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The biaxial nematic phase was recently observed in different thermotropic liquid crystals, namely bent-core
compounds, side-chain polymers, bent-core dimers, and organosiloxane tetrapodes. In this work, a series of
experiments with a nematic organosiloxane tetrapode where nuclear magnetic resonance (NMR) spectra are
collected while the sample is continuously rotating around an axis perpendicular to the magnetic field, are
discussed in conjunction with the analysis of a deuterium NMR experiment on the same system reported
earlier. The sample used is a mixture of a deuterated probe with the tetrapode. The mixture exhibits a nematic
range between —40 °C and 37 °C. The results of the two independent, but complementary deuterium NMR
experiments confirm the existence of a biaxial nematic phase for temperatures below 0 °C with high values of
the asymmetry parameter at low temperatures. The presence of slow movements of the tetrapode mesogenic
units in the low-temperature regime could also be detected through the analysis of the NMR spectra. Simula-
tions indicate that these movements are mainly slow molecular reorientations of the mesogenic units associated
with the presence of collective modes in the nematic phases of this compound. In the case of tetrapodes, recent
investigations attribute the origin of biaxiality to the hindering of reorientations of the laterally attached
mesogenic units which constitute the tetrapode. This study relates the molecular movements with the nematic
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biaxial ordering of the system.
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I. INTRODUCTION

After a long quest for the elusive nematic biaxial (V)
phase in thermotropic liquid crystals [1-3], it has recently
been reported to appear in a number of systems, namely
bent-core compounds [4], side-chain polymers [5], bent-core
dimers [6], and organosiloxane tetrapodes [7,8]. Considering
the potential applications of these systems and their rel-
evance from the fundamental point of view, the search for
compounds exhibiting the N, phase is a very topical issue
[2]. Nematic biaxiality has also been theoretically predicted
for other systems such as mixtures of calamitic and/or dis-
cotic molecules with linked rod-plate amphiphiles [9-13].
Very recently, for tetrapode systems, the biaxial nematic
phase was predicted in the form of a cubatic phase [14]. In
this paper, the results of two independent deuterium NMR
experiments, showing the existence of a N, phase in an or-
ganosiloxane tetrapode are reported.

Liquid crystalline organosiloxane tetrapodes are a particu-
lar case of dendritic molecules (generation 0 dendrimers)
[15] formed by four mesogenic units linked to the central
silicon by a relatively flexible chain. In the material studied
(see molecular structure in Fig. 1), the aromatic mesogenic
units are connected to the central core by a laterally attached
chain. A molecular packing model involving an interdigita-
tion of the mesogenic units, schematically depicted in Fig. 2,
conforms with the fundamental entropic and steric require-
ments for the biaxial nematic phase [16—18]. The structure of
this mesophase and the extension of the nematic phase, rang-
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PACS number(s): 61.30.Cz, 61.30.Eb

ing to very low temperatures, influence the molecular order
as is clearly shown by the NMR results and will be discussed
in detail in Sec. IV B. One of the fundamental questions to
be addressed is how molecular structure and nematic phase
biaxiality can be correlated.
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FIG. 1. Molecular structure and phase sequence of the organosi-
loxane tetrapode which exhibits the biaxial nematic phase both for
the pure compound and the mixture with deuterated liquid crystal
7CBad2. Ny-Np transitions temperatures quoted from this work
and Refs. [7,8].
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FIG. 2. (Color online) Schematic representation of structure of
the nematic phase formed by the tetrapodes.

The structure of the commonly observed uniaxial nematic
mesophase is characterized by a single direction defined by a
unit vector (the director) n, corresponding to the preferential
alignment of the long axis of the mesogenic units. These
units are individual molecules in the case of low molecular
weight liquid crystals or rigid anisometric molecular seg-
ments connected to the backbone in the case of liquid crystal
polymers or to a dendritic core in the case of liquid crystal
dendrimers [19]. The biaxial nematic phase, contrary to the
uniaxial one, is characterized by an additional direction of
preferential molecular alignment in the plane perpendicular
to the main director, n;, (see Fig. 2) and is described by
secondary directors, n, and n;. Therefore, molecules or me-
sogenic units presenting a certain degree of molecular biaxi-
ality could be expected to favor the appearance of the N
phase. Actually, this condition is present to some extent in
most liquid crystal (LC) molecules but it is not sufficient to
give rise to a biaxial nematic mesophase. The unrestricted
rotation around the long molecular axis usually leads to
uniaxial symmetry.

