Macromolecules 2002, 35, 8601—8608

Orientational Order and Dynamics of Nematic Multipodes Based on
Carbosilazane Cores Using Optical and Dielectric Spectroscopy

L. Tajber," A. Kocot,* J. K. Vij,*" K. Merkel," and J. Zalewska-Rejdak'

Laboratory of Advanced Materials, Department of Electronic Engineering, Trinity College, University
of Dublin, Dublin 2, Ireland, and Institute of Physics, University of Silesia, Katowice, Poland

G. H. Mehl .} R. Elsssser,’ J. W. Goodby,t and M. VeithY

Department of Chemistry, University of Hull, Cottingham Road, Hull HU6 7RX, United Kingdom, and
University of Saarland, Saarbrtcken, Germany

Received May 9, 2002; Revised Manuscript Received August 5, 2002

ABSTRACT: The birefringence, refractive indices, and dielectric measurements have been carried out
for the double- and triple-branched multipodes based on the carbosilazane cores. The orientational order
parameters have been obtained using both the optical and the dielectric measurements. The dielectric
response is identified to arise from the dipoles of the carboxyl and the alkoxy groups in the ortho position
of the benzene ring. Results are analyzed in the framework of the mean-field theory. At least three
molecular modes are resolved in the dielectric relaxation spectra in the nematic phase. The lower frequency
process is retarded, and the other two processes are accelerated significantly with respect to the relaxation
rate in the isotropic phase. The acceleration effect is even much stronger than the retardation effect. The
acceleration factors are also found to be much higher than those for the low molar mass nematic liquid
crystals. These results show that the anisotropy of the macromolecule plays a significant role in
determining the nematic potential which governs the relaxation dynamics. The results on the relaxation

dynamics show that the mesogens are decoupled from the core of the macromolecules.

1. Introduction

Macromolecular architecture has received consider-
able and increasing interest during the recent years.
Dendrimers and structurally related multipodes repre-
sent a class of macromolecules with a perfectly branched
uniform structure,»2 in contrast to hyperbranched
polymers where the branching occurs in a random
fashion. Dendrimers are synthesized through a step-
wise, repetitive reaction sequence that guarantees
complete shells for each generation, leading to polymers
that are monodispersive. The synthetic procedures
permit nearly complete control over the critical molec-
ular design parameters, such as the shape, size, viscos-
ity, flexibility, and topology.3*

Investigations on multipodal and dendritic liquid
crystal systems have so far mainly been focused on the
materials that perform layered, columnar, and cubic-
phase structures.® However, the systems that exhibit
nematic phase behavior have also recently attracted
considerable attention. Such a system is controlled only
by the orientational ordering, and the functional groups
promote nanoscopic phase or nanophase separation. The
structural concept allows the docoupling of the meso-
morphic behavior and the ordering of the LC phase from
the size of the molecules. This leads to the macromol-
ecules with LC properties similar to those of comparable
low molar mass liquid crystals.

2. Experimental Section

2.1. Description of the Compound. Carbosilazane cores,
which display an overall 3-fold symmetry, have been used for
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obtaining microphase-separated systems, as reported earlier.5—8
The desired nematic phase behavior was achieved by using
the mesogenic group A, whose synthesis has been reported
previously.® The mesogen core consists of three aromatic rings
connected by an ester group (with ester group linkage). The
core was flanked by terminal octyl and undecyl groups linked
to the dendritic core through a short lateral spacer of five
methylene groups and a 1,1,3,3-tetramethyldisiloxane group
(Figure 1). The structure was judged to give the appropriate
balance between the coupling and the flexibility and thus
found suitable for achieving the nematic phase and for
avoiding the appearance of the higher ordered liquid crystal-
line phases.

All synthesized products of this series show enantiotropic
nematic phase behavior. Polarized light microscopy of these
compounds shows typical nematic textures of low viscosity
(schlieren texture) with two and four brush defects on cooling
from the isotropic to the liquid crystalline state. The transition
temperatures and the associated enthalpies and entropies have
been established for the second heating cycles using dif-
ferential scanning calorymetry (DSC)® (see Table 1 in ref 8).
The relatively low values for the transition enthalpies (AH)
ranging from 0.31 to 0.7 J g~! of this series as compared to
those of other nematic systems suggest the presence of a low
ordered system. Normalized isotropization entropy (AS/R)n~*
which is related to the nematic ordering at the isotropization
temperature is found almost independent of the size of
molecule whether it is low molar mass material or dendritic
polymer. The results for transition temperatures, enthalpies,
and normalized isotropization entropy indicate that these
dendrimers exhibit very similar LC properties that are not
very different from those of comparable low molar mass
compounds.

