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ABSTRACT: We analyzed molecular ordering in the nematic phase of cyclic LC oligomers with mesogenic
groups attached to a central siloxane ring. We focus on relationships between the local spatial
arrangement of these molecules and low-angle X-ray scattering phenomena as revealed by computer
molecular modeling. Computer simulation shows that the presence of strong low-angle X-ray reflections
in the nematic phase is caused by local association of the molecules. The cyclic molecules form double-
row associations with up to six molecules packed in a single string. The presence of the siloxane central
rings with a high local concentration of Si—O atomic groups with strong scattering power is critical for
the appearance of these low-angle X-ray reflections with significant intensity. Cycling of siloxane groups
into short rings hinders rotation and restricts mobility of these fragments, resulting in a high localization
of strong scattering groups. Computer simulation of X-ray properties of partially ordered systems within
the “lattice approximation” works well for crystal lattices and highly ordered mesophases like smectics.
However, this approach underestimates local distortions of positional ordering and does not adequately
describe short-range molecular ordering in the nematic phase. Application of straightforward calculations
of the form-factor of molecular clusters reproduces major features of these unusual X-ray scattering
patterns but falls short in describing fine details such as diffuse background scattering, peak profiles,

and exact d-spacings.

Introduction

The classical model of molecular organization within
a nematic phase of low molar mass liquid crystals (LCs)
assumes uniform orientational ordering of the aniso-
tropic molecules along a unique direction and unre-
stricted freedom of transversal and longitudinal dis-
placements of molecules (Figure 1).! Usually, short-
range positional molecular ordering is expanded over
three to four coordinate spheres. Various more com-
plicated versions of nematic ordering with local molec-
ular associations have been observed in nematic phases
of various LCs and polymeric LCs with stronger inter-
molecular interactions.2~4 The most known case is
cybotactic nematics, where association of molecules in
small clusters or “cybotactic” groups occurs (Figure 1b).2
Another type of association observed previously in a few
systems is shown in Figure 1c. Molecular association
of the mesogens in a single row along the director is
termed “string” formation.> The local positional cor-
relations of anisotropic molecules in these nonclassical
nematic phases are considered to be responsible for
atypical low-angle X-ray scattering (strong diffuse me-
ridional reflections) observed for oriented mesophases.

A class of “hybrid” LC compounds, wherein a small
cyclic backbone is modified by pendant mesogenic units,
has shown a strong tendency to show periodic diffuse
meridional reflections, as shown shematically in Figure
1c.* Properties of these oligomeric LC compounds with
several (typically four to six) chemically linked mesogens
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Figure 1. Possible molecular associations in the nematic
phases (left) and corresponding X-ray patterns (right): (a)
classical nematic phase with orientational ordering, (b) skewed
cybotactic nematic phase, and (c) molecular strings.

are intermediate between low molar mass LCs and
polymeric LCs.” They have a strong tendency to form
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Figure 2. Chemical formulas of LC compounds | and Il
studied and schemes of phase transformations.

nematic and smectic phases at elevated temperatures
which can be vitrified into a glassy state. Due to their
low melt viscosity, good alignment can be obtained using
electric, magentic, or shear fields. One particular
compound in the nematic phase displayed strong diffuse
low-angle meridional reflections with a complicated
modulated intensity of the X-ray patterns.® To explain
this observed X-ray behavior, string formation was
proposed.* Since then, a systematic experimental in-
vestigation of cyclic LCs with other backbones with the
same pendant mesogen was undertaken.!* First at-
tempts to simulate molecular associations of cyclic LCs
indicate that a reasonable match to the experimental
d-spacings can be obtained assuming an overlap of
mesogenic groups within small clusters of limited
sizes.1112 Similar but weaker low-angle X-ray scattering
was observed for linear siloxane LC polymers several
years ago (and in this recent work) which were ex-
plained by a modulation of electron density within areas
of separately packed siloxane backbones and mesogenic
side groups.>19 However, these speculations are not
supported by a complete analysis of the X-ray scattering
and no quantitative models of molecular arrangement
have been proposed yet.

In the present paper, we focus on analyzing the
molecular arrangement of these cyclic LC oligomers and,
especially, on the relationships between the spatial
arrangement of these molecules and scattering phe-
nomena in the low-angle X-ray scattering region. De-
tailed results of molecular modeling for a cyclic LC
compound are compared to modeling performed on the
mesogenic unit itself. The goal of this study is to
elucidate the reasons for the appearance of strong
modulated X-ray low-angle reflections in cyclic LC
oligomers and polymers as described in detail in the
next paper!* as well as to discuss simulation limitations
of the quantitative models of molecular association in
the nematic phase.

