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Showing an Injected Smectic Phase
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'Department of Chemistry and Centre for Molecular Materials, University of Sheffield, Sheffield,
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(Received March 14, 1994 )

The molecular organisation in a binary mixture of a strongly polar mesogen (5CB) and a weakly-polar
mesogen (MES0.5) is investigated using results of X-ray scattering and density studies.. Analysis of the
intensity distribution of X-ray scattering has yielded results for orientational order parameters in addition to
smectic layer spacings and effective molecular lengths. The results are compared with a mean field theory of
the smectic phase. Previously unexplained results for mixtures showing a minimum in the anisotropy of
physical properties coincident with a maximum in the nematic/smectic A transition entropy are shown to be
consistent with the theory. We conclude that favourable packing of molecules in the injected smectic A phase
stabilises the layers but increases the orientational free volume, consistent with a lower orientational order
parameter.

Keywords: injected smectic phase, order parameters, layer thickness, X-ray diffraction.

INTRODUCTION

The study of the physical properties of mixtures of liquid crystalline compounds has
been the subject of considerable interest in the past in order to produce room
temperature mesophases for applications in display devices. There is also special
interest in understanding the behaviour of the mixtures, so that better materials may be
produced for applications. One of the unusual aspects of binary liquid crystal mixtures
of strongly dipolar and weakly dipolar mesogens is the formation of smectic phases,
called injected smectic phases, from components which do not show smectic properties
in their pure state.!™ The formation of injected phases is also observed with discotic
liquid crystals'® where addition of a strongly dipolar solute (4,5-dibromo-o-xylene) to
a non-polar discotic nematic (hexakis (4-nonylphenylethynyl) naphthalene results
in the appearance of rectangular and hexagonal columnar phases. It is believed that
specific solute-solvent interactions are responsible for the formation of both injected
smectic and injected columnar phases. In an injected smectic phase, the stabilization of
a translationally ordered phase must imply more efficient packing of dissimilar
molecules in layers or specific interactions between the mixture components.
The formation of injected smectic phases can be a problem for mixtures used in
electro-optical devices. However, existence of injected smectic phases at a lower
temperature may improve the performance of a device.’
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One system, which shows an injected smectic phase, is the mixture of 4-pentyl-
4’-cyanobiphenyl (5CB) and 4-pentylphenyl-4’-pentyloxybenzoate (MES0.5) which
has an injected smectic A phase. The phase diagram of this system has been reported
earlier by Dunmur et al.* who measured transition enthalpies, refractive indices, and
electric permittivities of a series of mixtures of these two compounds, and observed an
increase in the entropy change at the smectic—nematic transition for mixtures having
mole-fraction of 5CB around 0.4 which was not explained. Using an exfension of
Maier-Saupe theory, Palffy-Muhoray et al.® have determined the nematic-isotropic
coexistence region for the entire range of concentrations of this mixture, and they
proposed a relation between the refractive index of the binary mixture and order
parameters of its components. Measurements of the birefringence and the dielectric
anisotropy in the nematic phase showed a negative deviation from a simple additivity
relation for mixtures having mole fractions of SCB ~ 0.4, coincident with the increase in
the smectic/nematic transitional entropy.

The present work on the same system was undertaken to try to explain these
experimental observations, and reports small angle X-ray diffraction measurements of
orientational order parameters, layer thickness and apparent molecular length for
a series of mixtures having different compositions,

EXPERIMENTAL METHODS

The experimental work was performed at the Department of Physics, University of
North Bengal, using an experimental set up which has been described earlier.” X-Ray
diffraction patterns were recorded photographically on a flat plate camera using Ni
filtered CuK, radiation of wavelength A=1.5418 A. The sample was sealed in a
0.5mm diameter thin walled Lindemann glass capillary, and the temperature during the
experiment was maintained at 0.5°C by using a temperature regulator, The sample was
aligned using a 0.1 T magnetic field. Photographs for order parameter measurements
were taken with sample to film distance of about 6 cm. To obtain better accuracy in the
measurement of layer thickness, X-ray diffraction photographs of inner spots were
taken with sample to film distance increased to about 9c¢m to 12cm.

