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Structure of the Short Range
Ordered Nematic Phases of nBABA
(n =1109)

A. S. PARANJPE,} K. USHA DENIZ,t P. S. PARVATHANATHAN, }
V. AMIRTHALINGAMt and K. V. MURALIDHARAN%

Bhabha Atomic Research Centre, Trombay, Bombay-400 085, India

(Received JLne 7, 1986; in final form April 3,1987)

X-ray diffraction measurements have been carried out on the nematic phase of nBABA
(n = 110 9). Our results show that this nematic phase is a fibre type one having in
addition to the orientational long range order, two types of short range orders, (SROs):
(i) one dimensional correlations of the molecular dimers along the nematic director
(A) and (ii) Sc type SRO. The strength of 1-d correlation increases with increasing n
for 1 < n = 3 and decreases for n > 6. The n-dependence of the length of the correlated
units shows that the chains are disordered for large n. The Sc type order which is
negligible for n < 3, strengthens with increasing n. The corresponding correlation
length (&,) is found to be asymmetric with &,(lIA) > §,, (14). This asymmetry decreases
with increasing n. The formation of the observed structures in the SROs has been
qualitatively explained taking into account various types of intermolecular interactions.

Keywords: liquid crystals, nematics, short range order, X-ray diffraction

INTRODUCTION

The compounds nBABA (Figure 1) exhibit! only nematic liquid crys-
talline phases for 1 =< n < 5, but for 6 = n < 9 they exhibit both,
the nematic (N) as well as the smectic C (Sc) phases. It is found that
the molecules form dimers in both the liquid crystalline phases.*? It
is thought that the dimers are of the closed type, making the rigid
portion of the molecule fairly long (=29.0A). The nematic phases for
the members n = 1 to 7 have, in addition to the long range orien-
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NnBABA

Cn H 2N+ 1'10‘@'CH = N‘@_CTS:H.

RIGID PART

FIGURE 1 nBABA molecule.

tational order, short range ordered (SRO) regions having (1) Sc type
order, like the skewed cybotactic nematics (Ngc)* and (2) 1-dimen-
sional (1-d) correlation of the molecules along the nematic director
(7). These nematics are designated, “fibre type nematics” (Ng).> For
n > 7, the 1-d correlation is not seen whereas Sc type SRO is very
strong. This paper describes the results of x-ray diffraction measure-
ments which have been carried out in the nematic phase of nBABA
for n = 1to 9, to study the behaviour of the SROs as a function of
chain length. From our results, the intermolecular distance (D) per-
pendicular to A, length of the 1-d correlated units (Lcy), interplanar
distance in the cybotactic groups (dg) and the correlation lengths in
both types of SROs are obtained as a function of n. The variations
of the strengths of these SROs as a function of n are discussed in
terms of various intermolecular interactions such as the dipolar and
chain—chain interactions. A model for the molecular conformation
has been built, which shows some interesting features.

EXPERIMENTAL FEATURES

The apparatus used in the present work has been described in detail
elsewhere.? Ni filtered Cu radiation and a Laue camera were used in
the experiments. Samples were contained in capillaries and were
aligned along the capillary axis in a magnetic field of about 0.16 T.
Diffraction photographs were taken at a temperature T =T, + 0.5°C.
T, is the temperature for the transition to the nematic phase from
the low temperature phase. The temperature stability was +0.5°C
during the exposure time (two hours) for each photograph.

RESULTS

The evolution of the nematic structure as the chain length increases,
can be seen from the x-ray diffraction photographs in the Ny phase
of nBABA (Figure 2). Figure 3 gives the schematic representation
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of the diffraction pattern in this phase. The following features can
be noticed in the photographs. (1) Two pairs of diffuse arcs are

observed along the equator (perpendicular to ). The outer ones are

related to the average intermolecular distance,* D. The inner arcs
are due to the incident beam not being monochromatic. This is in-

(a) 1BABA (b) 2BABA

(c) 3BABA (d) 4BABA

(e) SBABA (f) 6BABA

FIGURE 2 X-ray diffraction photographs in the nematic phase of nBABA (n =
to 9).