Experimental and Computational Approaches

Summary of Known Experimental Results. Chemical
formulas of LC compounds discussed here are presented in
Figure 2 along with the phase transformations determined
earlier.®'* Detailed simulations discussed here were done for
a single mesogenic group (compound I, a model of the mono-
meric unit) and for a cyclic LC (compound Il) with five
mesogenic groups attached to a central siloxane ring both
shown in Figure 2. X-ray data for oriented LCs were obtained
at the Cornell High Energy Synchrotron Source using a
thermal cell with an applied electric field as described in detail
elsewhere.® Experimental data shown in Figure 3 were
obtained at 10 000 Hz with an applied field strength of
approximately 1 V/um. Up to six reflections with a modulated
intensity distribution were observed for compound 11 in the
nematic phase as shown in Figure 3b. These reflections persist
into the smectic phase with the superposition of the Bragg
layer reflection occurring (Figure 3c). This superposition is
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Figure 3. X-ray meridional scattering for nematic phases of
compounds I (a) and Il in nematic (b) and smectic (c) phases.

clearly evident in the second-order reflection, which shows the
broad diffuse reflection underlying a sharp 002 peak (insertion
in Figure 3c). Both of these meridional profiles can be
contrasted to that of compound I, which shows a single broad
diffuse reflection in the low-angle region (Figure 3a). Although
not evident on the profile, several very weak additional
reflections were present for compound | at higher angles as
indicated in the table.

Computational Technique. Molecular modeling was
performed on a Silicon Graphics Power Series workstation
using the CERIUS? computer simulation package. The gen-
eral procedures are similar to those described in the litera-
ture, 21516 although some important features of our approach
are subsequently discussed. We used energy minimization and
molecular dynamics to build an isolated molecule with the
lowest energy conformation. First, an initial molecular model
was built. Second, several cycles of molecular dynamics and
energy minimization were applied. The molecular dynamics
procedure was step-by-step annealing which included at least
five molecular dynamic cycles followed by an energy minimiza-
tion cycle. The temperature was increased gradually from 300
to 450 K and then decreased back to 300 K. After this stage,
global energy minimization with at least 1000 steps was
performed on the model. Following this procedure, the
molecule was packed into a crystal unit cell and crystal lattice
minimization was employed for various types of molecular
arrangement. We used orthorhombic primitive and centered
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unit cells to pack the molecules, although other symmetries
(up to trigonal) were attempted as well. Step-by-step mini-
mization of the lattice energy was done by allowing different
levels of freedom for molecular motion such as positional
displacement and rotation of the molecules in different direc-
tions along with variations of the unit cell parameters. To
assure dense molecular packing at the initial stage, external
compression along the a- and b-axes (typically, in the range
of 10—30 kbar) and tensile stress along the c-axis (main axis
of molecules) were applied. This procedure was aimed to
mimic the internal orientational molecular field in nematic
phases. To avoid artificial “squeezing” of molecules due to the
external pressure, we used a “relaxation stage” as the final
procedure to reach an energy minimum while keeping the
external pressure close to zero (0.1 kbar). Finally, we did not
“fix” small irregularities in molecular fragments, keeping in
mind that a certain level of disorder naturally exists in
mesophases with short-range local ordering of molecules.

In addition to building molecular models, the CERIUS
package provides a broad range of possibilities for simulation
of various X-ray properties of molecular models.” Below, we
summarize those important for further discussion and simula-
tions of X-ray data. To calculate isotropic scattering, I(s)
(“powder diffraction”), where s is a wavevector defined as s =
2 sin ©/A (© is the half-scattering angle and 1 is the
wavelength used), and the Debye formula was used in the form

fi(s) f(s) sin(2xsr;
'<S>=DOZZ (8) f(s) sin(27sryy) W

7 27Sr,

where rik are interatomic distances between i and k atoms and
fi is a structural factor (see below). The Debye—Waller factor,
D,, defined as

D, ~ exp(—167°u’(sin ©)%/A%) 2)

is caused by random fluctuations of the atomic groups (so
called distortions of a | kind including thermal vibrations with
an amplitude x) and vacancies. For simulation of two-
dimensional scattering I(s:, ;) (“fiber diffraction”) the Fourier-
Bessel transformation was employed as defined by

I(s,.s,) = Z[Zfi J,(27sry) cos(27(s,z; — nw))])* +
ol

S [Y fi In(2nsr)) sin(2n(s,z; — nw))I” (3)
n ]

where J, is nth order Bessel function and rj, z;, and w; are
cylindrical polar coordinates of atom j. One-dimensional
scattering along the main molecular axis I(s;) (“meridional
scattering”) was calculated using the Debye formula for
projection of all intermolecular distances on the c-axis of the
model as defined by

I(s,) = [Zfi cos(2s,z)]* + [Zfi sin(27s,z))* (4)
J J

Pair correlation functions G(r) and partial pair correlation
functions of specific elements Gag(r) (such as Si—0O, O—0) were
employed to estimate the contribution of various atomic groups
to the density distribution

G(r) = 4ar(p’(r) — p,2) (5)

Gap(r) = 47r(pA5°(r) = poag’) (6)

where p?(r) is the self-convolution of the atomic density and
0.2 is the mean value of p(r); pap?(r) and p,ap? are the same
functions for A and B type atoms. Finally, a complete
calculation of the X-ray diffraction pattern for perfect crystal
lattice can be done according to

Macromolecules, Vol. 29, No. 27, 1996

I(hKl) = [Y f, cos(2(hx, + ky, + 1z)I° +
[3 fa sin@a(hx, + ky, + 1Z)I° (7)

where hkl are Miller indices and xn, yn, and z, are fractional
coordinates of atom n.

