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ABSTRACT

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 () has been
calculated from the angular distribution of the X-ray intensities. The orien-
tational order parameter <P,>has been determined from f(3). Further, fol-
lowing LineProfileAnalysis(LPA), itisexamined the X -ray profilesof outer
and inner ringsto 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 moleculeswith astronger inter/ intramolecular interactionin
smectic-B phase. In addition, it isalso observed that nano-crystalliteareain
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SmB phase decreases with increase in temperature.
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1.INTRODUCTION

Interest inthe propertiesof hexatic smectic B (SmB)
phase hasbeen gresatly stimulated by recent theoretical
and experimenta developmentg®. Sincethe smectic
phases have extremely weak interlayer couplingand a
variety of two-dimensiona (2D) intralayer structures,
they arereasonably good model sfor the study of weakly
interacting 2D systemgY. Thelayered SmB liquid crys-
tallinephaseistheonly two dimensiona physica sys-
tem inwhich hexatic ordersare observed3. Thisor-
deringinvolvesalong-rangesix-fold symmetric, orien-
tational alignment of the bond connecting neighbouring
in-planemoleculeseventhoughtheir in-plane pogtiond
correlationsremain short ranged* . The orientational

distribution function f(B) relativeto thedirector of a
nematicliquid crystal can be determined by exploiting
the X-ray wideanglediffusering correspondingto the
lateral mean di stance between nearest neighbour mol-
ecules®. Herewehaveinvestigated 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 Chemica Company Inc. (USA). Thecrysd to
SmB, SmB to nematic and nematicto isotropictransi-
tion temperaturesweredetermined using the polarizing
microscope and aspecially constructed hot stage. The
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Figurel: Atypical SmB phasetexturephotograph observed
between crossed polarizer s(homeotr opic alignment)

Figure2: X-ray diffraction patternsof HIEB (a) SmB and
(b) Nematic

atn® -

7 ﬂ f\

axtn® - I| |

[l

4x10*
actn” - f

e

Intensity

£ N 1Gd 1N 2x 2m Sbﬂ 455 400
arc angle
Figure3: X-ray Intensty profileasafunction of arcangle
inthenematic phase

values are found to be respectively 60.3, 98.5 and
130.8°C. A typica SmB phasetexture photograph ob-
served between crossed polarizersisshowninfigure 1.
X-ray diffraction recordings were carried out using
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CuK o radiation (A=1.5418A) from a fine focus sealed-
tube generator in conjunction with double mirror fo-
cusingoptics.

Themirror opticsprovidesanearly parallel beam
over alongworking distance. In recording the X-ray
intengity data, the samplewastakeninacapillary tube.
The detector was an image plate detector (MAC Sci-
ence, Japan, model DIP 1030) with an effectivereso-
lution of 100x100 wm?. Thetemperatureof thesample
was controlled with the hel p of ahot stage, of Mettler
Toledo (model FP82/HT). Representative X -ray pat-
ternsrecorded in SmB and nematic phasesare shown
infigure2. Using the supplied X-ray software, circular
scan of diffused ringwas performed to obtainintensity
versusarc angle. Suchintensity datawere obtained at
varioustemperaturesinthe nematic phase of thesample
insteps of 5°C. Figure 3 showstherepresentative X -
ray arcintensity profilerecorded in nematic phase at
110°C Other detailsof experimental techniqueshave
aready been discussed € sewhere™.

3. THEORY

3.1. Calculation of thedistribution function and
microscopicorder parameter using X-ray data

Liquid crystalline phases are characterized by the
existence of long or quasi-long-range orientationd or-
der for their e ongated, rod-likemolecules®. Thisis, in
fact, themain feature of nematic phase distinguishing
themfromisotropicliquids. Theorientationa order pa-
rameter isessentially the second moment of orienta
tiond digtribution function f(j3). Falgueirettes (1955)1,
Delord and Falgue rettes (1965)1'%, de Varies (1972)™
and L eadbetter et d .12 13 have discussed methods of
computing the nematic orientational order parameter
from X-ray arcintensity data. Thesmplest gpproachis
that of Leadbetter, and it waswidely applied to many
mesogenic compounds*+*which leadto aclassica
formula

/2

1($) = _[ f (B)sec®(¢) (tan?B —tan?¢) ' 2sin(B)dp 1)
0

where, B istheangle between therod axisand thedirector. The
integral equationisusually numerically inverted by assuming,
in most cases, a more or less specific expansion of 1(¢) and
f(B). To evaluate the orientational distribution function f(f3)
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and the order parameters, various numerical and seriesexpan-
sion methods have been employed*'9, Deutsch® has de-
rived an exact analytical solutionto Eqgn. (1) and has obtained
the expression for the order parameter <P,> and higher order

parameter <P,>as.

3
P)=1-—
(Pa) 2N
/2 no @)
.2 . 1+sin
‘!.)I(q;)[sm ¢+sm¢cos¢|>log(—cos¢ J]dd;
and
1
<P4>=1_ﬁ
/2 105
[1@9)180% ¢ (2 cos?g + 3
0
. 1+sn ¢, 105 4. 15
(sin ¢ )log (W)(FCOS ¢ — oS ¢)] do
nl2
Where,N= [ 1(9)d(®)

0

The Leadbetter expression for I1(¢) intermsof a
seriescan bewritten as.

