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The choice of lateral and terminal substitution can have a major influence on the structure of
a liquid crystalline supermolecule, which in turn can induce radically different phase
behaviour. In this study we use molecular dynamics simulations to investigate the shape of a
liquid crystal dendrimer within a liquid crystalline solvent. A coarse-grained (CG) simulation
model is employed to represent a third generation dendrimer in which 32 mesogenic groups
are bonded to chains at the end of each branch of the dendrimer. In this CG-model the liquid
crystal groups can be appended either terminally or laterally. This bonding option is used to
generate the structure of four separate systems: (a) a dendrimer with 32 terminal mesogens,
(b) a dendrimer with 32 laterally appended mesogens, (c) and (d) dendrimers with 16 lateral
and 16 terminal groups represented with laterally bonded sites on one side of the molecule,
model (c) or next to terminally bonded sites, model (d). The simulations show that the
dendrimer is able to change shape in response to molecular environment and that the
molecular shape adopted depends critically on the nature of the lateral/terminal susbstitution.

1. Introduction

In macromolecular and supermolecular liquid crystals,
the orientation of rigid mesogenic groups within the
molecule is already known to have profound effects on
phase behaviour. For example, in a side chain liquid
crystal polymer, changing from terminal to lateral
substitution leads to nematics being favoured over
smectic mesophases [1-3]. This situation is repeated in
liquid crystalline multipedes, where a switch from
terminal to lateral substitution also leads to nematic
rather than smectic phase formation [4]. However, the
influence of lateral and terminal orientations is not
always easy to predict and depends crucially on the
molecular organization of each part of the molecule in
the bulk. In all these cases, a change in molecular shape
dramatically influences how molecules can pack, with
the change to terminal substitution facilitating a
coupling between the bulk structure of the molecule
itself and the phase that forms. The influence of shape
in liquid crystal supermolecules has been recently
summarized in an excellent review by Saez and

Goodby [5].
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386 1127. Email: mark.wilson@durham.ac.uk

The preferred structures of liquid crystal supermole-
cules are quite difficult to probe experimentally. If
molecules form smectic or columnar phases, X-ray and
neutron diffraction studies provide a mechanism for
measurement of layer (or column) spacings. However,
this does not always allow the tertiary structure of the
molecule itself to be deduced. Moreover, within fluid
phases, such as nematics and chiral nematics, even with
partial deuteration and neutron diffraction, it is difficult
to obtain information about three-dimensional molecu-
lar structure. Molecular simulation, at least in principle,
provides a means of studying complex stuctures within
the framework of a coarse-grained (CG) simulation
model. (Here the preferred tool of choice, atomistic
simulation, is prohibitively expensive to use because of
the difficulty in accessing the systems sizes and time
scales needed.) Most recently in this area, CG models
have been employed to examine the bulk phase of a
side chain liquid crystalline polymer [6] and a model
carbosilane dendrimer [7].

In recent work [8] the current authors have simulated
a model liquid crystalline dendrimer (LCDr) containing
terminally attached mesogens, dissolved in a low
molecular mass liquid crystalline solvent. The former
consisted of a model carbosilane dendrimer simulated at
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a semi-atomistic level in which the main part of the
dendrimer was represented by spherical Lennard—Jones
sites situated at each heavy atom; and the mesogens
(within the dendrimer and representing the solvent)
were simulated by means of anisotropic Gay-Berne
sites. The simulations demonstrated an interesting
coupling between the stucture of the dendrimer and the
orientational order of the solvent molecules [8] such that
the dendrimer molecule was able to undergo conforma-
tional changes to adopt a rod-like shape within a nematic
solvent. Rod-shaped structures such as those seen in this
study have been suggested as being responsible for the
formation of smectic phases of LCDrs [9].