2.2. Refractive Index and Birefringence Measure-
ments. Refractive indices of liquid crystals may be measured
by a variety of methods, but all of these methods require a
well-aligned thin film. We use a simple method of Abbe
refractometer (Bellingham&Stanley Ltd., model 60/ED) with
a suitably coated prism surface and use a polarizer, which
permits the separation of the two refracted rays. Homeotropic
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Figure 1. Structure of the dendrimers. Multipodal cores for 2A and 3A dendrimers are labeled as 2 and 3; the mesogen is

labeled as A.

alignment on prisms surfaces was achieved by using 0.5%
solution of lecithin in chloroform. The LC was placed between
the prisms with sufficient amount (approximately 0.5 mL) that
it fills the gap between them when closed. After the filling of
the system so described, it was left for some time (2—3 h) for
the best alignment to develop. Positions of the boundaries that
we observe correspond to the values of ne = n; and ny = ng.
These values of indices were read from scale using a polarizer
mounted outside on the eyepiece to look at the polarization of
the output light. The boundaries viewed in the instrument are
orthogonally polarized for each of the refractive indices. This
Abbe refractometer has prisms that allow measurements of
the refractive index of substances between 1.300 and 1.700. A
monochromatic sodium lamp (wavelength 589.6 nm) as a
source of light was used. Temperature was controlled with an
accuracy of +0.05 K.

Birefringence measurements were performed using a home-
made LC cell. Glass plates with ITO layers were spin-coated
with PVA solution (0.3% poly(vinyl alcohol) solution) and then
baked for 1 h at 125 °C to remove the solvent residue and
polymerize the aligning medium. Glasses were rubbed unidi-
rectionally on velvet track in order to achieve a homogeneous
planar orientation. The LC dendrimer was introduced into the
cell by capillary action in the isotropic phase (a few degrees
above the phase transition temperature). The cell thickness
calculated from the measured capacitance of the empty cell
was d = 7.16 um.

The optical properties of dendrimers 2A and 3A are inves-
tigated in the nematic phase by polarizing microscope POLAM
P-312 (“Lomo”, St. Petersburg, Russia) with Tilting Compen-
sator (Leitz, Germany). During measurements, different filters
of wavelengths blue 494 nm, white 546 nm, yellow 587 nm,
and red 619 nm were used.

Both refractive indices and birefringence results show great
accuracy and accordingly also determine the isotropic-to-
nematic phase transition. However, the results of An are found
to be lower from the Abbe refractometer than determined using
the tilting compensator method. This was presumably due to
the reason that perfect homeotropic alignment in the former
method was not reached. Finally, we took results of An
obtained by the tilting compensator method (as these are much
more accurate and are made on the well-defined homogeneous
alignment). The Abbe refractometer results are used for
finding the mean refractive index n, where n? = (2n¢? + n¢?)/3
(Figure 2). In this figure, ne = nyand no = ng.

2.3. Dielectric Measurements. Sample cells for dielectric
measurements were prepared using gold-plated brass elec-
trodes. For planar alignment, the conducting inner surfaces
were spin-coated with 0.3% poly(vinyl alcohol), PVA, alignment
layer and rubbed unidirectionally. The cell thickness was d =
15 um. Cells were filled in the nematic phase at about 5 K
below the isotropization temperature.

The dielectric permittivity €' and loss ¢ were measured over
the frequency range 0.1 Hz—10 MHz using a broadband
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Figure 2. Refractive index n — A and birefringence An of 2A
(O0) and 3A (O) dendrimers as a function of temperature.

dielectric spectrometer (Novocontrol, GMBH, Germany). The
temperature in the sample was controlled automatically with
the accuracy better than +0.1 K. The electric voltage applied
to the sample was equal to 0.1 V.