Finite sizes of scattering regions, L;, different levels of lattice
distortions of d-spacings (interplanar distances) in various
directions, gi = Adi/d;, orientational ordering of molecular
fragments, P, and thermal fluctuations, D, all are included
in the simulations. Orientational disordering of molecular
fragments is simulated, including P in the eq 3 via Legendre
polynoms. The Debye—Waller thermal factor D, in the form
of eq 2 can be included in all calculations. For example, for
the current simulations the amplitude of the Debye—Waller
factor was 0.05—0.2 nm, typical for thermal vibration in liquid
phases.’® L and g parameters are not included in direct
simulations but can be added at the final stage as angular-
dependent broadening of X-ray peaks according to known
experimental relationships.'® All these parameters are varied
in a wide range to fit the simulated X-ray patterns to the
experimental data (intensity and shape of reflections, crystal
sizes, distortion levels, and unit cell parameters).

Remarks on Scattering Properties of LC Systems.
Before we discuss the specific results of the current modeling
of LC compounds, we have to summarize some basic ap-
proximations and limitations of simulation procedures when
applied to LC systems. A key element of such limitations is
the absence of a complete scattering theory providing a set of
analytical expressions for the consistent description of partially
ordered systems in real space that can be used for numerical
solution and simulation of their scattering patterns in recipro-
cal space. From this standpoint, a brief discussion on the most
developed description of disordered structures, the paracrys-
talline theory of Hosemann,'®~2! and the most sophisticated
computer package for these kinds of structural simulations,
CERIUS?,Y is in order.

Let us assume that we have a basic structural element (such
as an atom or molecules) arranged in real space at definite
positions with a density distribution p; within the a region of
finite size determined by a shape factor, T(r). The distribution
of the scattered intensity in reciprocal space, I(s), can be
calculated according to a general diffraction equation for
homogeneous paracrystalline lattice structures? given by

2 21 12 21 12 A 2

I(S) = N0[|fo| - |Do| |fo| ]+ 1/V0|Do| |fo| Z(S) |S(S)|

(8)
where A is the convolution integral, N, is the number of
molecules, v, is the volume of the molecule, and the first term
is a diffuse small-angle contribution caused by random thermal
fluctuations in the number of atoms or molecules in the volume
Vo. The term |f,|2 = f(s) f*(s) is the average molecular form-
factor of the density distribution p(r) in a structural element.
Z(s) is a factor of interatomic distances and Z(r) represents
lattice statistics. Z(s) (also called the interference function)
is the Fourier transform of the lattice statistics which is the
frequency of an occurrence of the distances between two
elements, i and k. Z(r) is also called the pair distribution or
correlation function, G(pi), when multiplied by the density
distribution within a basic element p(r;). The shape factor,
S(s), is the Fourier transform of the lattice form-factor T(r) in
real space which limits the volume of the scattering region
(domain) and defines the density distribution within a finite
regions as p(r) = p(r) T(r) caused by finite sizes of ordered
regions in a polydomain structure.

The intensity distribution I(s) contains the complete infor-
mation concerning the internal structure of matter including
the density distribution in the basic structural elements (the
coordinates of the atoms in molecules, for example), the level
and anisotropy of thermal vibrations, the spatial arrangement
of the molecules, the level of distortions, and the shape and
size of ordered regions. However, such a complete analysis
can be done only for an ideal single crystal. For partially
ordered materials (such as LCs), where the complex shape of
the pair distribution function is unknown, direct application
of the general diffraction eq 8 is impossible. The paracrys-
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talline theory, based on specific assumptions about edge
statistics and independent fluctuations of the unit cell edges
in three dimensions, provides approximate analytical solutions
for Z(r) and relationships for the analysis of partially ordered
structures.’®21-23 This theory has proven valid for the one-
dimensional case and is useful for analysis of three-dimen-
sional systems.18-23

This summary allows an analysis of the level of approxima-
tion used in the computer simulation package employed here.
Computer programs for structural simulation are based on the
“ideal crystal” version of the general diffraction eq 8 or direct
summation of Fourier components (eq 7). Usually, simulation
approaches treat analyzed structures as an infinite, ideal
three-dimensional lattice with long-range positional ordering
of the molecular motif. In such a case, the general diffraction
relationship (8) is simplified to

1(S) ~ 1DI%1f, /% 1S(Spa)® 9)

Broadening of the diffraction peaks due to lattice distortions
and limited sizes of scattering regions is incorporated in the
final I(s) according to known behavior. Another approach
which is applicable to small molecular clusters and isolated
molecules and considers the form-factor F¢(s) of a cluster as a
whole calculates I(s) by

I(s) ~ |D,I*|Fyl? (10)

Both these approaches are used here for simulation of the
X-ray properties of molecular models.