X-Ray photographs of the aligned samples were scanned to obtain X-ray diffraction
intensities, the angular distribution of which were utilised to obtain the orientational
distribution function and hence orientational order parameters, {P,)» and {(P,),
following the procedure given by Bhattacharjee et al..® The apparent molecular length
in the case of nematics (/) and layer thickness in the case of smectics (d) were also
determined from the diffraction pattern. Densities for the particular mixture corre-
sponding to a maximum in the temperature of the smectic A phase were made at
Sheflield using an Anton PAAR Digital Densimeter model No DMAG60.

RESULTS AND DISCUSSION

Figure 1 shows the phase diagram of this binary system which is similar to that
obtained by Dunmur et al..* There is a narrow biphasic region associated with the
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FIGURE 1 Phase diagram of SCB/MES0.5 as a function of mole fraction (x) of 5CB.

nematic/isotropic transition, but the two-phase coexistence region for the smec-
tic/nematic transition was more difficult to identify. As the entropy of this transition
decreased away from the maximum of the phase stability region, the transition became
close to second order and the two-phase coexistence region disappears. In our earlier
work* we correlated the extent of the two phase coexistence region with the size of the
discontinuity in birefringence and dielectric anisotropy at the smectic/nematic transi-
tion. As the transition approached second order, the birefringence and dielectric
anisotropy, and hence order parameter became continuous.

The angular distribution of the diffuse scattering was used to determine the order
parameters { P, » and { P, defined below:®!’

(P, =<{5(3cos*0-1)>
{P,> = <{4(35c0s*0-30c0s%0 + 3) )

The procedure is described in previous publications, but relies on a number of
approximations. It is assumed that the molecules are parallel over a local region, and
that smectic-like molecular organisation persists over a short range even in the nematic
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phase. Both these assumptions are necessary to analyse the data but their influence on
the accuracy of the results is not known. We have also assumed that the molecules are
rigid, and that the two components have the same order parameter in the binary
mixtures. The theory for the orientational order in binary mixtures has been reported,®
and it was shown that the order parameters of components in a binary mixture
depended on the ratio of the transition temperatures and molar volumes of the pure
components. In this paper, we neglect this refinement.

The variation of the orientational order parameters { P, and (P, > with tempera-
ture for different compositions of the mixture are shown in Figures 2(a)-2(i). We have
fitted experimental order parameters for the mixtures having an injected smectic
A phase to McMillan’s theory [9] using the mean field potential,

V,lcost) = —v[atdcos(2rz/d) + (n + aocos(2nz/d)) P,(cos 6) ] (D)

treating o and & as the adjustable parameters. The quantity z is the displacement
along the layer normal, d is the layer thickness, n = { P,(cosf)), the orientational
order parameter; 7= {cos(2nz/d))>, the translational order parameter and ¢ =
{P,(cos f)cos(2nz/d)>, the mixed order parameter. The parameter v is obtained
from the nematic/isotropic transition temperature, assuming the simple mean field
theory result (kTy,/v=0.22019). Values for n, t and ¢ are calculated using the
self-consistency relationships as a function of temperature for various values of the par-
ameters o and J. The latter are adjusted to give agreement between the experimental
and calculated smectic/nematic transition temperature, at which t and ¢ became zero,
and to give the best fit between the experimental and calculated values for {( P, >. The
theoretical values of order parameters are also shown in respective figures. The values
of ¢ and « which produce the best agreement with our experimental data are noted on
each figure.