The purpose of the current article is to investigate the
role played by terminal and lateral substitution in
influencing the structure of such a dendrimer. As shown
below, lateral substitution changes the shape of the gas
phase structure of the dendrimer. However, it is also
expected to influence how the dendrimer changes its
molecular structure in response to a change in
molecular environment. While this is of interest in
itself, it should also be noted that LCDrs can be used
in nematic liquid crystal phases (dendrimer-filled

X
/
X_SI\MG

nematics) to produce polarizer-free liquid crystal dis-
plays [10, 11], which function by controlling light
scattering. In this case, application of an electric field
causes realignment of nematic domains within the
structure, providing switching from a scattering to a
transparent mode. Lateral substitution of the dendrimer
may be expected to alter significantly the structure of
the nematic fluid surrounding the dendrimer.

The arrangement of this paper is as follows: the
simulation models used in this work simulation model
are described in §2, results for the structure of the four
dendrimers studied in a nematic phase are presented in
§3, and conclusions are drawn in §4.

2. Simulation model for a liquid crystalline dendrimer

The simulation model used is based on a simplified
structure for a third generation carbosilane dendrimer.
Although, intended as a ‘generic model’ to study the
role of terminal versus lateral substitution, the chemical
structure employed closely mimics that of a real
terminally substituted dendrimer as synthesized by
Shibaev and co-workers [9] (figure 1). In the model,
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Figure 1. Chemical structure of a third generation carbosilane dendrimer.
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Figure2. Schematic diagrams showing the branching points, connecting chains and 32 terminal mesogenic groups for the four
models A-D. Together, the branching points and connecting chains for each molecule are represented by 781 Lennard-Jones sites.

each heavy atom (silicon, carbon and oxygen) in
figure 1 is replaced by a single united atom Lennard-
Jones (LJ) site (which incorporates any hydrogens
attached to these atom), and the cyanobiphenyl unit
plus the ester connecting group are replaced by a Gay-
Berne (GB) potential [12]. This gives a total of
N](}J) =781 LJ sites and N8%=32 GB sites in the model
dendrimer. This paper simulates four separate dendri-
mers, with the generic structures shown in figure 2.
Model A uses 32 terminally bonded mesogens and was
studied initially in a preceeding paper [8]. Model B uses
32 laterally bonded mesogens. Model C uses 16 terminal
and 16 lateral mesogens with the lateral mesogens all
grouped on one side of the molecule. Model D also uses
16 terminal and 16 lateral mesogens but with laterally
and terminally bonded mesogens on adjacent branches
as shown. All dendrimers are considered within a liquid
crystal solvent.

The building of the initial dendrimer structure
required a multi-step process as described in our initial

study of model A [8]. In brief, we started from a relaxed
molecular structure produced from extensive internal
coordinate Monte Carlo calculations [13] of a carefully
built atomistic molecular model of figure 1. Hydrogen
atoms were removed and each heavy atom was
replaced by a single L1J site. In the initial Monte Carlo
simulations the mesogenic groups were replaced by rigid
rods of Lennard—Jones particles and these were in turn
replaced by Gay—Berne particles in the final model. The
final stage of preparation involved equilibration in the
gas phase using molecular dynamics with the united
atom force field described below, immersion in an
already equilibrated Gay-Berne nematic phase, then
further equilibration over a 4ns time period. Models
B-D were generated by gradually perturbing model A
into the required stuctures in the liquid phase. This was
achieved by perturbing the equilibrium bond length to
the mesogens and the equilibrium ‘gb-angle’ (see below)
to the appropriate ones for each model, over a series
of small pertubation steps. These models were then
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subjected to further equilibration in the nematic phase
over several ns.

The model dendrimers use three types of non-bonded
interactions: LJ-LJ, GB-GB and LJ-GB. For the LJ
sites, values of 61;=3.93A and ¢ /kg=47K (taken
from [14]) were used, which are appropriate for a united
atom hydrocarbon model, and the cut-off distance for
the potential was set to rc,1=9.8A (=2.5013). For the
GB sites we use the cut and shifted form of the potential
studied by Brown and coworkers [15], employing a
length/breadth ratio k=3.5 and a side-to-side/end-to-
end well depth ratio of x'=5. To scale to real units,
values of 6Gp=3.829 A (estimated from the dimensions
of the mesogenic unit) and egp/kp=406.15K (from [16])
were employed and the cut-off distance was set at
rC,2=22A (=5.750Gg). The extended GB potential [17]
was employed to describe the LJ-GB interactions. Here
we used oLj/Gp= (oéB—HrfJ)l : J2~3.88A and &y
G=(egReLy) 2~138.16 K, with ‘a cut-off distance of
r.3=16.5 A. All non-bonded potentials were shifted at
the specified cut-off distances. The three cut-off
distances were chosen to give approximately the same
maximum numerical error for the potential at the cut-
off (the maximum error corresponds to an end-to-end
separation in the GB potential and at a point along the
GB-axis vector in the LJ-GB interaction).