A biaxial mesophase may be identified by measuring a
macroscopic physical property characterized by a second
rank tensorial quantity Q. The asymmetry parameter is de-
fined as n:QyL?”, where Q;; are the principal values of the
tensor labeled to fulfill the condition [Q..|>]0,,/=]0.|. 7
will be finite in the biaxial phase and zero in the uniaxial
one. In the case of the biaxial phase, the x and y axis define
the secondary directors n, and n; which are degenerate in the
uniaxial phase. To avoid possible effects of surface interac-
tions on the alignment of the mesophase (which could lead to
additional ordering resulting from confinement and not from
the phase itself) the analysis of biaxiality is more conclusive
when performed in a bulk sample. This is the case for deu-
terium NMR measurements, where the average electric field
gradient, (AFG), corresponding to the C-D bond in a mol-
ecule is detected. Using this technique, the question of biaxi-
ality in the nematic phase was recently clarified for several
liquid crystalline systems [2,4,20,21]. This procedure is
based on the assumption that the principal frame of the AFG
tensor resulting from the molecular ensemble coincides to
that of the tensorial order parameter Q and the components
of both tensors are proportional.
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In the case of a polydomain sample, the NMR signal cor-
responds to a superposition of contributions coming from the
different domains and a so-called powder spectrum is ob-
tained as will be discussed further in the next sections. The
order parameters measured from a polydomain sample cor-
respond to those of the domains and the distinction between
local order and phase order depends on the domains size.
This difference is not directly observed by a NMR experi-
ment on a polydomain unless some additional information on
domains size is obtained either through modelling or other
means, for instance, from optical techniques. In biaxial
phases the secondary directors lose the degeneracy they have
in uniaxial phases and consequently the detection of partial
or total alignment of the secondary directors by the static
magnetic field can also be used to confirm the presence of
phase biaxiality, as in the case of experiments on rotating
samples where a two-dimensional powder on the main direc-
tor coexist with the alignment of one of the secondary direc-
tors.

In the present case, a low molecular weight uniaxial nem-
atic liquid crystal was used as a deuterated probe mixed with
the tetrapode compound. Two types of independent experi-
ments were performed for the study of the biaxial ordering in
the system: One where the acquisition of the NMR spectra
follows a 90° rotation of the sample around one axis perpen-
dicular to the static magnetic field (starting from an aligned
situation) and a second where the NMR data are collected
while the sample rotates continuously around the same axis.
Both methods have previously been used to detect biaxiality
in nematic and other LC phases such as SmC, SmF, and
SmG [2.,4,8,22,23]. In principle, both of these techniques al-
low for the determination of the asymmetry parameter and of
the quadrupolar coupling constant. The data obtained with
both methods in this study was analyzed coherently to deter-
mine values for the asymmetry parameter and the quadrupo-
lar coupling constant at each temperature measured. These
results confirm the existence of a biaxial nematic phase on a
polydomain sample where the secondary directors are par-
tially aligned for temperatures below 273 K as reported ear-
lier [8] where just one of these methods was used. The re-
sults are discussed considering the hindering of local fast
molecular reorientations of the mesogenic units correlated to
the asymmetry of the interactions between the mesogenic
cores [8]. Furthermore, the consistent analysis of the NMR
results obtained in the case of the continuous sample rotation
allowed for the detection of slow reorientational motions of
the mesogenic units associated with the collective modes of
the nematic phase [16,24,31].

II. EXPERIMENT
A. Description of the system studied

The investigated material is an organosiloxane tetrapode
(molecular mass 3597.96 g mol~!) based on a siloxane core
linked to four aromatic mesogens, each of which terminated
by Cg and C,; alkyl chains, respectively. The flexible spacers
which link the mesogens to the siloxane core are formed by
five methylene groups and tetramethyldisiloxane groups. The
synthesis of the material has been described elsewhere [25].
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The sample used for H NMR measurements is a mixture
consisting of the tetrapode compound (85% weight) and the
nematic liquid crystal 7CBad2, used as a deuterated probe
(15% by weight).

It is noted that implicit in all experiments is the funda-
mental assumption that the probe records truthfully the phase
behavior of the host. Thus, a mesogenic probe was selected
which, due to its chemical structure, would be located pref-
erentially in the vicinity of the aromatic groups. It was
judged crucial for the probe to be nematic, as this would lead
to strong van der Waals interactions between the aromatic
groups of the probe and aromatic rings of the mesogens con-
sidered to be responsible for the biaxial nematic phase be-
havior. Or, in other words, it was necessary to ensure that the
phase structure built up by the aromatic rings system is mea-
sured with a probe which could interact strongly with those
groups. It is noted here that unsuitable probes can be posi-
tioned in the much less ordered alkyl chains. Earlier investi-
gations on the biaxiality of the SmF and the SmG phases
exhibited by compounds with molecules deuterated in differ-
ent sites clearly showed that the detected asymmetry param-
eters depend strongly on the position of deuterium in the
molecule [23,26].

The pure tetrapode compound exhibits a nematic phase in
a broad temperature domain (between —30 °C and 47 °C).
In the mixture, the thermal domain of the nematic phase is
shifted to —40 °C to 37 °C as confirmed by polarizing opti-
cal microscopy (POM) and differential scanning calorimetry
(DSC) measurements. The molecular structure of the tetra-
pode as well as the phase sequences of the pure compound
and the mixture are presented in Fig. 1.

B. NMR measurements

NMR measurements were performed in a BRUKER MSL
300 spectrometer using a quadrupolar echo pulse sequence
[27] with phase cycling. The sample consisted of a few hun-
dred milligrams of the mixture of the tetrapode with the deu-
terated probe in a sealed NMR glass tube with a diameter of
7 mm. The temperature was controlled within =0.1 °C us-
ing an Eurotherm B-VT2000 controller with liquid nitrogen
cooling and nitrogen circulation.

