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Elastic deformations of nematic laterally attached dimers
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and V. SURENDRANATH
Kent State University, Kent, Ohio, USA

(Received 6 July 1998; in ® nal form 24 November 1998; accepted 23 December 1998 )

Temperature dependences of the optical anisotropy and elastic constants of nematic laterally
connected dimers, in which two rod-like 2,7-disubstituted ¯ uorene moieties are linked through
their 9-positions by ¯ exible ± OOC(CH2 )mCOO± residues, were determined by using the
FreÂ edericksz method of threshold transitions in a magnetic ® eld. It was shown that the
possibility of rotation of the mesogenic groups about their short axes in¯ uences the dependence
of the order parameter on spacer length. No marked dependence of splay and bend elastic
constants on spacer length was observed. The results are compared with literature data for
polymer and low molecular mass nematics.

1. Introduction of the mesogenic groups when the spacer length increases
by one ± CH2 ± group [4± 6] . It is very important thatThermotropic liquid crystalline polymers are known
in the nematic phase even relatively long alkyl chains into exhibit several speci® c properties distinguishing
the molecules of these dimers are mainly in the extendedthem from low molecular mass mesophases. In order to
trans-conformation [7] .elucidate the behaviour of high molecular mass liquid

Orientational elastic constants K i are fundamentalcrystals (LCs), it is very useful to study the properties
values determining the main properties of a LC. Theyof their low molecular mass analogues, the molecules of
characterize the forces of intermolecular orientationalwhich simulate polymer chain fragments, and to compare
interaction in a nematic, ensuring long range order inthe properties of these compounds and polymers. In
the mesophase. FreÂ edericksz threshold transitions aresuch cases particular attention is usually devoted to
widely used for the experimental determination of elasticthe investigation of the relationship between the charac-
constants [8± 10] . The application of these methods toteristics of polymeric and corresponding model low
low molecular mass LCs has made it possible to followmolecular mass LCs and the structure of their molecules,
the e� ect of the chemical structure, shape, and size ofin particular the structure and size of the mesogenic core
their molecules on the values of K i [11± 16] . However,and the spacer length and ¯ exibility.
papers in which the dependence of K i values on theThe process of àccumulation’ of polymer properties
structure of macromolecules or their elements has beenby the mesophase has been studied in comparative
studied for nematic polymers and their low molecularinvestigations of the liquid crystalline monomer, dimer
mass models are very few.and polymer [1± 3] . It was established that dimers

In the present work the FreÂ edericksz method ofalready exhibit some speci® c properties characteristic of
threshold transitions in a magnetic ® eld [8] was useda high molecular mass LC. On the whole, the behaviour
to study the birefringence and orientational elasticof the dimer is closer to that of the polymer than to
deformations in the nematic phase for dimers with thethat of the monomer. The e� ect of spacer length on the
following structureproperties of mesophases formed by dimers [4, 5] and

trimers [6] based on cyanobiphenyl has been investi-
gated in detail. It was found that with increasing length
of the ¯ exible alkyl fragment, the orientational order
parameter changes jumpwise and a distinct odd± even
e� ect is observed. This experimental fact is due to
changes in the angle formed by the para-aromatic axes
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818 A. P. Filippov and V. Surendranath

where m= 3 and n= 6 for a D-3-6 dimer, m= 4 and n= 7 applied normal to the director are of the threshold type.
A minimum critical thickness zc of the layers exists infor a D-4-7 dimer, m = 5 and n = 7 for a D-5-7 dimer.

The structure of the molecules of these LCs di� ers from which deformation in a magnetic ® eld with a strength
H is possible. According to the FreÂ edericksz law [8] ,that of the molecules of linear dimers [4, 5] by the way

in which the mesogenic groups are joined together. In the product zcH is constant at a given temperature and
determines the ratio of the elastic constant K i to thethis case rigid anisotropic cores are bound l̀aterally’ via

the ¯ exible fragment. The spacer is virtually bound to diamagnetic anisotropy Dx for unit volume of nematic
the geometric centre of the mesogenic groups. Moreover,

zcH = p (K i /Dx)
1/2 (1)both ends of these groups are relatively long and ¯ exible.

