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X-ray investigations of a nematic compound exhibits smectic B phase
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1. INTRODUCTION

Interest in the properties of hexatic smectic B (SmB)
phase has been greatly stimulated by recent theoretical
and experimental developments[1]. Since the smectic
phases have extremely weak interlayer coupling and a
variety of two-dimensional (2D) intralayer structures,
they are reasonably good models for the study of weakly
interacting 2D systems[1]. The layered SmB liquid crys-
talline phase is the only two dimensional physical sys-
tem in which hexatic orders are observed[2,3]. This or-
dering involves a long-range six-fold symmetric, orien-
tational alignment of the bond connecting neighbouring
in-plane molecules even though their in-plane positional
correlations remain short ranged[4, 5]. The orientational

distribution function f() relative to the director of a
nematic liquid crystal can be determined by exploiting
the X-ray wide angle diffuse ring corresponding to the
lateral mean distance between nearest neighbour mol-
ecules[6]. Here we have investigated smectic B and nem-
atic phases of 4-hexyl-4-[2-(4-isothiocyanato phenyl)
ethyl]-1,1-biphenyl (HIEB) using X-ray technique.

2. EXPERIMENTAL

The sample studied here was obtained from M/s
Aldrich Chemical Company Inc. (USA). The crystal to
SmB, SmB to nematic and nematic to isotropic transi-
tion temperatures were determined using the polarizing
microscope and a specially constructed hot stage. The
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Wide angle X-ray patterns were recorded at different temperatures in the
nematic and smectic-B phases of 4-hexyl-4-[2-(4-isothiocyanatophenyl)
ethyl]-1,1-biphenyl. Layer thickness, inter planer spacing and hence the
thermal expansion coefficient were determined in smectic-B phase at vari-
ous temperatures. The orientational distribution function f() has been
calculated from the angular distribution of the X-ray intensities. The orien-
tational order parameterP

2
has been determined from f(). Further, fol-

lowing Line Profile Analysis (LPA), it is examined the X-ray profiles of outer
and inner rings to compute the crystallite size and intrinsic strain present in
the sample. It has been observed that the crystallite area in the smectic-B
phase is larger than that of crystalline phase, which essentially indicates a
reordering of molecules with a stronger inter/ intra molecular interaction in
smectic-B phase. In addition, it is also observed that nano-crystallite area in
SmB phase decreases with increase in temperature.
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values are found to be respectively 60.3, 98.5 and
130.8oC. A typical SmB phase texture photograph ob-
served between crossed polarizers is shown in figure 1.
X-ray diffraction recordings were carried out using

CuK radiation (1.5418Å) from a fine focus sealed-

tube generator in conjunction with double mirror fo-
cusing optics.

The mirror optics provides a nearly parallel beam
over a long working distance. In recording the X-ray
intensity data, the sample was taken in a capillary tube.
The detector was an image plate detector (MAC Sci-
ence, Japan, model DIP 1030) with an effective reso-
lution of 100100 m2. The temperature of the sample
was controlled with the help of a hot stage, of Mettler
Toledo (model FP 82/HT). Representative X-ray pat-
terns recorded in SmB and nematic phases are shown
in figure 2. Using the supplied X-ray software, circular
scan of diffused ring was performed to obtain intensity
versus arc angle. Such intensity data were obtained at
various temperatures in the nematic phase of the sample
in steps of 50C. Figure 3 shows the representative X-
ray arc intensity profile recorded in nematic phase at
1100C Other details of experimental techniques have
already been discussed elsewhere[7].

3. THEORY

3.1. Calculation of the distribution function and
microscopic order parameter using X-ray data

Liquid crystalline phases are characterized by the
existence of long or quasi-long-range orientational or-
der for their elongated, rod-like molecules[8]. This is, in
fact, the main feature of nematic phase distinguishing
them from isotropic liquids. The orientational order pa-
rameter is essentially the second moment of orienta-
tional distribution function f(). Falgueirettes (1955)[9],
Delord and Falgueirettes (1965)[10], de Varies (1972)[11]

and Leadbetter et al.[6, 12, 13] have discussed methods of
computing the nematic orientational order parameter
from X-ray arc intensity data. The simplest approach is
that of Leadbetter, and it was widely applied to many
mesogenic compounds[14-18] which lead to a classical
formula.
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where,  is the angle between the rod axis and the director. The
integral equation is usually numerically inverted by assuming,
in most cases, a more or less specific expansion of I() and
(). To evaluate the orientational distribution function f

Figure 1: A typical SmB phase texture photograph observed
between crossed polarizers (homeotropic alignment)