1(p)=Ffo+ %fz cosz¢ + 1—85f4cos4¢ + %fe cos® o+
128 (4)
315
Withintheframework of Maier-Saupemodd, Levelut
group?Y have come up with anovel method wherein
thereisonly oneindependent parameter ‘m’ to com-
pute orientational order fromarcintensity I(¢) and the
expressionis.

256
focos®§+——F;,COS P +....
gCos” ¢ 60310 ¢

1(¢)=i/Z [1+ (2m/3)cos? + (4m? /15)cos* § +

(8m>/105)cos® ¢ + (16m*/945)cosB p + .....] ©)

1

2
Where £ = 4“j €™ dX js the normalization constant. The con-
0

stant f in Leadbetter approach and the constant m in Levelut
method arerelated to the order parameter viathe orientational
distribution function®¥ as;

< CoS?B > = Jo(M)/ Io(m) (6)
and
<c032[3>=J2(m)/J0(m) (7)

Therdationinvolvingfisgivenby

0

i /(20 +3)
0

<cos’p>=10 ®)

ZfZi /(2i +1)
i=0

Theorientationa distribution function (3 )hasbeen
calculated from the angular distribution of the X-ray
intengties. Theorientational order parameter <P,>has
been determined from f(3). We have written suitable
FORTRAN programmesto estimate the order param-
eters <P,> from the different approaches described
above.

3.2.Lineprofileanalysis: Estimation of nano-crys-
talliteareain SmB phase

Diffraction techniqueisused to obtain nano-struc-
turd information of the sampleaveraged over the dif-
fractionvolume.

Warren and Averbach method [ 1959,1960], which
isbased ontheimperfectionsof thestructure(e.g. crys-
talitessizeand | attice strain) cause broadening of the
diffractionline profiles??3, For this purpose, wehave
used Bragg reflections observed in SmB phase. The
Intensity profile can be expanded using Fourier Cosine
series®?4 andisgivenby:

I(9)= fA(n)cos{Zund(s-so)} ©)

where, A(n) arethe coefficients of harmonicsand can berepre-
sented as a function of crystal size and lattice distortion (g,
strain), d is the interplanar spacing , sis the value of {sin(6)/
A}, s isthevalue of sat peak of thereflection, 0 isthe Bragg’s
angle, A is the wavelength of the radiation and n is the har-
monic number. The Fourier coefficientsA(n) of theprofileare
expressed as the convolution of crystallite size A (n) and lat-

tice strain coefficientsA (n):

A(n)=Ag(n).Ay(n) )
withD=N.d_,. Incaseof aliquid crysta (e.g. SmB) it
israretofind multiplereflectionsand hence we cannot
use Warren and Averbach multiple order method. We
have used single order method to estimate nano-crys-
taliteareaand lattice strain, using an exponentid func-
tion?>27 for P(i). Thisdistribution dependson thefact
that there are no columns containing fewer than p num-
ber of unit cell and thosewith morethan pwill decay
exponentialy wherethewidth of thedigtributioniso=1/
(N-p). HenceP(i) can beexpressed as:
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] 0 if p<i
P(i)= { ) )

aexpi-af-p}  if p2i G)
after substituting in Eq (8) and further smplifying, we
have

A(O)(l—%) it n<p
A(O)expl-a(n-p)J(aN) if
Theexperimenta profilesbetweens, (the scatter-
ing vector at the peak) and S +S /2ismatched with
the simulated profilesobtained using Egs. (6-11) for
variousvauesof <N>, g, a. and background correc-
tion (BG). For this purpose we have used amultidi-
mensional minimization program SIMPLEX 28, The
goodnessof thefit between experimental and smulated
intensity profiles, hasbeen computed by therelation:
A% =l —(legp + BG)]? / number of points (12)
Herel ,, 1, and BG represent thecalculated in-
tengity, experimental intensity and background correc-
tion of theprofile. Wehave used two reflections, wherein
oneisat lower angle (2.90-2.88°) and another one at
larger angle (19.35-19.56°) to compute micro-struc-
tural parametersin SmB phase. Theonesat thelarger
angleareduetotheinteraction of neighbouring, pardld
mol ecul es and the average di stance between thelong
axes of the molecules (inter planer spacing d). The
maximaat thesmaller diffraction anglearerelated to
thelength of themolecule or thelayer thickness|20%9,
For a better perspective, we have projected the pa-
rametersintwo dimensionsusing therel ation®Y:

Astn ={ ©)

n>p

(2/Dfq) = (cos/Y)? + (sing/X)? (13)
where, ¢ is the angle between the planes giving the Bragg
reflections. The best valuesof Y and X are obtained based on
iterative procedure.