The synthesis and phase behaviour of these dimers where i= 1, 3. The values of the splay K 1 and bend
K 3 elastic constants can be obtained by studyinghave been described in ref. [17] .
the deformation of planar and homeotropic layers,
respectively.2. Experimental

The compounds investigated each form a nematic In ® gure 1 the values of the critical thickness zc

are plotted against inverse values of the magnetic ® eldphase by a monotropic phase transition from the iso-
tropic melt. The temperatures of melting, Tm , and of the strength H . For both deformation types, at a given

temperature, the experimental points fall on the sameisotropic (I)± nematic (N) phase transition, TIN, deter-
mined by polarizing microscopy are given in the table. straight line passing through the origin. This fact is

very important because it indicates that strong cohesionThe procedure used for investigating orientational elastic
deformations in this work has already been described in of the nematics being investigated to the supporting

surfaces exists for both planar and homeotropic texturesdetail [8, 18± 21] . Wedge-shaped plane± concave nematic
layers were used; the LC being investigated was placed [11] . The slope of each straight line determines the

value of zc H and, correspondingly, the K i /Dx ratio atbetween the ¯ at and spherical surfaces of quartz plates.
Planar textures were obtained in the usual way by the given temperature DT = T Õ TIN.

Another important characteristic of the mesophaserubbing the surfaces of the plates. In the case of homeo-
tropic textures, the situation was more complex; the which can be established by investigating orientational

deformations by this procedure is the di� erence betweensurfaces of lenses and glasses were successively etched in
sulphuric acid, washed with distilled water, treated with the two main refractive indices ne Õ n0 = Dn or the optical

anisotropy of the nematic. For this purpose it is convenienta lecitin solution in alcohol, and dried at 80ß C. Even this
relatively complex treatment made it possible to obtain to use polarizing photomicrographs of undeformed

planar layers, which have the aspect of a system ofuniform homeotropic layers of considerable thickness
only for dimers D-4-7 and D-5-7. For D-3-6, the thick- concentric interference rings. Each dark interference

band corresponds to the di� erence between beam pathsness of homeotropic layers obtained did not exceed
10 Ö 10Õ

4 cm under any conditions of glass treatment. d equal to the whole number of wavelengths d = ml

Hence, it was impossible to study quantitatively orien-
tational elastic deformations of D-3-6 in homeotropic
layers.

Each sample prepared was observed in a polarizing
microscope in parallel light normal to the layer plane.
The wavelength of the light l was 546nm. The temper-
ature T of the sample was controlled to within 0.5ß C,
and measurements were carried out using a magnetic
® eld with a strength up to 26 000 Oe.

Orientational elastic deformations appearing in the
nematic phase under the in¯ uence of a magnetic ® eld

Table. Molecular masses and phase transition temperatures
for the dimers investigated.

Dimer m n M 0 Tm / ß C TIN/ ß C

Figure 1. Critical thickness zc versus inverse of the magneticD-3-6 3 6 1252 151.0 110.0
® eld strengthÐ for the D-5-7 dimer for deformations ofD-4-7 4 7 1321 147.0 128.0
planar (1± 3) and homeotropic (4± 6) layers at temperaturesD-5-7 5 7 1335 138.5 136.5
DT = Õ 1 (1, 4), Õ 13 (2, 5), and Õ 59ß C (3, 6).
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819Elastic deformations of nematic dimers

variation of the e� ective birefringence Dn* of a nematic
layer of thickness z with increase in the magnetic ® eld
H from a critical value H c to H � 2 is described by the
relation

D n*

n0
= 1 Õ

2H c

pH P p /2

0 C 1 + (K 1 /K 3 Õ 1 ) sin2
Qm sin2

y

(1 Õ sin2
Qm sin2

y)

Ö (1 +n sin2
Qm sin2

y) D1/2

dy

(3)

where n= (n2
0 Õ n

2
e )/n2

e , sin y ; sin Q/sin Qm , Q is the
director reorientational angle (i.e. the angle between
the orientations of the director in the presence and in
the absence of the magnetic ® eld H ), and Qm is the value
of Q in the middle of the nematic layer, where the
deformation is a maximum. The angle Qm is de® ned by
the relation

Figure 2. Relative path di� erence d/l versus layer thickness H z

2 ADx

K 3B1/2

z for the D-5-7 dimer at temperatures DT = Õ 0,5 (1),
Õ 2,5 (2) Õ 4 (3), Õ 9 (4), Õ 20 (5), Õ 35 (6), and Õ 58ß C (7).