1
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(g) 6BABA (h) 7ZBABA

(i) SBABA (j) 9BABA
FIGURE 2 (continued)

dicated by their absence in the photograph for 6BABA (Figure 2g)
taken with a monochromatic beam.% (2) Along the meridian (|| A)
there are a number of diffraction lines running perpendicular to A
(Figure 3). These lines seem to be due to layers of diffraction caused
by 1-d correlation of molecular units along 7. Such type of correlations
have been observed in the nematic phase of TBEA? and also in some
of the ordered smectic phases.® The intensity of these diffraction lines
increases as n increases from 1 to 3, stays strong for 3 = n < 5, and
decreases thereafter, almost disappearing for n = 8. The maximum
number of these lines is seen for n = 3. The relative intensities of
the different lines also changes as a function of n. (3) Four diffuse
spots are seen at small angles due to diffraction from S type SRO
regions. "These spots are anisotropic, their width perpendicular to A
being larger than that parallel to 7. The intensity and the sharpness
of these spots increase whereas their anisotropy decreases with in-
creasing n. For n < 4 these spots are almost linear and quite weak
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FIGURE 3 Schematic representation of x-ray diffraction pattern for the nematic
phase of nBABA..

and diffuse. The diffraction patterns of these nematics (specially of
those in which 1-d correlation is strong) resemble to a great extent
the diffraction patterns obtained with fibres. Hence the designation
‘fibre-type’ nematic (or Ng) to distinguish these nematics from the
skewed cybotactic nematics (Ngc).

The diffraction patterns have been analysed using a microdensi-
tometer. We have obtained (1) D, the average intermolecular dis-
tance, L to A, (2) the intensities and the widths of the meridional
lines and the corresponding lattice spacing d,, (m = layer order) and
(3) from the cybotatic spots we have obtained (a) their intensity,
Isro- (b) their widths parallel and perpendicular to 7 (wy and w,) (c)
the interplanar distance, dg and (d) the molecular tilt angle (8,).

The Bragg condition was used to calculate d, and dg while D was
obtained using de Vries* relation. 8, was measured directly from the
photographs (8,4) as also calculated using the relation, tan8,, = P,/
P, (Figure 3). The length, L, of the molecular dimer was calculated
assuming an extended zig-zag conformation of the chains.’

The measured widths of the cybotactic spots, 6, and dgi are highly
inaccurate for n < 3 due to the diffuse nature of the spots, w and §,
being almost impossible to measure in these three members. The
errors have been estimated to be about 3 percent in d,, (for n < 7)
and D, 10 percent or more in the intensities, widths and 8, and about
6 percent in dg for n > 3.
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DISCUSSION

Equatorial maxima and the intermolecular distance (D)

Figure 4 shows the intensity contour maps of the diffuse peak for
1BABA and 9BABA. The peak shapes are quite different in the two
compounds. In 1BABA, the orientational order is so large that the
shape of the maximum seems to be determined more by the molecular
form factor than by the orientational order, whereas for 9BABA, it
is the latter which seems to be the determining factor. The diffuse
peaks for n < 6, are similar to those of 1BABA and their angular
full width at half maximum, A9, is in the range, 30° < A@ < 42°. For
n > 6, the peaks resemble those of 9BABA which, in turn, resembie
those of normal nematics in which A6 can be clearly related to the
orientational disorder (fluctuations) of the nematics.!® Thus for n <
6, the orientational long range order (S) of the rigid portions is quite
large. Table I gives the values of A8 as a function of # and also of
the corresponding reduced temperature, T/Ty;. From this it would
seem that A8 and hence S is not just dependent on the reduced
temperature, T/Ty;, but that the presence of 1-d correlation also
seems to contribute to this enhancement. From these diffuse maxima
we can deduce that the chain axes do not seem to be ordered at least
for n < 6. If the chains were ordered, they would also have contrib-
uted to the outer diffuse maxima, in the form of tails as observed in
the Sc phases of nBABA! and in the nematic phase of 40BA.!?
The values of D for the nine members have been given in Table
II. It is found that D hardly changes with », showing that even for

9 BABA

FIGURE 4 Intensity contour maps of the equatorial diffuse peaks for IBABA and
9BABA.
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TABLE I

The reduced temperature, T/Ty; and A8 as a function of n

n Ty 20(°)
1 0.84 2.5
2 0.84 36.0
3 0.89 34.0
4 0.84 31.0
5 0.84 33.5
6 0.86 315
7 0.92 53.0
8 0.94 57.0
9 0.96 65.0

the members with longer chains, disorder in the chains, if present, is
not sufficiently large to necessitate a larger intermolecular separation.