3. Results and Discussion

3.1. Order Parameter from the Refractive Index
and Birefringence Measurements. Most of the ap-
plications of liquid crystals are controlled by their
optical properties and the response of the liquid crystal-
line molecules to the electric field and changes in
temperature and pressure. The understanding of the
relationship between the two refractive indices and the
molecular properties is necessary for the design of liquid
crystals to tailor the applications. The electronic polar-
izability is assumed to be independent of temperature,®
so the temperature dependence of refractive indices is
determined primarily by the order parameter and to a
lesser extent by changes in the density. Most of the
known theories%1 on this interrelationship extend the
classical Lorenz—Lorentz formula to the ordered fluids,
which simply adopts the isotropic model for the internal
field and includes the anisotropy of the polarizability.1?

If we assume the isotropic model for the internal field,
the principal refractive indices can be described as

n?—1 N0
n®+2 3¢

@)

where [&;i[lis the average value of the polarizability,
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Figure 3. Plot of log[(n? — nc?)/(n? — 1)] vs log(1 — T/Tn-1)
for the calculation of anisotropy in the polarizability Ao/a of
2A (O) and 3A (O) dendrimers. Here T is in K.

component n; is the refractive index along the principal
axis, and n is the average refractive index. Using the
general method for the transformation from molecular
to laboratory frame, these polarizabilities can be ex-
pressed in terms of the molecular components and the
orientational order parameters S and D. Assuming
uniaxial symmetry of liquid crystals, the polarizability
components parallel and perpendicular?® to the director
are as follow:

2 1 1
mIIDZ a+ §{S[ann - E(all + amm)] + ED(all - amm)}

80 0 = 5{S[om 000+ o] + 50000 - "”‘"1’2}>

where I, m, n are labels for the principal axes of the
molecular polarizability.

For most of the nematogens it is reasonable to assume
that the molecular shape has axial symmetry (ay =
amm); in that case the contribution from molecular
biaxiality, D, can be ignored, and relation 1 is reduced
to the form

n”2 - nD2 _ SAa 3)

n®—1 a

where Ao = ann — oy It is useful to assume a simple
form of the temperature dependence for the order
parameter S:

S=01-TIMy)’ 4)

Ao/a can be calculated as an intercept from the linear
approximation of a plot of log[(n? — n?)/(n? — 1)] vs
log(1 — T/TN_|).9’13

The linear plots for dendrimers 2A and 3A are shown
in Figure 3. These are used for the calculation of Aa/a
from the intercepts of these log—log plots. The polariz-
ability anisotropy, Ao/a, for dendrimers 2A and 3A is
found to be 0.505 and 0.527, respectively. These values
are very close to the theoretical value for the polariz-
ability anisotropy of 0.55 found for the monomer (see
Figure 1, part A) using the Gaussian program (G98W).
On using the values of Ao/a, we can calculate the order
parameter, S, from eq 3. The calculated temperature
dependence of the order parameters for 2A and 3A
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Figure 4. Orientational order parameters calculated from the
refractive indices and birefringence data of 2A (O) and 3A (O)
and fitted to the mean-field theory.

dendrimers is shown in Figure 4. It is interesting to note
that the temperature dependence of S and also the
values of Aa/a are very similar for both 2A and 3A
dendrimers, and on the other hand, they are close to
the theoretical value obtained from modeling of the
monomer structure. These results indicate that nano-
phase-structured nematic dendrimers show liquid crys-
talline properties similar to those of the comparable low
molar mass compounds.

The critical exponents are found by fitting eq 4 to be
0.22 and 0.225 dendrimers for compounds 2A and 3A,
respectively. These values are very close to b = 0.25,
which is typical of the so-called three-critical point of
the phase diagram.!* Such behavior is expected of
systems exhibiting with reasonable low values of the
transition enthalpies, and the behavior is comparable
to other nematic systems. Indeed, the enthalpy has been
measured to be as low as AH = 0.66 J g~ for both
compounds 2A and 3A.2 A detailed analysis of the
critical behavior of the order parameter can be carried
out using the mean-field (MF) theory of the free energy
density expansion:

g= %A(T — TS+ %1384 + écs6 +.. (5a)
In the mean-field approximation, the so-called three-
critical behavior corresponds to the case when the
second term (~S%) in the free energy expansion is close
to zero and the next term (~SS) is included. The
minimization of dg/dS gives the relation for S(T),