= P p /2

0 C1 + (K 1 /K 3 Õ 1 ) sin2
Qm sin2

y

1 Õ sin2
Qm sin2

y D1/2

dy.
where m = 1, 2, 3, ¼ Figure 2 shows the dependences of
the relative path di� erence d/l on layer thickness z. It is (4)
easy to determine from the slopes of these straight lines
the value of the birefringence Dn of the nematic at a Comparison of the experimental dependence of Dn*

on H /H c with the theoretical relations (3) and (4) allowsgiven temperature DT

us to determine K 3 /K 1 by studying only the deformation
Dn = (d/l) Ö (l/z)= ml/z. (2) of homeotropic layers. As an example, in ® gure 3 we

present a plot of Dn* against H /H c for dimer D-5-7 atIn the case of an initial homeotropic orientation, the
system of interference rings appears in deformed parts DT = Õ 27.5 ß C. The best ® t of the theoretical dependence

to the experimental points is obtained for K 3 /K 1 = 1.25of the sample, i.e. in regions of sample with z > zc. For
each layer thickness z, the value of the birefringence (curve 2). For the purpose of comparison, we also plot

the theoretical curves corresponding to K 3 /K 1 = 1.1 andDn*= ne (H ) Õ n0 depends on the magnetic ® eld strength
H [22] . This is due to the change of director orientation 1.4. As can be seen, all experimental points lie between

these two curves, i.e. the experimental error in thewith changing magnetic ® eld. This dependence may be
used to determine the value of the ratio of the elastic determination of K 3 /K 1 by this method is about

10± 15%.constants K 3 /K 1 . According to Saupe theory [22] ,

Figure 3. The plot of e� ective
birefringence Dn* versus relative
magnetic ® eld strength H /H c

for D-5-7 at DT = Õ 27.5 ß C (1).
The theoretical curves corre-
spond to K 3 /K 1 = 1.25 (2),
1.4 (3), and 1.1 (4).
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820 A. P. Filippov and V. Surendranath

3. Results and discussion molecules does not exceed 10%. Therefore, when
the length of the ¯ exible groups in the molecules of3.1. Optical anisotropy

Figure 4 shows the temperature dependence of the these dimers increases, the Da value remains virtually
unchanged, whereas the molecular mass M 0 increasesoptical anisotropy values obtained for the dimers being

investigated. The shape of these dependences is typical slightly. As a result, the Da/M 0 ratio decreases. However,
even on passing from D-3-6 to D-4-7, when the numberof a nematic LC: the values of Dn increase monotonically

with decreasing sample temperature. When the values of ± CH2 ± groups in the dimer molecules increases by
® ve, the decrease in Da/M 0 does not exceed 5%. Forof Dn are not very high (Dn < 0.2), these dependences

may be described by an approximate equation [23] these dimers at temperatures near the phase transition
point, I � N, the experimental values of Dn di� er by

Dn = (2p/ 3n )(n
2 +2 )N A (Da/M 0 )rS (5) more than 20% (® gure 4). This di� erence in Dn values

may be explained only if it is assumed that for D-3-6where S is the degree of orientational order, n is the
mean refractive index, r is the density of the nematic, the parameters of the nematic orientational order S are

much greater than those for D-4-7.M 0 is the molecular mass, Da is the polarizability of the
nematic molecules and NA is Avogadro’s number. On further increase in spacer length on passing from

D-4-7 to D-5-7, no marked changes in Dn were observedIt is known that even over a wide temperature
range the values of the mean refractive index n and the (® gure 4). Throughout the temperature range investi-

gated, the values of Dn for D-4-7 are slightly higher thandensity r for a nematic LC change only slightly, within
a few % (see for example [24] ). In other words, the those for D-5-7, but this di� erence is within the experi-

mental error of Dn . The molecular masses of these dimersmain contribution to the increase in Dn with decreasing
temperature is provided by changes in the parameter S. are close (table). Therefore, it is not a great assumption

to consider that the Da/M 0 ratios for them coincide.Hence, to a ® rst approximation, the dependence of Dn

on DT re¯ ects the temperature dependence of the degree Consequently, it may be concluded that for dimers
D-4-7 and D-5-7 the values of S and its temperatureof orientational order S of the nematic.