1-d correlation

The lattice spacing d., and the relative intensities I, of those meri-
dional layer lines which could be separated from the background are
also given in Table II. For any particular layer line, m was chosen
so that the value of md,, would be as close as possible to L. m = 1

TABLE II
D, d, and I, for nBABA (n = 1t09)

noo1 2 3 4 5 6 7 8 9
D(A) 507 504 506 505 504 502 506 501 S.10
d, — — — 415 404 422 388 — —
I, — — — 39 61 —_ — — —

d, 169 178 183 194 199 211 220 211 —
L 25 76 100 100 100 100 92 56 —

d, 111 11.8 12.4 13.0 13.4 13.8 12.9 — —
I, 31 66 61 56 62 66 65 — —

d, 7.6 8.3 8.8 9.3 — — —_
I, 100 100 56 23 — — —

de — — 68 65 66 68 12 14 7.7
I, — — 18 19 37 81 100 100 100

d, — 50 51 55 55 @— - — —
I — 48 63 43 52 — — —- _
dy - 43 46 — — — — — _
Iy - 7 34 — — - — — —

*We have not given any values for I, where it was very difficult to separate the signal
from the background.
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to 4 refer to the corresponding observed meridional lines, whereas
m = 6 to 8 refer to the fifth, sixth and seventh observed lines. We
can see from the results that the layer lines corresponding to m = 2
and 3 result from the 1-d correlation of molecular units of length md,,
(2d, = 3d,, for n = 1 to 6) which is nearly equal to L. For n = 7,
3d; < 2d, but 2d, = L. This could be due to a large weakening of
the 1-d correlation. The line for m = 4, although not connected with
the same correlated unit, still depends upon the molecular length (d,/
L = 0.23). ds (corresponding to the fifth observed layer line, whose
origin is not understood) is almost constant (= 6.6A) for n = 3 to
6, but increases for n > 6. d,; and dg could be the 7th and 8th order
layer lines for the correlated units of d, and d; since 7d, =~ 8dg =
2d,. The lines for m = 6 are unlike the ones for m < 6 in that they
are not linear but curved, showing that they are not strictly related
to any 1-d correlation.

The length, Ly, of the 1-d correlated units giving rise to the second
and third lines has been calculated using the relation, Lo, = (2d, +
3d,)/2 except in the case of 7TBABA and 8BABA where it has been
taken as 2d,. L, and L are shown as a function of n in Figure 5. L
shows an odd—even effect, whereas this effect is negligible (see dashed
line in Figure 4) in L. Surprisingly, Loy is almost linear in n, and
is always less than the corresponding L except in 1BABA. If the

L (k)

20 1 I

FIGURE 5 The lengths L, Lcy"and Lggo as a function of #. The straight line going
through the L, points is a visual guide.
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molecular dimers are the correlated units, then this implies that the
molecules are not in the extended conformation and there is a dis-
ordering of the chains which leads to the disappearance of the odd-
even effect.

The intensities I, show rather interesting features: (1) Forn = 1,
the highest intensity is I,. As n increases, this intensity decreases
showing that the correlation giving rise to this line weakens, disap-
pearing for n > 4. (2) The intensity I, increases with increasing n for
1 < n < 3 and is the largest layer line intensity for n = 3 to 6, beyond
which it decreases. This again shows-that the 1-d correlation giving
rise to lines 2 and 3 increases in strength for 1 < n < 3, is strong for
n = 3 to 6 and then dies off for n > 6. (3) As stated earlier, the fifth
line (m = 6) is not related to any 1-d correlation for 3 < n =< 5. For
n > 5, it could be related to some correlated unit which is not the
molecular -dimer. The strength of this line builds up with increasing
n for n > 4, showing that probably the S type SRO is responsible
for this line.

It should be noted that the position of the layer lines and their
relative intensity, .., are not only governed by the fibre-type structure
(1-d correlation) of the molecules but are also dependent on the
molecular form factor which is determined by the molecular confor-
mation.

The widths of the layer lines have been measured wherever possible
and the 1-d correlation lengths, &;, | A have been calculated using the
Scherrer relation!?