Two types of independent experiments were performed:
(i) Acquisition of the NMR spectra following a 90° rotation
of the sample around an axis perpendicular to the static mag-
netic field (starting from an aligned situation); (ii) acquisition
of NMR data while the sample rotates continuously around
the same axis.

In both experiments (i) and (ii), the spectra from the
aligned sample were first recorded after the sample had been
slowly cooled down from the isotropic phase to the measur-
ing temperature and prior to sample rotation. These spectra
are used as a reference in comparison with those of the ro-
tated sample.

In experiment (i) the data was collected while maintaining
the sample rotated at 90° relative to the initial alignment for
short periods of time (up to 30 s), followed by rotating the
sample back to 0° for up to 150 s, and this process was
repeated to obtain data sets with suitable signal-to-noise ra-
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tios. This technique was used to prevent the realignment of
the nematic principal director considering that, for the mate-
rial under study and the available experimental conditions,
the minimum 7, reorientation times are of the order of a few
minutes (for the highest temperatures). The ideal situation to
identify a biaxial nematic phase would correspond to a per-
fect alignment of the secondary directors due to the NMR
static magnetic field during the observation periods where
the main director is tilted. This desired scenario corresponds
to the realization of a perfect monodomain sample. However,
specific experimental conditions and materials’ physical
properties may impose limitations to the attainability of such
a favorable ideal condition. The concretization of this desired
situation depends mainly on the anisotropy of the magnetic
susceptibility in the plane perpendicular to n;, the viscosities
of the material and the intensity of the static magnetic field.
The magnetic susceptibility anisotropy must be high enough
and the rotational viscosity low enough to allow the second-
ary directors to align in the experimental conditions deter-
mined by the material and the spectrometer used. Actually, as
will be discussed later, the desired ideal configuration was
only partially obtained.

In experiment (ii) spectra were collected while the sample
was rotating continuously with a frequency of
0.735 rotations/second (44.1 rpm). The continuous rotation
of the sample around one axis perpendicular to the NMR
static magnetic field B, with a speed above a certain limit
may generate a distribution of the n, director. In the case
generally considered in the literature [22] a two-dimensional
powder pattern is formed as B, lies distributed with equal
probability in the plane defined by n; and n, [4,22,40] in the
frame of the rotating sample. The case described above
[4,22,40] implies a perfect alignment of one of the secondary
directors (n5) of the biaxial nematic domains with the axis of
the sample rotation. As will be discussed in Sec. IV A 2, this
ideal situation is not attained in the present work due to
specific experimental conditions related mainly with the ma-
terial’s viscosity. Nevertheless, the measurement of the order
parameters may be achieved through a careful data analysis
procedure of the spectra collected from both the 90° rotated
samples and the continuously rotating samples.

III. NMR THEORY

A. Spectrum of a static distribution

In an aligned nematic domain with positive magnetic sus-
ceptibility anisotropy, the main director n, is parallel to the
NMR static magnetic field B. Due to symmetry reasons, it is
assumed that (in the biaxial nematic) the aligned sample con-
sists of a number of biaxial nematic domains with n; parallel
to B, and secondary directors (n, and n;) uniformly distrib-
uted in the plane perpendicular to n; (see Fig. 2). In each
biaxial domain, the orientation of B, relative to the principal
frame defined by n|, n,, and n; is given by the Euler angles
0 and ¢ which, for B, aligned with n,, assume the values
0=0 and ¢ undetermined. The rotation of the aligned sample
around an axis perpendicular to By, of a finite angle results in
a particular angle 6 between n; and B, and a different ¢
angle for each domain resulting from the original distributed
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orientation of the secondary directors which may eventually
change due to the interaction of the rotated domains’, with a
given magnetic susceptibility with B,. Ideally, as discussed
before, the angles ¢ corresponding to different domains will
coincide after the rotation, giving rise to a nematic mon-
odomain.

In general, the domain distribution in the rotated sample is
equivalent to a distribution of orientations of the magnetic
field B, given by P(Q) [Q=(0,¢)], where # and ¢ are the
Euler angles defining the orientation of B, in the frame de-
fined by n,, n,, and n; for each domain. This frame is con-
sidered to coincide with the principal frame of the averaged

field gradient (AFG) tensor V associated with each domain.
The deuterium NMR spectra of such a sample, G(w), will
result from the sum of contributions of pairs of absorption
lines L(w) corresponding to the different nematic domains,

( 5w> < 5&))
Llo-——|+Llo+—
2 2

Each of these pairs of lines has a frequency splitting given by

G(w) = P()dQ. (1)

Q

3
Sw = 7771_@[(3 cos? @—1) + nsin’ §cos 2¢], (2)

where 7, is the averaged quadrupolar coupling constant and
7 is the asymmetry parameter. As defined earlier for a gen-
eral second-rank tensorial quantity, the asymmetry parameter
is given in this case by

VXX _ Yy
7= 7 (3)

where V' are the principal values of the averaged field gra-
dient tensor in a nematic domain.