The intramolecular interactions are described by a
simple harmonic force field of the form

ki on
Eintra= Z b2 d (1 — leq)z
bonds

k'dl’l € k —angle
+ Z 2gl (G_Heq)2+ Z%(egb_egb—eq)z (1)

angles angles

+ Y (a0.an+ar ain €OS §+ay ain COS” §+as_gin OS> P).

dihedrals

Here, terms 1,2 and 4 of equation (1) are standard terms
in a normal harmonic force field for a united atom
system, and the parameters in these terms take their
usual meaning [18]. The parameters are fixed by
reference to the branched-alkane force field of Vlugt
et al. [14]. The third term in the force field, the ‘gb-angle
term’ was introduced by Wilson [18, 19] in simulations
of liquid crystal dimers. It allows for a Gay-Berne
particle to be conveniently bonded to a Lennard—Jones
site via the centre of the Gay—Berne, while avoiding free
rotation of the latter. 0,, represents the angle between
the Gay-Berne long axis and the bond between the
Gay-Berne and the Lennard—Jones site. Consequently,
the force constant kg, angle resists deformation of this
angle, thereby restricting rotation of the Gay-Berne
particle. In molecular dynamics simulations changes to
Oy, away from the equilibrium angle 0Oy, oq lead to

forces on the centres of each site and a restoring torque
on the Gay-Berne site. In this work the four models
differ only through different values of the angle Oy, g
and the equilibrium bond length between Gay—Berne
and Lennard—Jones particles /.4, as appropriate to
terminally and laterally bonded particles. The full set
of parameters used in the simulation is summarized in
table 1.

The solvent was modelled by GB sites with the same
parametrization as those of the LCDr end groups. In
this work we used 4441 solvent sites for all the mixture
work. The simulations were carried out in the constant-
NVT ensemble with a time step of 1fs using the
GBMOL_DD [20, 21] parallel molecular dynamics
simulation program. The simulation temperature was
T=400K, corresponding to a reduced temperature of
T*=kpT /ef®=0.984, and the simulations were carried
out at a reduced density of p*=N* (ag’B)i/Vzo.MS.
Allowing for the volume of the dendrimer, this
corresponds to a nematic phase for our Gay-Berne
parameterization, as expected from the work of Brown
et al. [15] for GB potentials with the same value of k'=5
and similar values of k (k=34 and k=3.6). For
convenience we use the same mass and moment of
inertia of the solvent GB particles as for those in the
dendrimer, this gives a system density in SI units of
1309kgm*. For model A we carried out 3ns of
additional simulation beyond the 4 ns performed in the
original study. For models B-D all analysis was carried
out over run lengths of approximately 6ns, which
followed the equilibration procedure discussed above.

Tablel. Summary of force field parameters used in this
study.

Parameter Value
Mass(GB) 2.9557968 x 10~ k/f
Moment of inertia 0.27305x 10723 ke 2
Mass(LJ) 0.2324784 x 10 kg
-t 1.53A

1L -G8 terminal 7.46 A

LGB lateral 3.8A

Kbond 361.291 x 1070y A2
Ocq 113°

angle
Ogb—eq terminal

86.29 x 10 2% Jrad 2
OO

Ogb—cq lateral 90°

ab—angle 86.29 x 102 Jrad 2
aolkg(non-branched) 1009.728 K
ai/kg(non-branched) 2018.466 K
ar/kg(non-branched) 136.341 K
aslkg(non-branched) —-3164.52K
ap/kg(branched) 1.394K
ay/kg(branched) 2.787K
a-lkg(branched) 0.188K
aslkg(branched) —4.369 K
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Each ns required approximately one week of CPU time
on AMD Athlon MP processors.