Figure 2: X-ray diffraction patterns of HIEB (a) SmB and
(b) Nematic

Figure 3: X-ray Intensity profile as a function of arc angle
in the nematic phase
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and the order parameters, various numerical and series expan-
sion methods have been employed[16-19]. Deutsch[20] has de-
rived an exact analytical solution to Eqn. (1) and has obtained
the expression for the order parameter P

2
 and higher order

parameter P
4
as:

































d
cos

sin1
logcossinsin)(I

N2

3
1P

2/

0

2

2

(2)

and














d)]cos
4

15
cos

16
105

()
cos

sin1
(log)(sin

cos
16

105
([sin)(I

N
1

1P

24

22
2/

0

4

(3)

Where, N 




2/

0

)(d)(I

The Leadbetter expression for I() in terms of a
series can be written as:
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Within the framework of Maier-Saupe model, Levelut
group[21] have come up with a novel method wherein
there is only one independent parameter �m� to com-

pute orientational order from arc intensity I() and the
expression is:
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Where 
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is the normalization constant. The con-

stant f in Leadbetter approach and the constant m in Levelut
method are related to the order parameter via the orientational
distribution function[21] as:
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The relation involving f is given by
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The orientational distribution function fhas been
calculated from the angular distribution of the X-ray
intensities. The orientational order parameter <P

2
> has

been determined from f(). We have written suitable
FORTRAN programmes to estimate the order param-
eters <P

2
> from the different approaches described

above.

3.2. Line profile analysis: Estimation of nano-crys-
tallite area in SmB phase

Diffraction technique is used to obtain nano-struc-
tural information of the sample averaged over the dif-
fraction volume.

Warren and Averbach method [1959,1960], which
is based on the imperfections of the structure (e.g. crys-
tallites size and lattice strain) cause broadening of the
diffraction line profiles[22,23]. For this purpose, we have
used Bragg reflections observed in SmB phase. The
Intensity profile can be expanded using Fourier Cosine
series[23,24] and is given by:

 


n
o )}ss(nd2cos{)n(A)s(I (6)

where, A(n) are the coefficients of harmonics and can be repre-
sented as a function of crystal size and lattice distortion (g,
strain), d is the interplanar spacing , s is the value of {sin()/
}, s

o 
is the value of s

 
at peak of the reflection,  is the Bragg�s

angle,  is the wavelength of the radiation and n is the har-
monic number. The Fourier coefficients A(n) of the profile are
expressed as the convolution of crystallite size A

s
(n) and lat-

tice strain coefficients A
d
(n):

)n(dA).n(sA)n(A  (7)

with DN.d
hkl

. In case of a liquid crystal (e.g. SmB) it
is rare to find multiple reflections and hence we cannot
use Warren and Averbach multiple order method. We
have used single order method to estimate nano-crys-
tallite area and lattice strain, using an exponential func-
tion[25-27] for P(i). This distribution depends on the fact
that there are no columns containing fewer than p num-
ber of unit cell and those with more than p will decay
exponentially where the width of the distribution is 1/
(N-p). Hence P(i) can be expressed as :
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after substituting in Eq (8) and further simplifying, we
have:
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The experimental profiles between s
o
 (the scatter-

ing vector at the peak) and S
o
S

o 
/2 is matched with

the simulated profiles obtained using Eqs. (6-11) for
various values of N, g,  and background correc-
tion (BG). For this purpose we have used a multidi-
mensional minimization program SIMPLEX[28]. The
goodness of the fit between experimental and simulated
intensity profiles, has been computed by the relation:

sintpoofnumber/)]BGI(I[ 2
expcal

2
 (12)

Here I
cal 

, I
exp

 and BG represent the calculated in-
tensity, experimental intensity and background correc-
tion of the profile. We have used two reflections, wherein
one is at lower angle (2.90-2.88o) and another one at
larger angle (19.35-19.56o) to compute micro-struc-
tural parameters in SmB phase. The ones at the larger
angle are due to the interaction of neighbouring, parallel
molecules and the average distance between the long
axes of the molecules (inter planer spacing d). The
maxima at the smaller diffraction angle are related to
the length of the molecule or the layer thickness l[29,30].
For a better perspective, we have projected the pa-
rameters in two dimensions using the relation[31]:

222
hkl )Xsin()Ycos()D/2(  (13)

where,  is the angle between the planes giving the Bragg
reflections. The best values of Y and X are obtained based on
iterative procedure.

