, R. L., James, P. G ., and Luckhurst, G . R.,
[3] De Jeu, W . H ., 1980, Physical Properties of L iquid 1971, Symp. Faraday Soc., 5, 107.

Crystalline Materials (New York: Gordon and Breach [19] Emsley, J. W ., Luckhurst, G . R., and Timimi, B. A.,
Science Publishers). 1985, Chem. Phys. L ett., 114, 19; Heeks, S. K ., and

[4] D iLisi, G . A., Terentjev, E. M ., Griffin, A. C., and Luckhurst, G . R., 1993, J. chem. Soc. Faraday T rans.,
Rosenblatt, C., 1993, J. Phys. II, 3, 597. 89, 3289.

[5] Luckhurst, G . R., and Smith, H . J., 1973, Mol. Cryst. [20] Finklemann, H ., and Stegemeyer, H ., 1978, Ber.
Bunsenges. phys. Chem., 82, 1302.liq. Cryst., 20, 319.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