However, for LC systems with high degrees of positional
distortions, the sizes of coherent scattering regions are deter-
mined by the characteristic damping radius of positional
correlations (correlation length). In this case, the scattering
function I(s) is determined by the interference function Z(s)
related to the lattice statistics Z(r) (or correlation function
G(r)). Statistics of the interatomic distances (damping of
correlations) determines the shape of I(s). This approach
requires knowledge of the nature of short-range ordering and
interatomic correlations in simulated systems. Unfortunately,
these capabilities are not found in modern computer simula-
tion packages.

Simulations of X-ray scattering behavior according to eqgs 9
and 10 are based on long-range positional ordering and do not
thoroughly consider positional distortions of molecular order-
ing. These equations do not address the problem of a detailed
description of short-range ordering with high levels of fluctua-
tion typical for a LC state. The paracrystalline approach
describing the lattice distortions as the accumulation of
random fluctuations of a second kind by multiple convolution
of partial distribution functions is not currently integrated
with molecular modeling packages. Two different possibilities
exist in our computer package to imitate short-range ordering
in a simplified way. The assignment of extremely small crystal
lattice sizes (not more that two to four d-spacings) with a very
high value of the distortion factor g (up to 10%) is the first
approach. These parameters are similar to those normally
used for the description of short-range order within the
paracrystalline theory or with the quasicrystalline approach.18-2
The second possibility includes controlled displacements of
selected structural units out of their exact positions in the
crystal lattice (distortions of ideal positions).1” This approach
works if one needs to introduce a microscopic defect with
known internal structure in an ideal crystal lattice (such as
stacking faults), but this approach is not very adequate for
describing short-range order caused by statistical random
fluctuations. Obviously, these oversimplifications of local
molecular correlations result in underestimation of the actual
distortions in nematic phases. This results in systematic
differences between simulated and experimental X-ray scat-
tering.

General limitations of our molecular modeling techniques
are also briefly mentioned. First, molecular models are
minimized to built molecules with the lowest total energy. To
assure this we use several different initial states and use
molecular dynamics cycles followed by energy minimization.
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We believe that our models are reasonably close to the global
minimum and possible deviations do not effect their scattering
properties. However, we cannot exclude that some other
possible conformations can be achieved.

Second, one can expect that for ideal molecular models in
the crystalline state virtually all bonds in the alkyl spacers
should be in a trans-conformation. However, this is not true
for nematic and disordered smectic phases where a substantial
fraction of the bonds adopt a gauche-conformation. In fact,
in nematic polymeric LC phases about /s—/, of atomic bonds
in the spacer groups reside in a gauche-conformation with
g™tg™ type kink defects being very common.?* The presence
of these kink defects with two gauche-conformers per one kink
causes shrinkage of the total length of spacers by 0.25 nm
along the alkyl chain, as demonstrated by molecular model-
ing.?> For 8—12 bonds in two spacers of oppositely oriented
mesogenic groups in compound Il (see Figure 3), one can
expect the appearance of one to two kink defects. Thus, the
total length of the molecules along the director in the nematic
phase could be 0.25—0.5 nm shorter than for the minimum
energy molecular model in a fully extended conformation. As
a result of this difference, one can expect larger geometrical
dimensions and, therefore, larger d-spacings for a simulated
model with fragments in the extended conformation. Indeed,
such overestimation of d-spacings in the c-direction was
frequently observed in our simulations.

Third, various fragments of oligomeric and polymeric LCs
usually possess very different local ordering. For example,
flexible fragments of backbone and spacer groups are much
more disordered as compared to locally ordered rigid mesogenic
groups.>?® This statistical local disordering is not incorporated
in our models. The absence of more disordered flexible
fragments in our models results in the overestimation of the
total positional ordering and underestimation of the rate of
correlation decay. As a result of such underestimation,
simulated X-ray peaks are much sharper than expected for
given sizes of the molecular associations with short-range
ordering. In addition, diffuse background scattering caused
by thermal fluctuations?” is not included in simulated X-ray
patterns at all. These and other differences and consequences
will be discussed in appropriate places.