£,(m) = 2/AQ(m)

where Q = k/2w = (2sinB)/A, k is the scattering vector (see Figure
8) and AQ(m) is the full width at half maximum of the mth line.
£,(m) is plotted as a function of m for various n in Figure 6. For n
= 2 to 6, £(m) decreases with increasing m (see hatched area in
Figure 6). n = 1 is an exception to this case and for n > 6 the number
of reflections are very few to draw any conclusions. The number of
correlated units, taken as £,(2)/Ly turns out to be about 5 for n =
2t0 6. £,(m) for m = 2, 3 and 6 have also been plotted as a function
of n (in Figure 7). In addition to the fact that £,(2) and §,(3) fall off
sharply for n = 1 and 7 there is an interesting odd-even effect, and
a peaking of the correlation lengths at n = 4. Given for comparison
is the n-dependence of the nematic to isotropic transition entropy,
ASy;.14 Tt is interesting to note that although a sharp fall forn = 1
and 7 is not shown by ASy;, its n-dependence resembles that of &,(2,
3) since it also shows an odd-even effect and a peaking at n = 4.
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1-d-Correlation Lengths

200

50

FIGURE 6 ¢, as a function of m for different n. 0:n = 1, X:n = 2,8 pn = 3,
O:n=4+:n=5A:n=6,0:n=7&:n=8mn=29

200

e, &)

100

50

FIGURE 7 n—dependence of £,(2), £,(3), £,(6) and of the transition entropy, ASy,/
R,, where R, is the gas constant. O: £,(2), X: £(3), +: £(6), O: AS/Ro.
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This could mean that the NI transition involves breaking up of the
1-d correlation, which makes a significant contribution to ASy;. This
would then explain the rather high values of the observed ASy; as
compared to the values obtained for ordinary nematics and also that
calculated by Maier-Saupe theory.’® The reason for ASy; not de-
creasing for n > 6 could be because the S¢ type SRO which increases
in these members might breakdown at Ty, thus contributing to ASy;.
£,(6) shows a trend which is completely different from that of the
other two and increases with increasing n for n = 7. This confirms
that for this range of n, the fifth line is related to S¢ type order.
1-d correlation of molecules has been observed?® in several ordered
smectic phases and even in the crystalline phase of TBBA. Doucet,?
in an exhaustive study of the S; phases of several compounds by X-
ray diffraction, has found meridional layer lines resulting from the
existence of strings of molecules correlated along their long axes. The
correlation length along the string, extended up to about 10 molecules
in some cases (40.2 and TBBA). This string-like structure in a highly
(almost 3-dimensionally) ordered smectic phase is attributed to the
displacement, say U, of molecules from their mean positions; the
molecules of the same string are activated by the collective longitu-
dinal movements, U and the individual transverse movements Ur,
the latter leading to a broadening (|| string) of the meridional lines,
as one moves away from the meridian. The intensity of the layer lines
is then proportional to sin?(q-U,), and it is also dependent on the
molecular form factor. The extent (A ) to which the meridional layer
lines are observed in the reciprocal space is, therefore, related to the
displacement by, U, ~ 1/A;. Doucet observed that, (a) this corre-
lation declines in strength as the end chain length increases, and (b)
there are no such correlations found in the S, and S¢. phases of TBBA.
There are similarities between Doucet’s results and our observa-
tions: (1) We have not observed any meridional lines for the Si- phases
of nBABA that we have studied (n = 6 to 9). (2) In the nematic
phase also, the layer lines become weaker and less in number as the
chain length increases. Doucet’s model cannot be used in the case of
nematics since they do not possess positional long range order. A
possible explanation for the observed string formation (1-d correla-
tion) in the case of the nematics that we have studied, is given later.

The S; type SRO (correlations)

The nematics exhibiting Sc type short range order (skewed cybotactic
nematics) are often preceded by a low temperature S, phase, though



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:35 19 February 2013

%0 ’ PARANIPE et al.

this is not so always (e.g. SBABA). In the latter case, the SRO is
not very strong and could result from a tendency to form a low
temperature Sc phase, a tendency which is overwhelmed by other
forces, leading to the formation of a 3-dimensionally ordered phase,
instead.