4. RESULTS AND DISCUSSION

The variation of the distribution function f() with
temperature in the case of HIEB is shown in figure 4. It
can be noted from the figure that the distribution func-
tion fis more fundamental than the order parameter.
The orientational order parameter <P

2
> is directly re-

lated to the measure of variance (width) of f(). The
higher order parameter <P

4
>, which is a measure of

peakedness of f(). It is evident from figure 4 that, with

increase in temperature <P
2
>as well as <P

4
> decrease

showing that there is a decrease in the ordering of the
molecules in the nematic phase. The values of <P

2
> so

estimated are shown graphically in figure 5. It is evident
from figure 5 that the trend in the variation of <P

2
>

computed from the different methods is the same. How-
ever, the values computed from the Deutsch method
lies in between the values computed by the Leadbetter
et al. and Levelut methods. Deutsch is more reliable
because of the fact that it involves the computations of
the orientational order parameter using analytically ob-
tained solutions. The discrepancy in Leadbetter and
Levelut methods are due to the truncation of the series
 to a finite number of terms, whereas the solution is ex-
act in Deutsch method. Figure 6(a, b) shows two inten-
sity profiles of Bragg reflection at 750C in SmB phase,
one at angle 22.900 (inner) and the other at
219.490 (outer). The values of the apparent mo-
lecular length or layer thickness l and the intermolecular
distance or the inter planer spacing d at different tem-
peratures are also measured. The temperature varia-
tion of the layer thickness and intermolecular spacing
are shown in figure 7. There is an increase in the inter
planer spacing with the increase in temperature. From

Figure 4: The distribution function as a function of  in
nematic phase

Figure 5: Order parameter as a function of temperature
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the measured inter planer spacing the thermal expansion
coefficient was found to be {1.310-3 (Å/oC)}. This
indicates the possible stretching of smectic layers within
the SmB phase. The results of line profile analysis are

Figure 6: X-ray Intensity profiles at 750C in SmB phase.
(a) at smaller angle (inner) scan and (b) at larger angle
(outer) scan

Figure 7: Inter planer spacing (a) and layer thickness (b)
versus temperature in SmB phase

given in TABLE 1(a,b). It is evident from this TABLE
that the intrinsic strain in SmB phase is almost negligible
at all temperatures. Further, we also observe that the
nano-crystallite area in SmB phase at any temperature is
much greater than that in the crystalline phase. This indi-
cates that ordering exists over a large area of smectic
layers due to pair-wise interactions. Secondly the nano-
crystallite area decreases with increase in temperature in
SmB phase (see, figure 8) and is in agreement with the
understanding of the fact that the smectic layers and their
ordering are affected by the thermal energy.

Sample 2 
(degree) 

dhkl 
(Å) 

N g (%) Ds (Å) Delta 

60 19.58 4.59 54.23 0.1 248.92 0.057 
65 19.54 4.54 57.24 0.1 259.87 0.045 
70 19.50 4.55 54.74 0.1 249.07 0.063 
75 19.49 4.55 53.94 0.1 245.43 0.063 
80 19.47 4.56 56.32 0.1 256.82 0.060 
85 19.45 4.56 54.33 0.1 247.74 0.059 
90 19.40 4.57 55.83 0.1 255.14 0.058 
95 19.35 4.58 55.31 0.1 253.32 0.058 
97 19.39 4.58 54.20 0.1 248.24 0.057 

TABLE 1(a): The micro-structural parameters at different
temperatures in the SmB phase determined using line analy-
sis profile, at higher angle

TABLE 1 (b): The micro-structural parameters at different
temperatures in the SmB phase determined using line analy-
sis profile, at lower angle

Sample 2 
(degree) 

l 
(Å) 

N g (%) Ds (Å) delta 

60 2.90 30.51 17.81 0.1 543.31 0.0612 
65 2.90 30.47 17.70 0.1 539.40 0.0624 
70 2.91 30.39 17.30 0.1 525.76 0.0550 
75 2.90 30.48 17.41 0.1 530.70 0.0576 
80 2.89 30.57 16.02 0.1 489.74 0.0580 
85 2.89 30.59 18.45 0.1 564.33 0.0564 
90 2.89 30.57 16.47 0.1 503.49 0.0583 
95 2.89 30.57 15.22 0.1 465.28 0.0593 
97 2.88 30.68 15.70 0.1 481.62 0.0563 

Figure 8: Variation of nano-crystallite area with tempera-
ture in SmB Phase
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5. CONCLUSIONS

In this paper, we have recorded X-ray diffraction
patterns in nematic and SmB phases of HIEB. Based
on the computed orientational order parameter by dif-
ferent theoretical approaches it is found that the Deutsch
method is more reliable than that of the other methods.
From the computed nano-crystallite area in SmB phase
it is observed that the nano-crystallite area in SmB phase
is greater than that of the crystalline phase.
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