3. Results and discussion

Orientational order in the mixture was monitored by
means of four uniaxial order parameters. The general
formula

S=<{P(cos ;) (2)

applies to each, where 0; is the angle between the long
axis of the GB particle, ¢;, and the director. The latter is
defined differently for each order parameter. For the
total order parameter, Sy, the average in equation (2)

is performed over all N((311)3 +N((321)3 sites with the director
defined globally. Sy, is measured for dendrimer GB
sites only, using their own local director. Sy, is defined
in the same way but by averaging over solvent GBs.
Finally, Sy is defined by averaging over all dendrimer
GB sites, but measuring 0; with respect to the director of
the solvent. In all cases, measured values of S,,;x and
Ssorv are almost identical, as the number of mesogens in
the solvent outweigh the number in the dendrimer by a
factor of ~139 x, so we quote only the former below.

The order parameter results from the production runs
are summarized in figure 3 and the mean values are
quoted in table 2. Sgen, and Sy are found to very similar
in each model. The average values of Sy in the table are
only 0.02-0.03 smaller than the values for Sgep,
indicating that, in each model, the preferred direction
of order of the mesogens is along the director of the
nematic solvent. For all models, conformational
changes, which allow the dendrimer as a whole to
change structure, can allow the mesogens to align on
average with the surrounding nematic fluid. Such
behaviour has been predicted already by theory [22,
23]. Moreover, it has been postulated in several
experimental papers that dendrimers of this type are
sufficiently flexible to undergo quite large changes in
shape in response to the anisotropy of their environ-
ment [24]. The results presented here provide additional
support to this view.

During the course of the simulation runs we see quite
large fluctuations in the values of Sg., and Sy, as a
result of large scale conformational rearrangements.
The fluctuations are largest for models B and C, where
we occasionally see Sgen and Sgs dropping to almost
zero. We note also that Sy., and Sy for model A are
considerably larger than for the other three systems, and
the average values for these quantities approach the
value of Sy,;«. The reasons for the different behaviour is
discussed further below.

1.0—+—- | - | I

1 Modsl A |-

00—
0 1000 2000 3000
time / ps

10—~

0.0 71
0 2250 500 6750
time / ps

1.0 PREE S (i W T I Y S

i 0.5

0 2250 4500 6750
time / ps

1.0 PR TR P W |

1 Model D |-

00171
0 2250 4500 6750
time / ps

Figure3. The time dependence of the global system order
parameter, Spix (black dotted line); local LCDr order
parameter, Sg., (grey bold line); and the order parameter of
the LCDr with respect to the solvent, Sy (black bold line)
during simulations in a nematic solvent.

The mean dendrimer shape can be assessed by
plotting the density distribution parallel, p;(r), and
perpendicular, p, (r), to the solvent director. p (r) and
p 1 (r) are defined within the cone-like sectors limited by
the angle 6=n/6 around the head and tail directions of
the nematic director for p(r), and within the sector with
the values for 0 € [n/3, 2n/3]rad for p,(r); where 0
corresponds to the polar angle in the spherical
coordinates with the z-axis (#=0) coincident with the
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Table2. Mean and standard deviation of order parameters,

Sden and Sd/s and Smix~

M. R. Wilson et al.

Model Sden Sd/s Smix

A 0.65+0.06 0.62+0.08 0.68+0.01
B 0.39+0.08 0.36£0.09 0.67+0.02
C 0.44+0.08 0.42+0.08 0.68+0.02
D 0.49+0.09 0.46+0.09 0.68+0.01

director. p(r) and p, () are shown for each model in
figure 4 and also for model A in the isotropic phase.
Here for comparison purposes the mass of the Gay-
Berne has been distributed over 11 sites along the long
axis of the particle. From figure 4 it is evident that for
each model dendrimer, the surrounding nematic phase
influences the overall tertiary structure. Changes in the
conformation of the alkyl chains allows the dendrimer
to become slightly rod-shaped, as witnessed by the
difference in the distribution of the outer segments of
the dendrimer and the mesogens in parallel and
perpendicular directions. This effect is particularly
noticable for model A, where p|(r) and p, (r) for the
mesogens are very similar in the liquid phase but very
little of the density appears within p , (r) for the nematic
phase. Moreover, for all systems, the lines correponding
to the mesogenic density extend to longer distances for
py(r) in comparison with p, (r).