In the x-ray diffraction pattern from a skewed cybotactic nematic
(near the N-S transition) one observes four diffuse spots instead
of the two meridional arcs seen for ordinary nematics. This arises
from the fact that the scattering from a skewed cybotactic nematic is
concentrated on two rings in the reciprocal space (Figure 8), defined
by the scattering vector, k, given by,

k=ki_ks=q0 (1)

9, €05 8

qfll
9, = 9, sin et

FIGURE 8 Vector diagrams representing Eqs. (1) and (2). The rings indicate the
regions in reciprocal space where X-ray diffraction maxima are expected. The ring
cross-section (see cut-off section) is elliptical showing that the observed diffuse X-ray
spots are anistropic.
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where k; and k; are the scattered and incident X-ray wave vectors,
with k, = k; = 2m/\. q, is a vector perpendicular to the smectic planes
and its magnitude is 2w/dg.

k., =g = qocos8, and (K& + k22 = q, = qesind,  (2)

One can picture this nematic as containing S droplets wherein the
nematic director # is fixed parallel to the z-axis. The magnitude, 6,,
of the tilt angle is also fixed, but the direction of the tilt, ¢, varies
from droplet to droplet (Figure 8) and can take any value between
0 and 2w. Using this model, the Sc-type SRO in a nematic in the
vicinity of the N—S transition has been considered in detail, theo-
retically, by de Gennes,! Chu and McMillan (CM),” and Chen and
Lubensky (CL).!® Their theories use the Landau type expansion for
the free energy in terms of the Sc order parameter(s). In the theories
of de Gennes and CL, the smectic C order parameter, {, refers to
the mass density wave with fundamental wave number q, (g, = q
cos@, q sing, q;). On the other hand, CM theory uses two order
parameters, (a) the smectic order parameter, §, referring to a mass
density wave in the x—z plane with fundamental wave number qo,
and (b) the orientational order parameter, B = Bo%, where B, =
tan8,, pictured as the average electric dipole moment per molecule.
In all three theories, the free energy expression is such that the
Landau rules allow a second order N—S phase transition. However
Brazowskii'® has shown that such transitions are first order due to
large fluctuations in the order parameter. Nevertheless, the pretran-
sitional effects could be important (our X-ray diffraction results show
this to be the case) and hence the predictions of the theories of de
Gennes, CL and CM are of interest. We will give below their expies-
sions for the scattered X-ray intensity in the vicinity of the rings.

(a) de Gennes’ theory (neglecting the cross term)

, de
10 = | e (M + Gk - My O

where 0t = £cose + ysing, a unit vector in the plane perpendicular
to A, and k, is given by, k2 = k2 + k2. My and My can be thought
of as components of a mass tensor and are coefficients of the gradient
term in the free energy expression. The correlation lengths, &(liA)
and &,, (LA and ||i) are given by,

£y = (2Mya) ™12, Euqey = QM) ™12 4)
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but &,,4 is reduced and is ~(¢dg)~"?. Using mean field theory,
a ~ (T — Tye). Hence,

Eaaqay ~ (T — Tne) ™12 (5)
(b) CL theory

1
I(k) ~ -
W~ Dy(kl — gf)* + D, (k% — qi)®

(6)

where @ = a’(T — Tnc)/Tna- @', Djand D, are related to coefficients
in the free energy expression. Here again the two correlation func-
tions, &, and &,, (q) are given by Eq. (5) as would indeed be expected
of an MFT calculation.

(c) CM theory

I(k) =

. k, T
[{a + Gk, — q)* + C (k, - qiBa) 2 {a + Cyk, — q)* + C(k, + qB0)3"?]

M

where a, C; and C, are related to some of the coefficients in the free
energy expansion. Eq. 5 holds good in this case also. CM had found
that their theory rather than de Gennes’ agreed with earlier x-ray
diffraction results. However, recent high resolution x-ray scattering
results? are found to agree very well with CL’s predictions and not
with those of CM.

The accuracy of our measurements does not justify line shape com-
parisons with the above theoretical predictions. Hence while analys-
ing our results we have only measured the widths at half maxima of
the SRO peaks and used them as a measure of the inverse correlation
lengths. This is justified in the case of de Gennes’ theory but not in
the case of the other two theories (see Eqs. 6 and 7). The correlation
lengths &, and &;, for this SRO, have been calculated using the widths
of the spots, in the same way as for £,(m), and they are shown in
Figure 9. It should be noted that this §,, is not &,, (Eq. 4). It is
found that &, is almost independent of n whereas &,, increases with
increasing n. Thus &, becomes less anisotropic with increasing n. Our
results show that the extent of the cybotactic group (in terms of the
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FIGURE 9 n dependence of &, and §,,. Lines are visual guides.

number of molecules) hardly changes || to A (2 to 3 dimer units),
whereas L to A, it increases with increasing n (from about 8D for
n = 4 to about 13D for n = 9). A pictorial representation of this is
seen in Figure 10. In the light of de Gennes’ theory (see Eq. 4) this
would mean that the ratio M{/My, decreases as n increases. Our values

9 8@ ©

(a) n<b (b)nz 6

FIGURE 10 Pictorial representation of the molecular arrangement in the cybotactic
groups.
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FIGURE 11 Layer thickness, d, and tiit angle 8, as a function of a. Lines are visual
guides.
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FIGURE 12 Photograph of the model for 6BABA.

of &, and §,, represent only a lower limit on their actual values, since
the cybotactic spots are also broadened by the thermal fluctuations
in the orientational order. parameter.