The *H spectrum observed will be determined by the av-
eraged quadrupolar coupling constant, ¥, the asymmetry pa-
rameter, 7, and the domain distribution P({)) resulting from
the particular experimental conditions. The analysis of the
experimental results is carried out by fitting expression (1) to
each spectrum, considering an appropriate line-shape expres-
sion given by L(w). As a result, the fitting parameters 7, and
n are obtained. If the ideal situation mentioned above of
perfect alignment of secondary directors is attained, the re-
sulting order parameters, and in particular the asymmetry
parameter 7 may be directly related with the whole nematic
monodomain. In that case, it will be straightforward to iden-
tify these order parameters as characteristics of the phase. On
the other hand, it is important to stress that, if the analyzed
spectra correspond to a polydomain sample, the measure-
ment of a nonzero asymmetry parameter is a necessary but
not a sufficient condition to the identification of the phase as
a biaxial nematic phase. An isolated measurement of a 7
parameter different from zero in a polydomain sample
merely confirms the existence of a locally rhombic order
tensor. In that case the identification of macroscopic biaxial
ordering properties must be concurrently achieved by addi-
tional observations of partial or total orientation of the sec-
ondary directors or observations by other experimental tech-
niques, for instance, by optical means [28]. If the nematic
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domains in the sample are much larger than the molecular
dimensions, implying the existence of long-range correla-
tions of the transversal molecular orientations, then it will be
possible to consider the measurement of nonzero 7 as an
evidence of biaxial nematic phase ordering.

B. The effect of slow motions

The approach presented in Sec. III A is valid in a regime
where the molecular movements are much faster than the
NMR observation time (“fast motion regime”). In that case,
the 2H spectrum is determined by an averaged electric field
gradient tensor (associated with the C-D bonds) resulting
from the fast movements of the molecules. When the C-D
bonds are moving slowly enough so that the molecular reori-
entation correlation time falls within the time scale of the
NMR observation, a specific approach must be considered in
the calculation of the theoretical spectra [29]. A more general
approach based on the stochastic Liouville equation has also
been put forward to analyze a similar problem [30]. Molecu-
lar dynamics of liquid crystals is characterized by move-
ments of different time scales, corresponding to a very broad
frequency range (from Hz to hundreds of MHz) [31]. In the
present case, the movements with time scale comparable to 7
(see (4) below) which correspond typically to collective
modes, are those that will more significantly affect the NMR
spectra.

Taking into account that the quadrupolar echo pulse se-
quence was used in the experiments described in this paper,
the spectrum associated to a single biaxial nematic domain
F(w) is given by the Fourier transform of the free induction
decay signal f(r) corresponding to this pulse sequence [29],

+27
f(t,Q) < Re{ exp if wo[Q, 1, rldt’

—if w[ Q.1 Fldt’ ¢ ), 4)

0

where Re stands for the real part of, the brackets (:--) indi-
cate an ensemble average, 7 is the delay between rf pulses in
the solid echo sequence and w is the time-dependent absorp-
tion frequency of the nuclear spins at time ¢’ at 7 given by
[29]

377@

2,2
wolay,ayt',r) = T > Di’o(az,fn/Z,O)
\’

m=-2,n=-2
XDy (w2, m2)V,(t',F) (5)

where e is the electron charge, Q is the quadrupolar moment
of the deuterium nucleus, /4 is the Planck constant, Diz- are the
components of the 2° rank Wigner rotation matrices [32],
V, are the irreducible components of the time-dependent
electric field gradient tensor in the nematic domain at posi-
tion 7, and the angles «; and a, define the orientation of the
static field B, in the principal frame of the average electric
field gradient tensor in the nematic domain as shown in Fig.
3. In a polydomain sample with a distribution of orientations
P(Q), the resulting spectrum will be given by
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FIG. 3. Definition of the angles «; and a, that define the orien-
tation of the magnetic field in the principal frame of the averaged
electric field gradient tensor associated with each nematic domain
(frame P). Frame S is fixed with the NMR sample holder and may
rotate in the laboratory, its position relative to the static field B is
defined by the angle a,.

G(w)=FTg(r)], with g(z) =ff(l,Q)P(Q)dQ. (6)

Expression (4) for f(),7) can be further evaluated consider-
ing that w is a Gaussian random variable due to the fluctua-
tions affecting V, and, consequently, the argument of the
exponential in (4) is also a random variable of the same type.
Defining X as the argument of the exponential in (4), X
= ["2Tw [Q, 1", Fldt' = [Jw[Q,1,Fldt’, £(z,)) becomes

f(2,Q) = Re{(exp[iX])}, (7

that evaluates to [29]

_ 2
(X - (X)) >>] @

f(£,Q) o« Re{exp[i(X)]exp(— 5

To proceed in the calculation of f(z,{)), the expectation val-
ues (X) and ((X—(X))?) must be evaluated. Defining G,({})
=3, _.D; o(ay,7/2,00D; (), 7/2,m/2), (X) is readily

obtained,

3me

2
X = oot D=L S, GV, 7). (9)
V6 h n=-2

To evaluate ((X—(X))?) we consider the correlation function
g(t)=(w(Q,0,r)w(Q,t,7")) where 77 is the position at
time ¢/ of the spins located at 7 for t=0 due to translational
diffusion. Using the definition of X we obtain

(X=(X))? = 2<ft (t—u)g(u)du + f dvaTg(u)du
0 0 v

t V27 T
—J dvf g(u)du) + 4f (r—u)g(u)du
0 v+T 0

T 27
- (j ug(u)du + 27— u)g(u)du)