The reasons for these differences become apparent if
snapshots of configurations from each model are
viewed, see figure 5. The mesogenic groups align with
the surrounding nematic fluid and this has the effect of
perturbing the dendrimer structure overall. For model
A, figure 5(a), with wholly terminally bonded meso-
gens, the dendrimer is able to form a rod with the
mesogens excluded to each end of the dendrimer. Here
we are obtaining a strong thermodynamic selection of
conformations enhancing rod-shaped structures over
spheres. This type of rod-shaped structure has been
suggested to be responsible for smectic A phase
formation in carbosilane dendrimers with terminally
bonded mesogenic groups [24]. In such a system, a rod-
shaped structure, with mesogens together at the two
ends of the molecule, enhances microphase separation
in the bulk thereby stabilizing smectic phases.

In contrast to model A, in model B the alkyl chains
are unable to rearrange as freely. Here, laterally bonded
mesogens can not easily lie at two ends of the dendrimer
and still be orientated along the solvent director.
Consequently, in model B although the mesogens are
able to rearrange to lie along the director, their
positions remain distributed over the surface of the
dendrimer. In models C and D, with equal numbers
of laterally and terminally bonded mesogens, an

0.1 ; T T

 0.06} ! .
0.04]

0.020 1|

Model A |
Nematic

Model B |

Nematic

0.05

0.1

T
Model C
Nematic

0.08 |
o 0.06f |
0.04

0.02H 1 ¥

0.1
0.08
2 0.06/ |
0.04}

0.02f

Figure4. The density distribution functions, p(r) (black
lines) and p , (r) (grey lines), in arbitrary units, for separate
parts of the dendrimer for distances measured relative to the
central atom in the dendrimer core. Bold line — dendrimer
core, dotted line—mesogens.
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Figure 5. Snapshots taken from simulations of models A-D in the nematic phase. (¢) Model A; () model B; (¢) model C; (d)
model D. Spherical sites are shown in white and Gay-Berne sites in grey.

intermediate situation is seen. Here, the terminally
bonded mesogens migrate to the ends of the dendrimer
and the laterally bonded mesogens occupy the surface.
Interestingly, it appears to be far easier to achieve this
for model D, where terminally and laterally bonded
mesogens alternate. In this model there is clearly less
steric hindrance and the terminal mesogens can migrate
to both ends of the dendrimer. In model C, a Janus-type
mesogen, the terminally bonded mesogens must remain
on one side of the dendrimer rod. As a consequence of
this, the mean values of Sg., and Sy are slightly lower
in model C compared with model D.

From both the snapshots and a comparison of p(r)
and p | (r) in figure 4, it is clear that the non-mesogenic
parts of the molecule are also perturbed by the presence
of the nematic phase. The alkyl chains are extended

slightly along the director, with the tail of the density
distributions extending by 3-5 A. It seems likely that the
alkyl chains fulfill an important role for liquid crystal-
line dendrimers in allowing an optimum arrangement of
mesogenic units to be adopted. The difference between
gauche and trans conformational energies for an alkyl
chain is relatively small, =4 kJmol~!. Moreover, we
know both from theory and from atomistic simulation
studies in the nematic phase, that the effective free
energy difference between gauche and trans conforma-
tions can be influenced by a nematic mean field [25, 26].
Hence, differences in py(r) and p, (r) for the chains
would be expected, because it should be relatively easy
for a nematic fluid to perturb chain conformations
sufficiently to allow the molecule to adopt preferential
conformations.
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Table3. Principal moments of inertia calculated for each model in a nematic solvent. ‘Core’ represents the inner 125 atoms of the
dendrimer up to the point where chains are connected. ‘Core+chains’ represents all non-mesogenic sites.