4. RESULTSAND DISCUSSION

Thevariation of thedistribution function () with
temperatureinthecaseof HIEB isshowninfigure4. It
can benoted from thefigure that the distribution func-
tionf()ismorefundamental than theorder parameter.
Theorientational order parameter <P>isdirectly re-
lated to the measure of variance (width) of f(). The
higher order parameter <P,>, whichisameasure of
peakednessof f(B). Itisevident from figure4 that, with

= Fyl] Peper

128°%C
126'C
116"
106"
"
BEC

o 49 b @0

(B}

B
Qnﬂqonuﬁj

L L L L L
a 5] 4 -1 g 1.4 i.2 L4 i8

Figure4: Thedistribution function asafunction of g in
nematic phase
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Figure5: Order parameter asafunction of temperature

increaseintemperature<P,>aswell as<P,> decrease
showing that thereisadecreasein the ordering of the
moleculesinthenematic phase. Thevaluesof <P>so
estimated areshown graphicaly infigure5. Itisevident
from figure 5 that the trend in the variation of <P,>
computed from thedifferent methodsisthesame. How-
ever, theval ues computed from the Deutsch method
liesin between the va ues computed by the L eadbetter
et al. and Levelut methods. Deutschismorereliable
because of thefact that it invol vesthe computations of
theorientational order parameter using andyticaly ob-
tained solutions. The discrepancy in Leadbetter and
Levelut methods aredueto thetruncation of the series
toafinite number of terms, whereasthesolutionisex-
act in Deutsch method. Figure 6(a, b) showstwo inten-
sty profilesof Bragg reflection at 75°C in SmB phase,
one at angle 26=2.90° (inner) and the other at
20=19.49° (outer). The values of the apparent mo-
lecular length or layer thickness| and theintermol ecular
distance or theinter planer spacing d at different tem-
peratures are also measured. Thetemperaturevaria-
tion of thelayer thicknessand intermolecul ar spacing
areshowninfigure7. Thereisanincreaseintheinter
planer spacing with theincreaseintemperature. From
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Figure6: X-ray Intensity profilesat 75°C in SmB phase.
(a) at smaller angle (inner) scan and (b) at larger angle
(outer) scan
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Figure7: Inter planer spacing (a) and layer thickness(b)

versustemperaturein SmB phase

themeasuredinter planer spacing thetherma expansion
coefficient wasfoundtobe{ a=1.3x103(A/°C)}. This
indi catesthe possible stretching of smecticlayerswithin
the SmB phase. Theresultsof lineprofileanalysisare

Wotoioly Science  mm—

TABLE 1(a): Themicro-structural parameter sat different
temperaturesinthe SmB phasedeter mined using lineanaly-
sisprofile, at higher angle

20 dhi
Sample (degree) (A) N g(%) Ds(A) Ddta
60 1958 459 5423 0.1 24892 0.057
65 1954 454 5724 0.1 259.87 0.045
70 1950 455 5474 0.1 249.07 0.063
75 1949 455 5394 0.1 24543 0.063
80 1947 456 56.32 0.1 256.82 0.060
85 1945 456 5433 0.1 24774 0.059
90 1940 457 5583 0.1 25514 0.058
95 1935 458 5531 0.1 25332 0.058
97 1939 458 5420 0.1 24824 0.057

TABLE 1(b): Themicro-structural parameter sat different
temperaturesinthe SmB phasedeter mined using lineanaly-
sisprofile, at lower angle

20 I
Sample (degree) (&) N g(%) Ds(A) delta
60 290 3051 1781 0.1 54331 0.0612
65 290 3047 1770 0.1 53940 0.0624
70 291 3039 17.30 0.1 525.76 0.0550
75 290 3048 1741 0.1 530.70 0.0576
80 289 3057 16.02 0.1 489.74 0.0580
85 289 3059 1845 0.1 564.33 0.0564
90 289 3057 1647 0.1 503.49 0.0583
95 289 3057 1522 0.1 465.28 0.0593
97 288 3068 1570 0.1 481.62 0.0563
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Figure8: Variation of nano-cry<alliteareawith temper a-
turein SmB Phase

giveninTABLE 1(a,b). Itisevident fromthisTABLE
that theintringcdrainin SmB phaseisamost negligible
at all temperatures. Further, we a so observe that the
nano-crystaliteareain SmB phased any temperatureis
much gregter thanthat inthecrystalinephase. Thisindi-
catesthat ordering exists over alarge areaof smectic
layersdueto pair-wiseinteractions. Secondly the nano-
crydaliteareadecreaseswithincreaseintemperaurein
SmB phase (see, figure8) and isin agreement with the
understanding of thefact that thesmecticlayersand their
ordering areaffected by thetherma energy.
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5.CONCLUSIONS

Inthis paper, we haverecorded X-ray diffraction
patternsin nematic and SmB phases of HIEB. Based
on thecomputed orientational order parameter by dif-
ferent theoretical approachesit isfound that the Deutsch
method ismorereliablethan that of the other methods.
From the computed nano-crystdliteareain SmB phase
itisobserved that thenano-crysdliteareain SmB phase
isgreater than that of thecrystalline phase.
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