As can be seen from ® gure 4, the value of Dn changes dependence virtually coincide.
In order to explain the discussed changes in the valueswhen the alkylene spacer binding the rigid anisotropic

groups becomes longer. According to equation (5), this of Dn and S with increasing spacer length, let us analyse
the chemical structure of these nematogens. The rigidexperimental fact may be caused by changes in both the

order parameter S and the speci® c polarizability Da/M 0 aromatic groups in the molecules of these lateral dimers
retain a considerable freedom of rotation around theirof the dimer molecules.

For the dimers investigated, the Da value is deter- short axes near the point of binding of these groups to
the ¯ exible fragment. The change in mutual orientationmined to a considerable extent by the anisotropy of

polarizability of the para-substituted aromatic mesogenic of the para-aromatic axes of the mesogenic groups as a
result of these rotations can lead to considerable changesgroups. The contribution provided by alkyl chains to

the di� erence between the main polarizabilities of the in the values of the order parameter S and the optical
anisotropy Dn of these nematics.

On passing from the ± (CH2 )3 ± spacer to the ± (CH2 )4 ±
spacer, the increase in Dn can be explained if it is
assumed that the mesogenic cores linked by these quite
short spacers do not rotate markedly about their short
axes. In fact, let us assume that the spacer chain is
mainly in the trans-conformation, just as in the molecules
of linear dimers. Then the increase in spacer length by
one ± CH2 ± group will lead to a sharp change in the
angle formed by the para-aromatic axes of the mesogenic
groups. If on the whole this does not involve any marked
rotation of the anisotropic groups about their short
axes, the degree of orientational order S, and hence
the birefringence Dn , should decrease drastically. This
situation is probably observed on passing from the
± (CH2 )3 ± spacer to the ± (CH2 )4 ± spacer. However, when
the spacer chain increases by another ± CH2 ± group,
reorientation of the mesogenic cores as a result of theirFigure 4. Temperature dependences of the optical anisotropy

Dn for D-3-6 (1), D-4-7 (2), and D-5-7 (3). rotation about their short axes may take place in a
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821Elastic deformations of nematic dimers

considerable number of molecules. This reorientation
compensates for the jump in the angle between the
long axes of the mesogenic groups when the spacer
becomes longer. Therefore, on passing from D-4-7 to
D-5-7 the value of Dn could virtually remain unchanged.
However, for a rigorous quantitative veri® cation of
these assumptions, it is necessary to study the properties
of the mesophases for a larger number of homologous
lateral dimers.

3.2. Orientationa l elastic constants
Figure 5 shows the temperature dependences of K 1 /Dx

and K 3 /Dx for the nematic dimers investigated. It should
® rst be noted that for D-4-7 and D-5-7, over the entire
temperature range, the points corresponding to the Figure 6. Temperature dependences of the K 3 /K 1 ratios for

D-4-7 (1, 2) and D-5-7 (3, 4). The points de® ned by 2 andbend elastic constants are slightly higher than those for
4 were obtained from the investigations of homeotropicsplay elastic constants, i.e. K 3 /K 1 > 1. The dependences
texture deformations using Saupe theory.of K 3 /K 1 on temperature, DT , for these dimers are

shown in ® gure 6. The points for these dependences were
obtained by two methods. First, the values of K 1 /Dx (cf. [11] and references therein). Experimental investi-

gations have shown that the behaviour of nematics Ðand K 3 /Dx were determined from independent experi-
mental investigations on the deformations of planar and the molecules of which may be regarded as rigid

rods Ð corresponds qualitatively to theoretical predictions.homeotropic layers, and subsequently the K 3 /K 1 ratios
were calculated. Second, the K 3 /K 1 ratio was determined When these molecules become longer, K 3 /K 1 increases,

whereas when their thickness increases as a result offrom the results of investigations of only homeotropic
texture deformations using Saupe theory [22] . The inserting bulky substituents into the phenylene rings,