0 T

~[Kwp(Q1", 7 )T (10)
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From its definition the correlation function g(#') is given by

3 2 2 .
\—%T%) S GGV, 0.V 7)

n,l=-2
(11)

>

the determination of both (V,(¢',7")) and (V,(0,r)V,(t',r"))
completes the calculation of f(€),7). This will be accom-
plished considering that the electric field gradient tensor av-
eraged over the fast motions at each point 7 in the nematic
domain should be proportional to the order parameter tensor
at that point,

g(t') = (

V(t', ) =cQ,(t'.r), (12)

where c is a constant and Q, is the nth irreducible compo-
nent of the tensor order parameter. We separate Q, (¢’ ,7') in
its average value in the nematic domain plus a fluctuating
part dominated by the collective modes as follows:

Qu(1'.7) = 0y +AQ, (1" ) (13)
with _Qg given in its principal frame by Qg2=ﬂ2§, QQ_q:O,
Q8= ?S , where # is the asymmetry parameter and S the nem-
atic order parameter. S and 7 are fitting parameters in the

model.
This yields for VO=(V,(¢',7")),

Va=c0,, (14)
and for (X),

2
3
W= @ P=r P S 6@ 13)

n=-2

The constant ¢ can be calculated from Eq. (14) and consid-
ering the n=0 component, it is given by
c=£=ﬁ=£ﬁziﬁ (16)
S eQS eQ 1

with v,5=70.05 kHz estimated from v, in the solid state
associated with the o position of the aliphatic chain
(170 kHz) [33] and the orientation of the most ordered axis
relative to the para-axis of benzene rings in the probe mol-
ecule core.

The correlation function (V,(0,7)V,(t',7")) now becomes

(V(0,AV(t' 7)) = L0007 + (A0, (0, AQ(t',7))].
(17)

It is now convenient to express the fluctuating part of the
tensor order parameter Q in Cartesian components and as Q
is symmetric and traceless only five of them are independent.
Labeling them AQf to AQ5 according to

~1(AQ5 - AQY) AQS AQS
AQ°= AQS ~1(AQS+AQY) AQE |,
AQ; AQS AQS

(18)
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the irreducible components of AQ are given by

5
AQn = E anAQc:5

j=1

(18a)

where C is a 5X5 complex matrix defined by the relation
between the irreducible and Cartesian components of a sec-
ond rank traceless symmetric tensor [29].

The correlation function in (17) (AQ,(0,/)AQ,(t',
comes

")) be-

5
(0,080, 7)) = 3 CuCi(AG;0.DAGI' 7).

jk=1

(19)

We then consider the representation of AQ¢(¢', 7’ 1) as a spa-
tial Fourier series to obtain from (17),

V. 0,) V(" 7"))

=C2<Q2Ql 2 CnICZkE <AQ (0 q—’)AQk(I/ ->/)>et(q TG ))
J.k=1

99,

a9
(20)

and as the Fourier components for different wave vectors are
uncorrelated, we get

E Cn j Clkz

J.k=1

<Vn(0’;)vl(t,’;,)> = CZ(QSQI

<AQ§(0,®AQ;*(t',ci)e"q'-(""’b) :
(21)

The expectation value on the right-hand side of Eq. (21) is
given by

(AQ(0.9)AQ" (", g)e" ™)

~00;0.98¢] [ [ P PP 0
' vJv

(22)

assuming that the diffusion process is independent of the
order parameter fluctuations [34]. V is the domain volume,
Py(7) is the positional probability density for a spin in the
nematic domain at =0 and is just V-! and P(#',7,t') is the
conditional positional probability density for a spin to be
inside the volume element dr’3 located at 7" for r=t' when it
was located at 7 for t=0. P(#',7,t') is approximated by the
solution of the diffusion equation (23) in the domain volume
V, where the anisotropy of the nematic medium has been
neglected in order to simplify the analysis and limit the num-
ber of model parameters
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IP
— =DA’P. (23)
ot

D is an average diffusion constant. Solving Eq. (23) in the
domain volume V=€  and using the solution for
P(7",r,t') in Eq. (22) leads to

(AQ5(0,0)AQ,"(1',g)e" ™)) = (AQS(0,9) AQ, (¢, @I, 1,
(24)

with I; given by

q:it; :
16| —

2

gt :
4 —_

2

Molecular diffusion between neighboring domains is not in-
cluded in the model as it is expected to be small compared to
diffusion inside the domains. This hypothesis relies basically
on the consideration that the number of molecules diffusing
across the domain boundary is much lower than the number
of molecules diffusing inside the domain, due to geometric
reasons. Moreover, the diffusion constant on the domain
boundary is expected to be smaller than inside the nematic
domain due to energy barriers associated to the defects in the
domain boundary [35]. Besides, the inclusion of this addi-
tional effect would substantially increase the number of fit-
ting parameters in the model, far beyond the accuracy al-
lowed by the available experimental data.