Results and Discussion

“Monomeric Unit” (Compound I). Low-angle X-
ray meridional scattering of monomeric compound I in
the nematic phase (Figure 3) shows only one strong
reflex at 2.6 nm and very weak broad additional
reflections with d-spacings of about 1.2, 0.8, and 0.6 nm
which are not seen in the meridional profile shown in
Figure 3a. These reflections can be observed visually
on an overexposed image, however. An example of a
model for a single “monomer unit” is presented in Figure
4a, and all structural parameters are collected in the
Table 1. Minimization of the total energy of the
molecule packed in a crystal lattice led to the following
parameters of the unit primitive orthorhombic cell I: a
= 0.62 nm, b = 0.38 nm, ¢ = 2.62 nm, and density of
1.08 g/cm3. The main axis of the molecule is oriented
along the c-edge. If we allow variation of the angle a
of the unit cell, the new set of parameters are slightly
different: a =0.68, b =0.38, ¢ = 2.72, oo = 65° with a
density of 1.05 g/cm? (cell 11 as shown in Figure 4). The
c-size of both unit cells is very close to the experimen-
tally observed value of d-spacing in the meridional
direction of 2.62 + 0.1 nm. The lattice energies of both
cells are also very close. However, the second “skewed”
cell predicts a splitting of the low-angle X-ray reflex with
a splitting angle ¢ = 25° that is close to the X-ray
pattern observed experimentally. The simulated two-
dimensional X-ray pattern for the unit cell Il of com-
pound | with lattice parameters shown above is pre-
sented in Figure 4b (for comparison with experimental
results, see ref 14).
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Table 1. Structural Parameters of LC Compounds in the Liquid Crystalline Phase®

di, nm dz, nm ds, nm D, nm L¢, nm Je, % P>
Compound |
experiment 2.62 1.23 0.81 0.49 14 none 0.54
modeling 2.47-2.62 1.23-1.31 0.82—0.87 0.38—0.68 10-15 5 0.6
Compound Il (Nematic)
experiment 2.58 1.38 0.91 0.53 28 4 0.7
modeling 2.7-3.0 1.44-1.59 0.9-0.97 0.5 25-30 - 0.6
Compound Il (Smectic Phase)

experiment 2.38 131 0.90 0.46 49 none 0.67
modeling 2.78 1.39 0.92 0.4-0.7 40 1 0.6

ad; is spacing for the first three low-angle X-ray reflections (c-direction of the unit cell or direction of the main axis of molecules); D
is spacing of wide-angle reflex (a- and b-directions); L. and g. are size and distortion parameters of ordered associates along the c-direction,

P, is orientational ordering parameter.

R a

Fiber Diffraction

Radiation used XRAY

Wavelength 1.5418 b
Tilt angle 0.0000

monoc8004 FLAT-PLATE

Figure 4. Molecular model of compound | packed in cell 11
(a) (the c-axis is horizontal) and a two-dimensional fiber X-ray
diagram simulated for this unit cell (b) (the c-axis is vertical).

To fit simulated X-ray patterns with the experimental
data (intensities of various orders of reflection, width,
and azimuthal spreading of the low-angle reflection),
we used a lattice factor with very small lattice sizes (Lap
=2 —3 nm) and large distortion (g = Ad/d = 10%) along
the a- and b-axes. The limited sizes of ordered regions
and very high level of lattice distortions required to
simulate experimental data reflect short-range lateral
ordering of liquid type typical for nematic phases.?® For
the structural parameters of the crystal lattice along
the c-axis the best match can be obtained using L. =
10—15 nm and g = 5—10%. These parameters indicate
short-range longitudinal correlations in the nematic
phase of compound I. Short-range ordering in the
c-direction of the crystal lattice is expanded over four
to five neighboring molecules. The optimal orientational
parameter of molecules, P, used in these simulations is

in the range of 0.6—0.7, which is close to experimental
observations (Table 1). The size of the ordered regions
along the c-axis obtained from molecular modeling
(within 10—15 nm) covers the experimental value (14
nm) as well (see ref 14). Thus, for “monomeric” com-
pound I, a model of the mesogenic group without the
siloxane ring, the observed X-ray scattering phenomena
can be easily explained by the formation of a distorted
lattice with a primitive unit cell and short-range posi-
tional ordering of molecules along the all axes.

Cyclic LC (Compound I1). A detailed analysis of
X-ray properties was also completed for compound 11,
a five-membered ring with similar pendant mesogens
as compound I. X-ray meridional scattering shows a
very strong and relatively sharp peak at 2.6 nm and
several additional, very diffuse, periodic weak halos of
which the 0.9 nm reflection corresponds to the highest
intensity (Figure 3b).1* At a lower temperature, this
compound displays a smectic phase with a slightly
shorter d-spacing of 2.4 nm although the primary
reflections peak intensity is an order of magnitude
higher than in the nematic phase. In addition, a second-
order smectic layer peak is observed superimposed on
the the second diffuse reflection.

To test the spatial properties of these molecules in
real space, pair correlation functions, G(r), were calcu-
lated for the molecular models of a single molecule
(Figure 5). Analysis of total pair correlation function,
G(r) (Figure 5a), shows a sharp peak at 0.15 nm
corresponding to a standard set of the overlapped short
interatomic distances for C—C, C—0, C=0, and Si—O
bonds and second sharp peak at 0.25 nm for C—C—C,
C—0—C, and similar distances. Additional broad and
less intensive maxima at 0.5, 0.7, 0.9, 1.2, 1.7, (weak),
and 2.3 nm (weak) correspond to sets of intramolecular
and intergroup distances along and transverse to the
main molecular axis. Apparently, this set of interatomic
distances is significantly affected by strong partial
contributions of intramolecular distances associated
with “heavy” Si atoms concentrated in the ring. To
estimate the significance of these contributions and
their role in the statistics of interatomic distances, we
calculated modified functions G(r) for the same single
molecule but with all Si atoms replaced with carbon
atoms and partial correlation functions Gsi—o(r) and
Go-o(r) (Figure 5b—d).