The mixtures can be divided into three groups. The first group consisting of mixtures
with mole fractions of SCB (x) < 0.27. The orientational order parameters are large and
the agreement between the experimental values with those calculated from McMillan’s
theory is fair (Figures 2a—2b). The second group consisting of mixtures having x > 0.45,
also show large {(P,) and {P,) large values. The experimental orientational order
parameters change continuously from smectic to nematic phase and their agreement
with McMillan’s theory is fair (Figures 2e-2g). It may not be out of place to mention
that Dunmur et al. [4] also observed a second order smectic-to-nematic phase
transition in this mixture for x> 0.45, from refractive index measurements. The
mixtures with x = 0.34 and 0.447 constitute the third group. The meridional reflections
from smectic layers are diffuse for these mixtures indicating that the smectic layers are
also not well defined. Like the mixtures studies previously by us (SCB/ME 60.5),'°
the X-ray diffraction pattern in the co-existing smectic-nematic phase is more like that
from a smectic than from a nematic. The { P, ) values in this phase are also closer to the
smectic phase values than to those from nematic phase. Agreement between the
calculated and the experimental values is rather poor, particularly in the lower
temperature region (Figures 2c—2d). As the experimental orientational order parame-
ters in the smectic phase of this mixture do not change with temperature, except
near to the smectic-nematic transition temperature, no combination of 4 and « values
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in the McMillan theory can be fitted satisfactorily to the experimental orienta-
tional order parameters. Hence we have tried to fit only the data near to the
smectic-nematic transition temperature. As mentioned in our earlier paper!® the cause
of this problem is possibly due to poor packing of molecules having different shape and
length. For the other two mixtures, which have been studied only in the nematic phase,
the experimental values agree well with Maier-Saupe!! theoretical values (Figures
2(h)-2(1)).

Figure 3 shows the variations of {P,) and {(P,) with mole fraction of 5CB at
T = 30°C. Like the mixture SCB/ME 60.5, we also observe a minimum which is near
to x = 0.4. The { P, ) values outside the smectic region decrease with increase in mole
fraction of 5CB. As mentioned in our earlier publication!® the same behaviour for
{ P, was also found by Palffy-Muhoray et al.,5 though they did not comment on it.

To investigate the minimum in the order parameter and other physical properties
observed for mixtures around a mole fraction of 0.4, we measured the density as
a function of temperature for a mixture corresponding as closely as possible to the
maximum for T, in the phase diagram, and the results are presented in Figure 4. It is
immediately apparent that the relative change in density at the S ,/N transition is much
greater than that at the N/I transition, consistent with the anomaly observed in the
entropies of transition. Furthermore the behaviour of the density at the N/I transition
is more reminiscent of a second order phase change.

Results for the temperature dependence of the apparent molecular length i.e. density
wave parallel to the director in nematic phase (/) and layer thickness in smectic phase (d)
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TABLE I

Smectic layer thickness (d/A) or apparent molecular length (//A) in the nematic phase for mixtures of SCB
(mole fraction x) and MES50.5; measurements in the nematic phase are in bold

X= .205 .268 384 447 543 .596 644 681 .81 928

20.5 212

21 2135

21.5 21.34

235 21.78

25 20.98

26.5 2178

29 21.29 212 20.98 24.87
29.5 21.19 20.98 229
30 21.78 21.2 20.98 21.51

315 22.03

35 2203 2178 2135 2119 21.08 21.08

355 21.51

36 20.84 23.07 25.01
385 22.03

39 2135 212

40 21.78 21.08 2119 216 2323
40.5 21.35 21.08

42 21.32

43.5 21.78

44 21.19

44.5 21.2

45 22,03 21.32

46.5 21.83

47 21.78

48 21.29 21.2

49.5 21.32 212

50 21.72

50.5 22.15

51.5 20.92

53 21.72

53.5 21.32

are given in the table. It is seen that the layer thicknesses in the smectic phases for all the
mixtures are almost temperature independent. However, the apparent molecular
lengths in the nematic phase increase with increasing temperature. In Figure 5 we have
plotted the variation of layer spacing or apparent molecular lengths with mole frac-
tion of SCB at T =30°C. The layer spacing shows a minimum at about equimolar
concentration. Assuming the formation of two types of dimers in a mixture of SCB
(A molecules) and MES0.5 (B molecules), namely A4 and AB dimers, we have tried to
calculate layer spacing or apparent molecular length for different concentrations. We
have already shown in our previous publication'® on a related mixture that there is no
experimental evidence of BB type dimer formation. Hence in this case we will also have
A, B, AA and AB type of molecules in equilibrium. The mole fractions of different
species, X 4, Xp, X4, and x 45 are determined from the equilibrium constants K , and
K ,p for the associations:

A+ A=AA and A + B=AB respectively.
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FIGURE S Variation of layer spacing (d) or apparent molecular length (1) at T = 30°C with mole fraction
of 5CB. O = experimental data, full line is from theoretical calculations.