The correlation function for AQ¢ can be obtained from the
continuum theory of nematics as presented in [36,37] and
detailed in the Appendix, the result is

Ii — 2 e—D(mr/fi)zt
n=1
|

[1-(=1)"]+ 6,0

(25)

(AQ;(0,9)A0,"(1'.9)) = Ean(CY) zm@VE @ e,

(26)

where V is the nematic domain volume, 7 is the absolute
temperature, k is the Boltzman constant, E,,,(g) is the eigen-
value associated with the eigenmode m of the quadratic term
of the free energy on the perturbation AQS(g) with wave
vector ¢, P,,(g) is the n,m term of the matrix whose col-
umns are the eigenvectors associated with eigenvalues
E,..(q), and 7,, is the decay time constant of eigenmode .
The final expression for {(X—(X))?) is obtained using Eqs.
(10), (11), (21), and (24)—(26) and becomes quite lengthy.
However, the simpler form given below corresponds to the
situation realized in our case where the correlation function
for AQ;, given in Eq. (26) sharply decreases for ¢ values
away from zero and so only the g=0 mode is important. In
this situation diffusion inside each nematic domain does not
affect the spectra, the /; terms reduce to 1 and we obtain

051702-6



BIAXIAL NEMATIC ORDER AND PHASE BEHAVIOR...

3 ) 2 5
<(x—<x>>2>=c2(—7r@) > GG X CCy
N6 I ) i ij=1

kT

5
X > P, (G=0)P,, (G=0)———
Z,l (g=0)P;,(q )VEmm(q:O)

X 2Tm[7_me—r/7'm(2€—'r/7'm _ e—ZT/Tm)

7/,

+27,e”" =37, +1+27]. 27)
The quantities P,,,(q), E,,.(q), T,,(q) are calculated in the
framework of the Landau-de Gennes (LG) free energy ex-
pansion on the order parameter tensor, considering terms up
to sixth order to allow for the occurrence of biaxial nematic
phases [36].

The LG free energy density expansion is

F(Qy)) = Fo+ 5A(T = T)Q,,Q;i + 580,04 0ui + 1C(0;;0,)?
+3D(0,0;)(0,QiQu) + §[E(Q;;Q1 Q1)
+E'(Q0)° 1+ 3(L1 Q14 Qi+ L2035 Qi
+ 130, 4Qix ) (28)

where F,,A,,T*,B,C,D,E,E' ,L|,L,,L; are constants
[36,37] and summation over repeated indices is implied. The
quantities S(T), 7(T),Ay,T*,L,,L,,Ls, are fitting parameters
in the model. The quantities B,C,D,E,E’, are set by Ay, T™*
and the temperature dependencies of both the order param-
eter S and the asymmetry parameter 7. A surface contribu-
tion to the free energy of the type proposed by Durand [38]
and with a surface density of

G
fe= E(Qij - ij)z, (29)

where Q7 is the desired order parameter tensor at the surface
and G is a constant quantifying the surface interaction was
also considered to account for the effects of the interdomain
boundaries. Q‘fj is identified with the average order parameter
tensor in the nematic domain. The time dependence of the
correlation function given in Eq. (26) was evaluated consid-
ering the dynamics of the order parameter in the nematic
phase as described by Qiang and Sheng [39] and neglecting
flow giving rise to the relaxation equation,

JNQS
y Qi) 5CF ’ (30)
ot SAQS(t,r)

where 7 is a viscosity coefficient as described in the Appen-
dix.

The  detailed  evaluation of  the
P @) Epn(@) , 7,,(q) is given in the Appendix.

When G(w) [Eq. (6)] was actually fitted to data, an addi-
tional temperature-dependent line broadening was included
through convoluting with a Lorentzian line-shape function to
account for the presence of those collective modes that are
almost static in the NMR measurement time.

quantities
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IV. RESULTS AND DISCUSSION

A. Determination of vy and 7 and the nematic order
parameter S

The values of the averaged quadrupolar coupling constant
v and the nematic order parameter S, and the asymmetry
parameter 7 for the different temperatures studied were ob-
tained by a simultaneous fit of 18 spectra corresponding to
the six different temperatures studied and including the spec-
tra recorded with the aligned sample, with the 90° rotated
sample, and with the continuously rotating sample, using the
approach described in Sec. III B. The simulated spectra using
this procedure are shown along with the data in Figs.
4(a)-4(c). The resulting values for the nematic order param-
eter S, the asymmetry parameter 7, and the quadrupolar cou-
pling constant v, as a function of the temperature are shown
in Figs. 5(a) and 5(b) where the values reported in Ref. [8]
are also included for comparison.