As observed in Figure 5b, peaks on G(r) below 0.8 nm
remain almost unchanged after replacement of the Si
atoms with lighter carbon atoms. On the other hand,
the peak at 0.9 nm completely disappears and other
maxima at r > 1.3 nm are almost completely smoothed
out; the analysis of the partial correlation functions
Gsi-o(r) and Go-o(r) (Figure 5c¢,d) shows that Si—O and
O—0 distances significantly contribute to G(r) peaks in
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Figure 5. Pair correlation functions [G(r)] for molecular
models of compound I1: (a) G(r) for compound 11, (b) G(r) for
an analog of compound Il with all Si atoms being replaced
with carbon atoms, (c) Gsi—o(r) for compound 11, and (d) Go-o(r)
for compound I1.
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the range of 0.6—1, 1.3—1.7, and 2.3 nm. These peaks
are caused mainly by the distances between the siloxane
rings and central parts (COO groups) of the attached
mesogenic groups. Thus, the presence of heavy Si atoms
emphasize these contributions in the total statistics of
interatomic distances G(r). The partial statistics of
Si—0 and O—O0 intramolecular distances [Gsj-o(r) and
Go-o(r)] causes the presence of singularities on G(r) and
the form-factor (scattering function) of molecular as-
sociates, as will be discussed next.

Distribution of X-ray intensity along the meridional
direction for an isolated molecule or a group of molecules
is a form-factor of molecular association calculated by
the Fourier transformation of electron density projected
on the c-axis according to eq 4. To simulate the X-ray
properties of possible associations of molecules in the
nematic phase of compound I1, we built a single row of
aligned molecules (a “string”), as shown in Figure 6. The
mutual arrangement and the number of molecules in
the string are varied to reach the best fit to experimen-
tal data. Figure 6a shows an example of X-ray meridi-
onal scattering for a simple association of two molecules
in a single string model. A gradual decrease of peak
intensities versus scattering angle is observed for this
model which contradicts experimental observations
(Figure 3). Thus, a single string or head-to-tail packing
of molecules in a row along the c-direction does not
produce the modulation of meridional scattering ob-
served experimentally for the nematic phase of cyclic
compound I1I.

Only a more complicated association of the cyclic
molecules with correlated arrangement of two rows of
molecules shifted along the c-direction on a half of the
molecular length (“double string”) can produce a distri-
bution of peak intensities close to the experimental
observations for the nematic phase of compound 11 (for
d-spacings see Table 1). An example of such association
of two cyclic molecules and resulting X-ray meridional
scattering are presented in Figure 6b. The intensities
of the peaks on the X-ray curve are modulated with the
first peak being the most intensive and the third peak
with d-spacing about 0.9 nm having high intensity. The
actual intensity of the first peak at 2.7—3.0 nm on
simulated curves cannot be estimated unambiguously
because of its proximity to zero scattering (scattering
at small angles caused by the shape of molecules as a
whole?%). The cylindrical approximation used in the
program can result in partial suppression of scattering
in the “small-angle” region. For our model the first peak
has intensity 50—100% higher than the intensity of the
third peak, which is slightly lower than that observed
experimentally.

Two other features of the simulated X-ray curves
reflect differences between short-range ordering of
actual LCs and our molecular model. First, although
the width of reflections fit nicely to the experimental
ones, peaks themselves are much sharper than on the
experimental curves (Figures 3 and 6). This is caused
by different profile shapes: almost pure sinusoidal
peaks for the computer model and Lorentz shape
profiles typical for LC systems.2°=3! Lorentz profiles of
experimental reflections have much wider wings caused
by fast damping of positional correlations described by
Debye correlation function for many mesomorphic poly-
meric systems® given by

G(r) ~ exp(—x/&) cos(2sd) (12)

where ¢ is a correlation length. As a result, experimen-
tal X-ray reflections for partially ordered systems with



8712 Tsukruk et al.

3
5 a

2 i § 8 10

2theta (degrees)

SRS T

Macromolecules, Vol. 29, No. 27, 1996

x103 b

-2

-4 _

T 1
é 8 10 12

N
.

2theta (degrees)

=S N bvonea
=gt evomienn

x103

-2 4

-4 _|

)
6

N~
s

2theta (degrees)

T
SRR TR

Figure 6. Meridional scattering simulated for a single-string model of the nematic phase of compound 11 (a), skewed association
of two molecules (b), and the double-string model from four molecules total (c) of model compound I1.

short-range ordering are much more diffuse than simu-
lated ones. Partial overlap of the peak wings of the
neighboring reflections creates a strong diffuse back-
ground (Figure 3). The absence of spatial decay of
positional ordering in our model is a key reason for
overestimation of the reflex sharpness and underesti-
mation of the diffuse scattering background. Second,
our computer modeling completely ignores complicated
small-angle contributions caused by thermal fluctua-

tions of the number of atoms in a given volume. This
contribution is determined by the compressibility of the
matter and thus is high in liquid and gases and low in
solids.?” This contribution is a rising function of a
scattering angle, and its overlap with a scattering
contribution caused by local inhomogeneities may result
in a broad diffuse halo expanded over the total low-angle
range. This phenomena is frequently observed for
partially ordered LC and polymer systems.6.18.27
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Figure 7. Sketch of molecular packing for double-string
association from 10 cyclic molecules total of compound I1.