The mean layer thickness d of the smectic phase may be written as
d=x,4d 4+x4d,4+%,5d,p 0

where d, and dy are taken to be equal to the lengths of the molecules, i.e., 18.1 4°
and 22.84° respectively. The quantity d  is taken as arithmetic mean of d, and d, i.e.,
20.5 A°, while d , , has been adjusted so that in pure 5CB, which has both 4 and 44
molecules, the apparent molecular length ( = x ,d, + x, ,d ,,) equals the experimental
value 26.14°. We have calculated values of d or | (Eq. 2) using the equilibrium constants
K, =1000, K, =900 as shown in Figure 5. The agreement is fair in this case also,
however, the values of K , and K ,; can be varied rather widely without much change in
the values of d. This explains the invariance of layer thickness of any particular mixture
with temperature.

Regarding the behaviour of ASgy in the SCB/ME50.5 mixture, we have calculated
ASy, from McMillian’s theory, taking the values of J, «, 4, 7 and o, at either side of the
smectic nematic transition temperature obtained from the best fit theoretical curve to
the experimental X-ray { P, ) data. ASgy (Sy—S;) is calculated from the following well
known expressions [13].

Nk
S5 = = (15> + 0615® + ao?) + Nkin Zs, 3

Nk
Sy= _FnNZ + Nkin Zy, @)
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fitting: @ = calculated values using a fixed & = 0.65 (see text); [] = experimental values (ref. 4).

where T* = kT/v. Sg, the entropy in the smectic phase, is calculated at a temperature
just below the smectic-nematic transition temperature, while Sy, entropy in the nematic
phase, is calculated at a temperature just above the transition temperature. Figure 6
shows both theoretical and experimental values for the entropy change.* It is clear that
the behaviour of ASy, in the region of the injected smectic phase is reproduced by the
theory, but the calculations of the entropy change at the smectic to nematic transition
depend critically on the value chosen for the parameter §, which is a measure of the
purely translational contribution to the pair potential. In fitting X-ray intensities to the
McMillan model, it is difficult to vary o and & independently, and the results obtained
for 4 in the region of the maximum in Ty are close to unity. These values contrast with
6 ~ 0.7 obtained from the better defined X-ray pictures for mixtures outside the region
of the maximum in the phase diagram. It is unlikely that the intermolecular pair
potential will change with composition, and the values of é ~ 0.7 are much more in
accord with the value assumed by Lee of 5 = 0.65. Recalculating ASgy with this value
gives the full line in Figure 7, which is very close to our experimental results.

CONCLUSIONS

New measurements of the X-ray diffraction from mixtures of a polar and non-polar
mesogen which exhibit an injected smectic A phase have shown that there is a minimum
in the orientational order parameter corresponding to a maximum in the stability of the
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S, phase. This surprising result explains a previously reported minimum in the
birefringence and dielectric anisotropy for such mixtures. Further analysis of the X-ray
data has revealed a minimum in the smectic layer spacing in the same composition
range. As a result of this work we now have a clearer picture of the molecular
organisation in mixtures of polar and non-polar mesogens. The minimum in the layer
spacing can be attributed to specific interactions between the components of the
mixture, which stabilise the translationally ordered phase, but with a lower orienta-
tional order parameter as determined by optical, dielectric and X-ray methods. This
result is consistent with the reported behaviour in translationally-ordered mesophases
of hard particles,!® in which translational ordering in layers can increase the orienta-
tional free volume for the particles. The apparent anomalous increase in the transi-
tional entropy for the injected smectic A phase is consistent with the predictions of
mean field theory. As the extent of the nematic range above the smectic A phase
decreases, the entropy change at the smectic to nematic transition increases, and the
nematic to isotropic transition becomes more like a second order transition. Studies of
pretransitional phenomena in the isotropic phase could provide further evidence for
this.
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