B C

T —T= KSZ + K54 (5b)
If the term BS2/A for the three-critical behavior is
ignored in (5b), then S = [A/C(T — Tn—1)]?%. If this is
not the case, one can then fit the dependence of Son T
using eq 5b. The parameters for the best fit are found
to be B/A = —18.5 K and C/A = 240 K. The fitting is
shown later. Since B is found to be negative and much
smaller in magnitude than C, the transition is therefore
guantified to be a weakly first-order transition.

3.2. Dielectric Measurements. From the dielectric
measurements made with the procedure outlined in
section 2.3, the dielectric relaxation times are calculated
for the homogeneously aligned dendrimers 2A and 3A
in the nematic and the isotropic phase temperature
ranges.
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The dielectric spectra are fitted to the Havriliak—
Negami equation!® when extended to n relaxation
processes

Aej

(W) -6 = Y ——— (6)
N JZ(l+(iwrj)a)ﬂ

€*(w) is the complex permittivity at an angular fre-
quency of w, €. is the high-frequency permittivity, j
denotes the number of relaxation processes from 1 up
to n, 7 is the relaxation time of the jth relaxation
process, o and 5 are the fitting parameters, and Ag; is
dielectric strength for the jth process. The fitting
procedure did not require the g parameter to deviate
from unity, so 5 was finally fixed to unity for the entire
temperature range of the measurements. In such a case
the relaxation time of the particular process is simply
related to the angular frequency wj or the relaxation
frequency fj as follows: 7; = 1/w; = 1/(2xf;). The relax-
ation frequency is independent of the value of a if § =
1. For g = 1, eq 6 reduces to the Cole—Cole equation.

The frequency dependence of the dielectric permit-
tivity can be analyzed for a uniaxial liquid crystal
having no local biaxial order. The effect of the induced
moment can be easily removed by subtracting the high-
frequency part of the permittivity (or square of the
refractive index e, = n?).

According to Maier and Meier (M—M) theory,®16.17 the
perpendicular and parallel components of the real part
of the permittivity are related to the orientational order
parameter, S, as follows:

2 .l

) NhFg,

= 3ekorla 1+ 29) il - S) (7a)

gw) —ny

NhF3g!’ 1
) =g’ = 5 = 9) L+ 58] )

Each component of ¢(w) contains two contributions from
the molecular dipole moment, and each of these is
expected to show three relaxation regions. In general,
the dynamics can approximately be described in terms
of the three rotational modes:'’ the end-over-end rota-
tion (we), the processional motion (wp) about the director,
and the rotation (w) about its own long molecular axis,
called here the spinning motion. It should be mentioned,
however, that w, and w, are usually not well separated
from each other in the frequency spectrum.

3.3. Contribution of the Molecular Modes to the
Dielectric Strength. To analyze both perpendicular
and parallel components of the dielectric permittivity,
samples need to be aligned both homeotropically and
homogeneously. However, we do not succeed in achiev-
ing a good homeotropic alignment, presumably because
of a large size of the molecules. Hence, the results are
presented only for the homogeneous alignment (Figure
5). For the homogeneous planar geometry in the nematic
phase, it is reasonable to consider the perpendicular Ae,
— €0 component of the dielectric permittivity. Fre-
guency scans of the real and imaginary components of
dielectric permittivity (Figure 5) show three relaxation
regions in the dielectric loss, which are centered ap-
proximately at frequencies f; = 102 Hz, f, = 104 Hz, and
f3 = 5 x 10° Hz. These are also indicated by steps in
the real part of permittivity (see Figure 6, not shown
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Figure 5. 3-D plot of dielectric loss € for 3A dendrimer as a
function of frequency and temperature.

in Figure 5). The frequencies of the various modes can
be better derived from the peak positions of the permit-
tivity derivative de'/d(log f), as demonstrated in Figure
6. It important to note that high-frequency value of ¢
(¢' = 12 at 107 Hz) is much greater than the value of e,
expected for the high-frequency limit (e, = N2, €., = 2.8).
This suggests that at least an additional fourth relax-
ation mode does exist, although it is centered out of the
experimental frequency window. To estimate the fourth
relaxation time, the Debye model of the process is
assumed. For this case the relaxation time can simply
be calculated from the formula:

"

_ €
= (€ — e,)w ®)

The peak frequency of the fourth mode has been
estimated to be about f, =108 Hz (at 300 K) and is found
to be only weakly affected by the orientational order.
Relaxation spectra of ¢ and €”, in the measuring
frequency range 1—-107 Hz, have been subsequently
fitted for the three peaks using eq 6 for those processes.
Parts a and b of Figure 7 show the plots of the dielectric
strength and the relaxation frequency, respectively, for
the three separate processes as a function of tempera-
ture. In the isotropic phase only two processes are seen.
The low-frequency process is contributed by the longi-
tudinal component, and the higher frequency component
is contributed by the transversal component of the
dipole moment. On approaching the I—N phase transi-
tion, the low-frequency mode diverges into processes f;
and f,. The temperature dependence of these modes
clearly demonstrates that these are strongly affected by
the orientational order. The third process, of the higher
frequency, f3, is considered to be the rotation of the
perpendicular component of the dipole moment around
the long molecular axis. Similarly, the fourth process,
fa, can also be related to the rotation around the long
molecular axis. However, relatively high frequency of
this mode suggests that only mesogenic core (or even
only the biphenyl part with the carboxyl group and the
terminal chain OC;;H23) can contribute to this motion.
Peak frequencies, the dielectric strength of each mode,
and the low-frequency value of the permittivity (Aep —
€-0) are shown in Figure 7a,b. The dielectric strength
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Figure 6. Frequency dependencies of the dielectric permittivity (real part €', v; imaginary part €', O) and the derivative of ¢
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Figure 7. (a) Dielectric strength Ae of the deconvoluted modes
for 3A: O, Aes; O, Aey; V, Aes; A, Aer + A€, as a function of
temperature in K The solid lines show the fitting of the M—M
model to the experimental data. (b) Temperature dependencies
of the relaxation frequencies of the three modes: 0O, f;; O, fz;
v, f3, for compounds 2A (open) and 3A (solid). Data for 2A are
plotted on the reduced temperature scale.

of the fourth mode is calculated by subtracting contribu-
tion of each mode (Ae1, A€z, and Aez) from Aep = eg —
€[]

Compound 2A also shows very similar dielectric
spectra with three peaks in the frequency window, and
the evidence of the contribution of the highest frequency
mode, f4, in the Aeg component of the dielectric permit-
tivity is also seen. For this compound, the corresponding
peaks positions are shifted to the higher frequencies
with respect to those observed for the 3A dendrimer.
Therefore, the spectral decomposition into peaks is
possible only in the limited range of temperatures. It is
convenient, however, to compare the peak frequencies
of samples 2A and 3A in the reduced temperature scale
also given in Figure 7b. The results for 2A surprisingly
overlap the data for 3A. All the three modes (1, 2, 3),
observed in the experimental frequency window, cannot
be assigned to the rotation of the entire molecule but
can only be assigned to the rotation of each arm of the
dendrimer separately. The spacers of dendrimer are
large and flexible enough so that the reorientation of
the monomer part is decoupled from the reorientation
of the central core. Therefore, we conclude that differ-
ences in the peak frequencies of the corresponding
processes are only due to the lower viscosity of the
compound 2A in comparison to that of 3A. Interestingly,
the value of the normalized izotropization entropy
(AS/Rn™1), which is related to the nematic ordering at
the isotropization temperature, is almost independent
of the size of the molecule whether it is a low molar
mass material or a dendritic polymer.8

According to the Maier—Meier theory for the nematic
phase, the contributions of the first and the second
modes Ae; and Ae, are proportional to square of the
longitudinal component of the dipole moment x«? and
should follow formula 7b. So we can assign

F29|Dﬂ12

A6| - Ael + AGZ ZBEOT

(1-79) (9)

The temperature dependence of the order parameter for
the optically uniaxial phase is well described by mean-
field theory'* expressed in terms of eq 4, where b is
critical power law exponent. The fitting of the experi-
mental data to eq 9 with S described by eq 4 is shown
by the solid line in Figure 7a. As a result of the fitting,
we obtained b = 0.235 and y; = 0.81 D. The critical
exponent from the dielectric measurements is found to
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Figure 8. Orientational order parameters for 3A dendrimeras
a function of reduced temperature. Comparison of the results
from birefringence (O), dielectric data (v), and the fitting of
the MF model (- - -).

be of similar value to that obtained from the optical
method.