The values of dy obtained from our results are found to increase
with increasing n (Figure 11). The value of the molecular length,
Lsro, calculated using the relation Lggo = dg/cos8, is shown in Figure
5. We find that Lgzo > L for n > 4. It also shows an odd—even
effect opposite to that of L. We are not able to explain the observed
behaviour of Lgge. It is found that 8, = 0,4 in all cases. Hence we
have only plotted the latter as a function of n in Figure 11. 8, is found
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TABLE III

6, in the S¢ and the nematic phases

n 8,(N) 8.(5c)
6 59.0 55.2
7 56.6 50.0
8 54.5 49.2
9 52.0 41.5

to decrease monotonically with increasing n. The values of the tilt
angles for n = 6 to 9 measured in the nematic phase in the present
experiments and those measured in the Sc phase for T = Ty —
2°C,? have been given in Table III. In all cases, there is an increase
of 6, in the nematic phase. This trend is opposite to that observed by
Chu and McMillan for HAB.Y

Model for the nematic phase

A model (see Figure 12) was constructed to examine the packing of
nearest neighbour molecules in the nematic phase. It was assumed
that (1) the molecules were in a zig-zag conformation with their long
axes parallel to the line joining the centres of the benzene rings in a

FIGURE 13 Schematic representation of interactions between the terminal dipoles
n, and p,.
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monomer, (2) the nearest neighbour (nn) molecules were packed in
a hexagonal fashion, perpendicular to their long axes (taken to be
|| A) with nn distance L 7 being 5 A, (3) the centres of mass of the
nn molecules lie in a plane whose perpendicular is at ~60° to /4 and
that (4) nn molecules were oriented in the same way. Two interesting
features were indicated by this model: (a) a herringbone packing of
nn molecules was necessary, as predicted by de Vries?! and (b) for
n > 3, the end chains could not be in an all-trans conformation.

Interactions leading to short range ordered structures®

It is well known that (i) the Van der Waals forces between the rigid
parts of the molecules can account for the long range orientational
order,’® (ii) the chain—chain interactions are important for the for-
mation of smectic phases?? and that (iii) the dipolar interactions do
play an important role in stabilizing the S phases.?-2* We will try
to explain qualitatively the short range ordered structures observed
in the nematic phases of nBABAs and their variations as a function
of n in terms of these interactions.

a. Interactions leading to 1-d correlations. Strong terminal in-
termolecular interactions [/i in the nematic phase will lead to 1-d
correlation of molecules. These are (i) dipole ~dipole interactions (ii)
dipole—induced dipole interactions, (iii) induced dipole-induced di-
pole interactions and (iv) the Van der Waals interactions between
the end hydrocarbon chains of neighbouring molecules || to #A.

Contribution to the terminal dipole—dipole interaction would be
mainly from the dipoles at the oxygen sites. This interaction can be
written as

(1ot T o B (1 T)( - 1)
1§52 32

where p; and p, are the dipoles at the oxygen sites of the neighbouring
molecules and r,, is the distance between them (Figure 12). Here it
is assumed that the distance between the positive and negative charges
of each dipole is small compared to the distance between the dipoles.
From the above expression we see that (i) the interaction is strong
when p, and p, are aligned parallel and (ii) when r,, is small. It is
well known that the last two to three segments of the end chains of
the molecules are quite disordered.?® Hence, for n = 1, there will
be no order in the chain segment O—C, i.e. (n;) = 0. The ordering
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of p;, i.e. of the chain segment O—C, improves with increasing chain
length, becoming quite good at n = 4. This will also lead to an increase
in the induced dipole moment, thus affecting the dipole-induced di-
pole and induced dipole —induced dipole interactions. There are two
opposing effects as n increases— (i) p; becomes more ordered leading
to a stronger interaction which, however, does not increase with n
beyond a certain chain length, and (ii) r,, increases, decreasing the
interaction. Hence, with increasing chain length, one could expect a
maximizing of the interactions at some r,, corresponding perhaps to
n = 3 or 4. Thus the n dependence of the net dipolar interaction
would explain the observed behaviour of £;(2) and its maximization
atn = 4.