The approach designed to account for the presence of
slow motions includes several other parameters beyond S (or
VQ,) and 7 whose determination must be discussed. As men-
tioned before, the values of the parameters B, C, D, E, and
E' associated to the Landau—de Gennes free energy expan-
sion are determined by the S and 7 values at the six different
temperatures studied and the values of A, and 7*. To de-
crease the number of free fitting parameters, A, was esti-
mated independently from the /-N transition enthalpy and the
value of the order parameter S just below the /-N transition
[41] (Ay=90%X10° Tm3K™!) T* was considered to be
within 1 K of the /-N transition temperature and one elastic
constant approximation was considered L=L,=L,=Ls. Five
temperature-dependent mode viscosities y,(T) also appear in
the model, two of them associated with the dynamics of the
n, director reorientation were set equal, y4(T)=ys(T). y,(T)
and 7,(T) associated with the dynamics of the fluctuations in
the values of S and % are not important for the fits because
the modes involved show a very low amplitude due to the
high energy cost involved in changing either S or 7 from
their equilibrium values, the relevant viscosities are then
v5(T) associated with the dynamics of the secondary direc-
tors reorientation and y,(7T)=ys(T). The surface interaction
strength G and the domain volume V complete the list of
parameters characterizing the model describing the presence
of slow motions in the NMR time scale. Within the model
used, the domain volume V is not determinable indepen-
dently from G, L and the viscosities and only the products
(GV?3), (LV), and [y,(T)V] can be obtained from the fits.
Besides, it was also found that, with values of L typical of
liquid crystalline materials (~107'2 N) and V=+¢3, with ¢
above one- tenth of a micron, the correlation function for
AQ¢ given in Eq. (26) only assumes significant values for
(}:O. On the other hand, the elastic constant does not con-
tribute to the term with ¢=0 in the final expression for {(X
—(X))?) which is given in Eq. (27). Consequently, the prod-
uct LV does not affect the fits in these conditions.

The products (GV?3) and [y,(T)V] constitute the fitting
parameters along with S(7) [or v,(T)] and 7(T). Table I lists
the value obtained for (GV*?3) and Fig. 6 presents [y;(T)V]
and [v4(T)V]=[vs(T)V]. When analyzing the spectra in the

051702-7



CRUZ et al.

FIG. 4. (Color online) (a) Deuterium NMR spectra obtained at different temperatures for the aligned sample and fits. The fits result from
a simultaneous fit of the data shown in (a)-(c). Experimental data, thin line; fits, thick line. (b) Deuterium NMR spectra obtained at different
temperatures for the sample rotated of 90° about an axis perpendicular to the static magnetic field B, and fits. Experimental data, thin line;
fits, thick line. (c) Deuterium NMR spectra obtained at different temperatures for a continuously rotating sample about an axis perpendicular
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to the static magnetic field B, and fits. Experimental data, thin line; fits, thick line.

biaxial nematic phase recorded with the sample either rotated
90° or in continuous rotation, the distribution of orientations
of the secondary directors must be considered as detailed
below. Distinct distributions of the secondary directors for

angle.
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FIG. 5. (a) Temperature dependence of the averaged quadrupo-
lar coupling constant v, and the order parameter S obtained from
the fits of expression (6) to the NMR spectra [presented in Figs.
4(a)-4(c)] represented by the square symbols and the v, values
(circles) obtained just from fits of the aligned sample data and the
90° rotated sample data disregarding slow molecular motions and
reported in [8]. (b) Temperature dependence of the asymmetry pa-
rameter 7 obtained from the fits of expression (6) to the NMR
spectra [presented in Figs. 4(a)-4(c)] represented by the square
symbols and the 7 values (circles) obtained just from the fits of the
aligned sample data and the 90° rotated sample data disregarding
slow molecular motions and reported in [8].

1. Spectra recorded in the 90° rotated sample

Spectra recorded in the 90° rotated sample or in the con-
tinuous rotating sample are essential to measure the asym-
metry parameter 7. Equation (2) shows this very well since
only when the main director n; is away from the static field
B, direction (6##0) the splitting becomes dependent upon
the asymmetry parameter 7. In this work both methods are

TABLE I. Temperature independent fitting parameter considered
in the model describing the slow modes contribution to the spectra.

Gv2/3 (J)

0.83xX 10720

PHYSICAL REVIEW E 78, 051702 (2008)
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FIG. 6. Temperature dependence of the products of the mode
viscosities 3 and y,= 75 by the domain volume V. For convenience
the values of these products are displayed divided by the Boltzman
constant k.

used simultaneously to determine 7 and in this way allow
more reliable values for » to be obtained.

The effectiveness of the 90° rotated sample method is
clearly shown by the highest temperature spectra [see Fig.
4(b)]. Even in that case, which corresponds to the situation
of easiest alignment breaking, it is easy to verify that the
alignment is maintained through the whole sample. This is
clearly confirmed by the characteristic reduction of the qua-
drupolar line splitting to one-half when the aligned sample is
rotated by 90° in the uniaxial nematic phase.

In the biaxial phase, spectra recorded for the 90° rotated
sample reflect the distribution of the n, and n; directors cor-
responding to the different domains in the sample. When
biaxiality is present, a finite asymmetry parameter can give
rise to a linewidth increase or to a partial powder pattern. In
order to fit the spectra from the 90° rotated sample, a non-
uniform distribution of the secondary directors around the
main director was considered. This is compatible with a par-
tial reorientation of the secondary directors induced by B, in
the rotated sample and does not conflict with the determina-
tion of the asymmetry parameter. This is the case because the
partial powder patterns obtained allow for the simultaneous
determination of the asymmetry parameter and the partial
alignment distribution profile.