Increasing the number of molecules associated in
“double strings” results, as expected, in sharper X-ray
peaks. This is demonstrated for the association of four
molecules in Figure 6¢c. The number of molecules tested
for the double-string models was in the range of two to
eight. Comparison of our simulations with experimen-
tal data (see ref 14 for detailed analysis) allows an
estimate of the number of molecules in the double string
to be in the range of 10—12 for compound Il in the
nematic phase. This means that there are up to five to
six cyclic molecules packed in the row in the c-direction
with another row of five to six molecules packed side-
by-side and shifted on a half-molecule (see a sketch of
molecular packing for 10 molecules total in the double
string in Figure 7).

We can speculate that this type of association may
be caused by the specific shape of cyclic molecules with
two and three mesogenic groups on different sides of
the central ring (Figures 3 and 7). For this arrange-
ment, a density deficit on one side of the central ring
and steric limitations on the dense packing of molecules
favor alternating packing of molecules. The simplest
way to fullfill this requirement is the association of
neighboring rows which results in the highest density
of molecular packing with five mesogenic groups per
“period” (Figure 7). An additional factor can be strong
dipole—dipole interaction between mesogenic groups
that promotes antiparallel packing of these groups
belonging to neighbor molecules.?

Analysis of two-dimensional X-ray scattering from
this double-string model shows that it reproduces not
only the intensity modulation along the meridian but
also the roof-like shape of reflections elongated along
the layer plane observed for the oriented nematic phase
of compound 11 (Figure 8a).1* Distortion of the orien-
tational order of molecules was simulated by using an
orientational parameter, P, in the range 0.6—0.7 that
corresponds to local deviations of molecular axes within
+30°. The resulting “real” X-ray pattern closely matches
the experimental fiber diagram (see ref 14 for experi-
mental data) and simulated orientational parameter is
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Figure 8. Two-dimensional X-ray diagram simulated for the
double-string model of compound Il with ideal orientational
ordering (a) and with the level of disorientation P, = 0.6 (b).

close to the
Table 1).

To clarify the influence of the high concentration of
the Si atoms in the central ring on the resulting X-ray
properties of cyclic LC molecules, we compare the
meridional scattering for a double-string model com-
posed of cyclic molecules with a central Si—O ring (total
atomic weight of the group is 44), C—O0 ring (total atomic
weight of the C—0O group is 28), and C—C ring (total
atomic weight of C—C group is 24) and with the ring
completely removed (Figure 9). The meridional scat-
tering with modulated intensity observed for the Si—O
central ring compound is preserved for the compound
with the Si atoms replaced by carbon atoms, although
the intensity of peaks decreases significantly (about
50%) (Figure 9a,b). Replacement of all oxygen atoms
in the ring with lower scattering power carbon atoms
results in a further reduction (20%) of modulated
meridional peaks (Figure 9¢). The intensity of the first

experimental value (Figure 8b,
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Figure 9. Meridional scattering simulated for the double-
string model from four molecules of compound 11 (a), compound
Il with Si atoms replaced with carbon atoms (b), compound 11
with Si and O atoms replaced with carbon atoms, and
compound Il with removed central ring (d).

peak remains almost unchanged. Finally, removing the
central ring results in complete disappearance of char-
acteristic reflections: only the strong first peak and
weak modulations of background scattering are ob-
served (Figure 9d). Thus, we can conclude that the
presence of the cyclic ring with high local concentration
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Figure 10. Molecular model of compound Il in the smectic
phase packed in the orthorhombic unit cell (a) and “powder”
X-ray diagram simulated for this unit cell (b).

of Si—O atomic groups with strong scattering power is
critical for the appearance of these low-angle periodic
diffuse X-ray reflections with significant intensity.
Weaker low-angle X-ray scattering phenomena for si-
loxane LC polymers®15 are probably the result of the
intensity of X-ray reflections being smeared due to the
spreading of flexible siloxane fragments. Cycling of the
siloxane groups into more compact rings hinders rota-
tion and restricts mobility of the Si—0O units relative to
a linear chain resulting in a high localization of strong
scattering groups. This localization of the specific
density distribution promotes the high intensity of these
low-angle X-ray reflections. However, we have to point
out that for siloxane linear LC polymer with identical
mesogenic groups, the intensity of the periodic low-angle
reflections is fairly strong (see experimental data for LC
polymer with identical mesogenic groups in ref 14). For
this case, an additional factor that must be considered
is the presence of the long mesogenic groups which
stabilize the local longitudinal ordering and, therefore,
localization of the siloxane fragments.