It should be noted that nBABA molecules (Figure 1) have long,
highly polarizable rigid parts. This high polarizability seems to be
one of the major contributors to the large terminal interactions lead-
ing to 1-d correlations. In the absence of such long polarizable rigid
portions in the molecules, strong 1-d correlations are not observed,
as is the case for the alkoxybenzoic acids.?

b. Interactions leading to S¢ type SRO. Strong lateral (L#) in-
termolecular interactions will be responsible for this SRO. It should
be pointed out that as against the terminal interactions which decrease
with n due to increasing intermolecular distance, lateral interactions
are not directly affected by variation of n because D is almost constant
as a function of n. Two important interactions which can be consid-
ered are: (1) interactions between dipoles, which in this case, seem
to be between the dipole moments at the oxygen and nitrogen sites
of the neighbouring molecules (since 6, =~ 60°) (Figure 13) and (2)
the chain—chain (Van der Waals) interactions. McMillan'” has pre-
dicted that when molecules have outboard dipoles, dipole—dipole
interactions between the neighbouring molecules favour the forma-
tion of an S phase. In the case of nBABA (for n =< 3, the dipoles
at the oxygen site are disordered and hence the dipolar interactions
are small and the Sc type SRO will be very weak. For n > 3 the
interactions become quite strong due to the alignment of these dipoles
leading to well formed Sc type SRO (cybotactic groups). The chain—
chain interactions are negligible for » =< 3 because of the (1) non-
overlap of the chains and (2) chain disorder. But the chain overlap
increases with the chain length, causing an increased chain—chain
interaction and hence an increased chain ordering, the net effect again
favouring smectic type order. Hence, due to both the interactions, a
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FIGURE 14 Schematic representation of nBABA molecules showing the positions
of permanent dipoles.

weak Sc type SRO is expected for n = 3 which should increase with
n as has been observed by us. This would explain the observation
that &,, increases with increasing n. However, this does not explain
why &, remains almost independent of n. We feel that at low values
of n it is the terminal interactions, responsible for the 1-d correlation,
which lead to the relatively large observed value of &, (2 to 3 mo-
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lecular dimer lengths). But as n increases, the interactions responsible
for the Sc type order take over (Figure 9) giving rise to a comparable
value of &.

The observed decrease of the tilt angle with n can be explained in
the following way. For n > 3 the dipolar interactions perpendicular
to # hardly change with n. This is because {(p;) varies little for chain
lengths greater than the propyl (n = 3), and r); (=D) is also inde-
pendent of chain length. However, with increasing chain length the
molecules might reposition themselves along 7 in such a way that the
chain overlap increases (6, decreases) thus increasing the chain-—chain
interactions. However, the strong dipolar interactions do not allow
a large change in the relative positions of the molecules. This would
explain the small though finite decrease in 0, as n increases.

CONCLUSIONS

Our x-ray diffraction results with nBABAs have revealed the exist-
ence of 1-d correlation of the molecular units along the director in
the short range ordered regions in addition to the S type order
observed in other nematics. The S¢. type SRO grows rapidly in strength
with increasing n for n > 3 whereas the strength of the 1-d correlation
is maximum for n = 4, and becomes negligible for n > 7. The values
as well as the n-dependence of Ly, the length of the 1-d correlated
unit, show that the end chains of the molecules are not in an all-trans
conformation, in the 1-d correlated strings. The length of the mo-
lecular dimer, obtained from the results on S type SRO, is greater
than L, the calculated dimer length with the molecule in the extended
zig-zag conformation, which is surprising. This is possible if the 1-d
correlated strings and S¢ type order exist in different regions, i.e. the
1-d correlated units are not part of the cybotactic groups. This is a
model that has also been considered by others.”

The observed results can be qualitatively explained, if one assumes
(1) the 1-d correlation to be due to large terminal inter-molecular
interactions and (2) the Sc-type SRO to originate from the chain—
chain (Van der Waals) interactions and also various dipolar inter-
actions between the neighbouring molecules, L to A.
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