K 3 /K 1 decreases [12, 13] . For nematics with ¯ exiblevalues of K 3 /K 1 obtained by these two methods coincide
within experimental error (® gure 6), which again indicates end groups in their molecules, even qualitative agreement

between experiment and theory is not observed. In thisthat these LCs are rigidly bound to the glass support.
The ratio of the elastic bend and splay constants case when the lengths of end groups increase, i.e. when

W increases, the K 3 /K 1 ratio decreases relatively rapidlyK 3 /K 1 is known to be very sensitive to changes in the
structure and geometrical dimensions of LC molecules. [13± 16] . This fact is usually attributed to the di� erence

between the real shape of the molecule and the modelAccording to theoretical concepts, K 3 /K 1 must increase
with the ratio W = L /D , where L and D are the e� ective rod-like shape, a di� erence which is caused by the

c̀oiling’ of end groups or by the deviation of their longlength and thickness, respectively, of the nematic molecules
axes from the direction of the rigid group of the molecule.
The possibility of the existence in nematics with this
molecular structure not only of long range orientational
order, but also of short range translational order has
also been suggested [11] .

It follows from the data in ® gure 6 that for the dimers
under investigation the K 3 /K 1 ratio does not change
when the ¯ exible fragment binding the rigid mesogenic
groups becomes longer. In fact, the experimental points
for D-4-7 and D-5-7 fall near the same curve for the
temperature dependence of K 3 /K 1 . This behaviour is
qualitatively similar to that observed for linear aromatic
polyesters [21] . A two-fold increase in the length of
¯ exible diethyleneglycol spacers binding para-substituted
aromatic mesogenic groups in their molecules did not
in¯ uence the K 3 /K 1 ratio.

In the 80ß C temperature range investigated, the K 3 /K 1

ratio changes very slightly. When the temperatureFigure 5. Temperature dependences of the K 1 /Dx (1± 3) and
K 3 /Dx (4, 5) ratios for D-3-6 (1), D-4-7 (2, 4), and D-5-7 (3, 5). increases, the K 3 /K 1 ratios do not increase by more
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822 A. P. Filippov and V. Surendranath

than 15% (® gure 6). This change is virtually completely of lateral dimers di� ering mainly in the length of the
within the experimental error of the determination of ¯ exible fragment binding the rigid mesogenic groups.
the K 3 /K 1 value. Hence, just as for polymer nematics Temperature dependences of the optical anisotropy and
[21] , it may be assumed that the K 3 /K 1 ratio does not elastic constants were determined. It has been shown
depend on temperature. Strictly speaking, it must be that the degree of orientational order S depends on
borne in mind that for low molecular mass nematics spacer length. The possibility of rotation of mesogenic
with K 3 /K 1 values close to unity the temperature groups about their short axes in¯ uences the character
dependence of K 3 /K 1 is slight. of this dependence.

As can be seen from ® gure 5, the values of K 1 /Dx and In contrast to common low molecular mass nematics,
K 3 /Dx do not change much when the ¯ exible fragment for lateral dimers the ratio of the bend and splay
length increases. However, this does not imply that the elastic constants, K 3 /K 1 , does not change when ¯ exible
values of the elastic constants K 1 and K 3 also do not fragments become longer. From this standpoint, the
change. In order to follow the dependence of K 1 and K 3 properties of the dimers investigated approach those of
on spacer length, it is necessary to know the value the nematic phases of linear polymers. On the other
and temperature dependence of the speci® c diamagnetic hand, for lateral dimers the constants K 1 and K 3 do not
anisotropy Dx. The character of the dependence of Dx depend on spacer length, whereas for polymer and
is in complete agreement with the curve Dn versus common low molecular mass LCs, the values of K i are
DT in ® gure 4, because the value of the diamagnetic very sensitive to changes in the length of ¯ exible groups
anisotropy Dx is a unique function of the degree of in their molecules.
orientational order S, just like the optical anisotropy Dn

of nematics [25] . The relation between the Dx values
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