To explore an alternative approach to simulate the
X-ray data, we used the lattice approximation (long-
range ordered crystal lattice) given by eqs 7 and 9. The
cyclic molecules were packed into a distorted lattice and
the lattice energy was minimized (similar to the proce-
dure employed for compound I; see above). The results
of the best fit was a body-centered orthorhombic unit
cell with parameters a = 0.67 nm, b =1.8 nm, and ¢ =
5.56 nm and a density of 1.04 g/cm?3 (Table 1). This type
of molecular packing and X-ray isotropic scattering for
this model of packing are presented in Figure 10. The
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cyclic molecules packed into the body-centered orthor-
hombic unit cell causes the appearance of even [(002),
(004), (006), and (008)] orders of reflection along the
c-axis with periodicities fairly close to those observed
experimentally (Table 1). d-Spacings for molecular
models are usually 0.1—0.3 nm larger than the experi-
mental values due to the extended conformation of our
computer models, as discussed above. In addition,
modulation of the intensities of high order of reflection
is close to that experimentally observed. However, the
intensity of the (002) order is an order of magnitude
higher than the other reflections and the (006) reflex
constitutes only a small fraction of the total intensity
(Figure 10). This contradicts the experimental observa-
tions for compound I1 in the nematic phase (Figure 3).14
Attempts to “improve” the fit by introducing additional
distortions along the c-axis made this discrepancy
worse. Therefore, the “lattice” approach does not rep-
resent molecular packing in the nematic state because
of an overemphasis of positional ordering in computer
models of a perfect crystal lattice.

However, this lattice model does fit the experimental
X-ray data for compound Il in the smectic phase (Figure
3c) nicely. The ratio of the intensities of the first order
and other reflections, modulation of intensities, and
d-spacings all are close to experimental observations
(Table 1). The best fit can be obtained for a lattice size
of 40 nm and a distortion factor of g = 1% in the
c-direction that is close to the parameters deduced
directly from experimental data (Table 1).* That
corresponds to the expansion of positional correlations
over 14 molecules in the c-direction which is a lower
limit expected for polymeric smectic phases.3031 | ocal
molecular arrangement for this model is very similar
to the double-string association proposed for nematic
phase (compare Figures 6 and 10). It is also interesting
to note the presence of the sharp Bragg reflexes over-
lapped with the second diffuse periodic reflection slightly
out of register with the Bragg periodicity from the one-
dimensional smectic lattice (see insertion in Figure 3c).
This phenomena indicates significant contributions of
both factors in total scattering: sharp peaks arising
from the interference function of a one-dimensional
layer lattice [Z(s) in eq 8] and more diffuse contributions
arising from the molecular form-factor [f(s) in eq 8]. Our
molecular modeling cannot provide further insight on
this issue, but our results underline a very close
similarity of the local molecular association in the
double strings in the nematic phase and the layer
ordering of cyclic molecules in the low-temperature
smectic phase.

Conclusions

The analysis of computer simulations of X-ray proper-
ties of oligomeric LC compounds with mesogenic groups
attached to the siloxane central ring shows that the
presence of strong low-angle X-ray reflections in nematic
phases is caused by local association of the molecules.
The cyclic molecules form double-string associations
with up to six molecules packed in a single string (or
up to 12 molecules total). This type of association can
be related to the specific shape of cyclic molecules with
two and three mesogenic groups on different sides of
the central ring that favors alternating packing of
molecules because of a density deficit on one side of
central ring and steric limitations on the dense packing
of molecules.

The presence of the cyclic ring with high local
concentration of Si—O atomic groups with strong scat-
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tering power turned out to be critical for appearance of
low-angle X-ray reflections with significant intensity.
Cycling of siloxane groups into short rings hinders
rotation, restricts the mobility of entangled “backbones”,
and results in a high localization of high scattering
Si—0 groups. This phenomena enhances the specific
density distribution caused by singularities of correla-
tion functions because of strong contributions of Si—O
and O—0 interatomic distances (ring-mesogenic groups)
and promotes high intensity of low-angle X-ray reflec-
tions. The intensity of similar X-ray reflections ob-
served for conventional siloxane LC polymers is smeared
because of spreading of unrestricted flexible siloxane
fragments.

Finally, we can conclude that computer simulation of
X-ray properties of partially ordered systems should be
carried out with caution. The programs use the “lattice
approximation” that is valid and works quite well for
perfect crystal lattices and highly ordered mesophases
like smectics. However, this approach underestimates
local distortions of positional ordering and cannot
describe adequately short-range molecular ordering of
nematic phases. Application of straightforward calcula-
tions of form-factor of molecular clusters can reproduce
major features of X-ray scattering patterns but falls
short of describing many fine details such as diffuse
background scattering, peak profiles, and exact d-
spacings. The development of new computer simulation
procedures based on the diffraction theories of disor-
dered systems is required for further progress.
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