The third process is assigned to the rotation of the
transverse component of the dipole moment around the
long molecular axis using the relevant part of eq 7b.
The dielectric strength of the mode can be fitted to the
equation

NhF*g u?

W(l + 055) (10)

Aey =

To reproduce Aez from the Maier—Meier theory, the
dependence of S on T is obtained from the low-frequency
modes (Figure 7a). This allows the adjustment in the
value of the transverse dipole component u:. The total
transverse dipole moment, for the third and fourth
modes, is found to be u; = 2.2 D.

The dipole moments that contribute to the dielectric
permittivity are located in the mesogenic core of the
molecule, and these are the carboxyl group dipole and
three dipoles of the alkoxy group. Obviously, the mag-
nitude of the total dipole moment depends on the
conformation of the dendrimer branches themselves. For
the most probable extended conformation of the mono-
mer part it is relevant to assume that alkoxy dipoles in
terminal chains can compensate each other, so that the
net contribution to the dipole moment arises from the
combination of the dipoles of carboxyl and alkoxy groups
in the ortho position of the benzene ring. Indeed, the
effective value of the dipole moment is found from the
dielectric strength as u = 2.34 D, where u = (w? + u?)'2.
The value of 4 is a reasonable value for the net dipole
moment estimated from the structure of the monomer.
Molecular simulations can be carried out to arrive at a
similar value. The angle 6 between the dipole moment
and the long molecular axis of the monomer is calcu-
lated to be 6 = 70°. It is important to note that the order
parameter for 3A obtained using both the dielectric and
optical techniques agrees with each other within the
experimental accuracy of the measurements. The order
parameter is fitted to eq 5b (see the dashed lines in
Figure 8), and the parameters of the best fit are listed
in section 3.

3.4. Dynamics of the Molecular Relaxation Pro-
cess. To analyze the low-frequency molecular process,
it is convenient to use the Arrhenius equation 7 =
AeE/T where A is the prefactor, E, is the activation
energy, and kT is the thermal energy at temperature T

Macromolecules, Vol. 35, No. 22, 2002

in kelvin. Taking the isotropic frequency f, as the
reference, we found that the low-frequency process (f1)
is retarded and the middle frequency process (f,) is
accelerated. In a similar way, the frequency of the third
mode can be fitted to the Arrhenius equation and
extrapolated to the nematic phase. In the case of the
latter, the rotation is accelerated compared to that
extrapolated from the dependence in the isotropic phase.
The frequency of the fourth mode shows its acceleration,
but this does not seem so strongly affected by the
orientational order.

The effect of the acceleration and the retardation of
the processes can simply be analyzed in terms of the
activation energy. In the nematic phase for the case of
the end-over-end rotation, an additional contribution to
the activation energy arises from the nematic potential.
The theoretical prediction of the relaxation frequency
in the nematic phase was obtained by Meier and
Saupe’8 for the rigid molecules from the solution of the
anisotropic diffusion equation. It was found that a single
frequency is sufficient to describe the relaxation of a
dipole moment component, and this can be expressed
in terms of relaxation rate (fp) for the particular dipole
component in the absence of a nematic potential by

fo
f=+ (112)

Ji
The subscript i identifies the component of the permit-
tivity, and the quantity j; is a retardation (or accelera-
tion) factor calculated numerically from the model. The
parameter j; depends on the parameter b of the nematic
pseudopotential u = —bS cos? 0, where 6 is the angle
between the long axis of a uniaxial molecule and the
director. An approximate result for the retardation
factor was calculated'® such that

- kB-I_
=g

exp(ka—i_) - 1] (12)

where bS is identified as the height of the potential
barrier for the end-over-end rotation of the molecule.