Model Atoms I./107 2 kg A? 1,,/107* kg A 1./10"*' kg A?
A core 0.10 0.13 0.14

B core 0.09 0.15 0.16

C core 0.11 0.13 0.16

D core 0.08 0.14 0.16

A core+chains 1.7 2.3 2.6

B core+chains 1.7 2.3 2.6

C core+chains 1.9 2.0 2.4

D core+chains 1.8 2.2 2.4

We have also calculated the principal moments of
inertia for the central core (inner 125 atoms) and the
core plus Lennard-Jones chains; the results are shown
in table 3. As expected from the distribution functions
in figure 4, we see deviations from a spherical distribu-
tion (the three principal moments are not equal). The
main effect is seen for models A and B. For these two
systems, and also model D, the eigenvector correspond-
ing to the lowest principal moment for these systems is,
on average, along the director. For model C, no strong
preference in direction is seen for this eigenvalue (as
expected from figure 4), indicating that the differences
in Iy, I, I., seen for this model are the result of
conformational fluctuations away from a spherical
structure. (Random fluctuations in the structure also
occur in the isotropic phase with no preference for the
direction of the eigenvector associated with 1I...)
Although some distortion of the core itself is seen, its
magnitude is small because of the relative rigidity of the
central scaffold. Far larger distortions from a spherical
distribution are seen for the core plus chains.

We would expect the differences in average structure
seen here in solution to be significant for bulk
mesophase formation. Here we would expect that a
reduction in the rod-like nature of the mesogens,
coupled with a reduction in segregation of mesogenic
groups to the end of the molecule, would lead to a
reduction in stability for smectic mesophases as lateral
substitution takes place. In particular, when mesogenic
groups are ‘scattered over the surface’ of a macro-
molecule, we expect microphase separation to be
disrupted.

Finally, we note that a major effect of lateral
substitution is to restrict orientational order through
steric hindrance. For the terminal chains used here,
steric constraints prevent the same degree of alignment
that can be achieved with terminally bonded mesogens.
Despite the flexibility presented by 16 sites in the chains,
there is simply not enough conformational freedom
available for all mesogens to align under the influence of

the surrounding nematic fluid. It is clear from recent
work that this can have important ramifications.
Merkel et al. [27] have reported studies of a biaxial
nematic liquid crystalline tetrapode. Here, four meso-
gens are bonded laterally to organosiloxane chains
which radiate from a central Si atom. Here it seems
likely that the biaxiality arises from the combination of
two effects, (a) the inability of the chains to provide
sufficient conformational freedom for the mesogens to
sample orientations uniformly, (b) hindered rotation
about the long molecular axis of the mesogens. Both
effects are the result of lateral substitution.

4. Conclusions

The effects of lateral and terminal substitution on the
structure of a complex macromolecular liquid crystal
have been modelled for the first time by molecular
simulation. We have carried out molecular dynamics
calculations for four model liquid crystalline dendrimers
exhibiting different degrees of terminal and lateral
substitution of mesogenic units. In the case of a
dendrimer with purely terminal substitution, terminal
alkyl chains are able to change conformation to allow
the mesogenic units to lie parallel to the director at
either end of the dendrimer, thereby forming a rod-
shaped particle. This is not possible when lateral
substitution is employed. Instead mesogenic groups
are scattered over the ‘surface’ of the dendrimer and
steric hindrance leads to a reduced orientational order
for the mesogenic groups. When a mixture of lateral
and terminal substitution is used, the terminally bonded
mesogens are able to migrate to the ends of the
dendrimer to form partial rods, with the remaining
laterally bonded groups scattered over the dendrimer
surface. Hence, despite conformational freedom, lateral
substitution is found to have a dramatic effect on
molecular shape. We expect this change in shape to have
a major influence in determining the packing of
molecules in the bulk and consequently the mesophases
that can form.
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