In general, the relaxation time depends on the
parameters of the assumed pseudopotential and the
anisotropy of the rotational diffusion constants D, and
Dp, which arise from the molecular shape and the local
viscosity. The effect of the liquid crystal ordering
potential is to decrease the relaxation frequency for the
end-over-end rotation and to increase it for the rotation
about the long molecular axis. If anisotropy of the
rotational diffusion constants is included, then the
relaxation time for the end-over-end rotation is further
retarded, and in the same way rotation about the long
molecular axis is further accelerated.

Retardation factors found for the tripole 3A are shown
in Figure 9. Results are quite different than found for
the low molar mass nematogens. For conventional
nematics, the acceleration for the rotation along the long
molecular axis is rather weak, and the acceleration
factor is found usually close to unity. For dendrimers,
the acceleration effect is even stronger than the retar-
dation for the end-over-end rotation. This suggests
rather strong influence of the molecular shape and of
the anisotropy of the rotational diffusion constants on
the reorientation in the nematic phase.

The problem of the structural changes (mainly of the
molecular shape) in the polymer has been studied by
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Figure 9. Retardation and acceleration factors for the 3A
dendrimer: 0O, j1; O, j2; V, js as a function of temperature in K.

Pickett and Schweizer'® for the nematic phase in
particular. On assuming that the chains interact only
through the monomer—monomer excluded-volume in-
teraction, the existence of the two density correlation
lengths in the an-isotropic phase is demonstrated.
Increasing the order parameter shrinks the invaded
space of each chain, so that the neighboring chains
overlap to lesser extent. The two density screening
lengths, parallel & and perpendicular &7 to the direc-
tor,19 are given by

Ep=E&v1 -5, &=E&v1+2S (13)

where & is the screening length in the isotropic phase.
As a consequence of such anisotropy and because the
monomer is adapting more calamitic shape, the rotation
around the long molecular axis is expected to undergo
much smaller friction in the nematic than in the
isotropic phase. Following the molecular theory for
rotational diffusion tensor,'”2° and using the experi-
mental value of the retardation factors, the ratio D,/Dg
has been found to increase by a factor of 20 in the
nematic phase at T = 298 K compared to the value at
the nematic—isotropic phase transition temperature. On
the other hand, this ratio D)/Dg can be estimated from
the molecular shape. The dependence of the molecular
shape on the rotational diffusion coefficients was studied
using the hydrodynamic model?%22 in terms of the
anisotropy of the molecular friction for the slip boundary
conditions. The ratios of the basic dimensions for the
monomer shape were assumed to be a/c = 0.2 and b/c =
0.3 (where a, b, and c are the basic dimensions along
the X, y, and z axis of the monomer, respectively), and
they were used as inputs to the hydrodynamic model.
The ratio Dy/Dp = 23 found from the model is in good
agreement with the experimentally determined value
with the accuracy limited by the molecular shape
evaluation.

4. Conclusions

The orientational order parameters have been deter-
mined from the birefringence and refractive indices for
2A and 3A multipodes in the nematic phase. The critical
exponents are found to be very close to that for the so-
called “three-critical behavior”. A detailed analysis of
S found that the 1—-N phase transition is weakly first
order. The order parameter, determined from dielectric
spectroscopy, is in good agreement with that found from
the optical technique.

At least three molecular modes were resolved in the
dielectric relaxation spectra of the multipodes 2A and
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3A in the nematic phase. These are the end-over-end
rotation, the processional motion about the director, and
the rotation about its own long molecular axis, called
the spinning motion. The first process is retarded, and
the other two are accelerated with respect to their
relaxation rate in the isotropic phase. The acceleration
factors are found to be much greater than for the
conventional nematic liquid crystals. This behavior is
guantitatively analyzed in terms of the nematic poten-
tial and the anisotropy of the molecular shape.

The dielectric spectra, optical birefringence, and the
refractive indices are mostly controlled by the orienta-
tional order and the properties of the monomer. The
results are interpreted in terms of the mesogen being
decoupled from the size of the dendrimers. The com-
parison of the acceleration and deceleration factors for
the dendrimers with the low molar mass nemotegens
indicates that anisotropy of the molecular shape plays
an important role in controlling the nematic potential.
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