The distribution Py({)) for the aligned sample expresses
the alignment of the main directors with B, and the uniform
distribution of the secondary directors, and is given by

PO(Q)=15(COS 0-1). (31)

In the sample rotated by 90° the main director is orthogonal
to B, and the secondary directors are nonuniformly distrib-
uted in the plane perpendicular to r;. This situation is de-
scribed by the distribution

P(Q) = 8(cos O)h(p), (32a)

where h(¢) is given by
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h(cp)={0

Cy is a normalization factor and C,, C,, and C; are
temperature-dependent fitting parameters. This parametriza-
tion of P({)) is compatible with the symmetry of the mag-
netic contribution to the free energy of a nematic domain
[36]. The ideal limiting situation of a perfectly aligned biax-
ial nematic monodomain sample would be described by

h(p) =1/28cos’(¢) — 1], (32¢)

From the analysis of the data presented in this work it was
verified that the alignment conditions expressed by Eq. (32¢)
were not attained. Instead, a careful discussion on the biaxial
ordering and domains distributions, based on the fitting of
Egs. (32a) and (32b) to our data, must be undertaken.

0<p<2m.

2. Spectra recorded in the continuous rotation experiment

The second type of experiment referred to in Sec. II B
was performed on the same sample using the technique (con-
tinuous sample rotation) described in the literature [4,22,40].
In that method, the continuous rotation of the sample around
one axis perpendicular to the NMR static magnetic field B,
as described in Sec. II B, generates a distribution of the n;
director. In this case, generally considered in the literature
[22], a two dimensional powder pattern is formed as By, lies
distributed with equal probability in the plane defined by n,
and n, [4,22,40] in the frame of the rotating sample. The
case described above [4,22,40] implies a perfect alignment
of one of the secondary directors (n;) of the biaxial nematic
domains with the axis of the sample rotation. In our system
the powder patterns obtained in the continuous rotation ex-
periment show a clear difference relative to the usual two-
dimensional (2D) powder patterns obtained in uniaxial and
biaxial rotating nematics [4,22,40], and that difference be-
comes more pronounced as the temperature is lowered into
the biaxial phase. It was also observed that the integral of the
experimental spectra obtained with the rotating nematic is
reduced relative to the aligned sample spectra.

When simulations of the spectra corresponding to the con-
tinuous rotating sample are attempted using the approach
given in Sec. III A, the results presented in Fig. 7 (along with
the data) are obtained. These simulations were prepared us-
ing the approach given by Egs. (1) and (2) with a polarized
distribution of secondary directors (associated with each do-
main) where ns is aligned with the rotation axis and the
values of v, and 7 reported in Figs. 5(a) and 5(b). As stated
above, and could be anticipated, these simulations are not
compatible with the data. Additional simulations, consider-
ing alternative distributions of the secondary directors (in-
cluding the uniform distribution) and allowing also v, and 7
to vary, were also unfitted to explain the experimental re-
sults.

The shape distortion and the decrease in area of the spec-
tra from the continuous rotating sample are two factors that

PHYSICAL REVIEW E 78, 051702 (2008)

[1+C;cos(2¢) + C, cos(4¢) + C5 cos(6¢)]/Cy, h(p) =0,

h(g) <0. (320)

together can be caused by the combined effects of the pres-
ence of slow molecular motions and the use of the quadru-
polar echo pulse sequence [27]. In order to simulate consis-
tently the results of the aligned sample spectra, the 90°
rotated sample spectra and the continuous rotated sample
spectra, slow motions must be taken into account in the
simulations as discussed in Sec. III B and shown in figures
4(a)-4(c). In carrying out the simulations for the continuous
rotating sample, the domain orientation distribution in this
case was also taken into account. As the signal acquisitions
were unsynchronized with the sample rotation, a continuous
planar distribution of n, directors around an axis perpendicu-
lar to B, was assumed (this is compatible with both a rotat-
ing aligned sample and a sample with a uniform n; distribu-
tion in a plane perpendicular to the rotation axis). In the
present case, it was verified by additional synchronized ex-
periments that the uniform distribution of n correspond ef-
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FIG. 7. (Color online) Deuterium NMR spectra registered from
the continuously rotating sample at different temperatures and
simulated spectra obtained with v, and 7 reported in Figs. 5(a) and
5(b), disregarding slow molecular motions. Experimental data, thin
line; simulation, thick line.
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fectively to the rotation of the previously aligned sample
[42]. The partial orientation of the secondary directors n, and
ns express a polarized distribution in the frame associated to
the initially aligned sample with a common n;, which is
rotating around the axis perpendicular to B,. The orientation
distribution of the secondary directors in the continuous ro-
tating sample is parametrized by an expression identical to
Eq. (32b) but with only one term in the series expansion due
to the lack of sensitivity of the spectra to the presence of
higher-order terms.

The spectra (thin lines) and the fits obtained considering
the presence of slow motions (thick lines) appear as indi-
cated before in figures 4(a)-4(c). These results correspond to
the aligned sample (a), 90° rotated sample (b), and continu-
ously rotating sample (c), respectively.

The discrepancy between the experimental data and the
fits found when slow motions are disregarded in the continu-
ous rotation spectra was corrected with the introduction of
the slow reorientations of the principal axis frame of the
electric field gradient tensor (associated with the C-D bond),
averaged over fast motions, within a time scale similar to the
NMR characteristic time (in this case the delay 7between the
two pulses in the quadrupolar echo). Actually, the NMR sig-
nal expressed by Egs. (4) and (6), tends to the static case
described by Eq. (1) at the limits corresponding to

(i) movement with a time scale much larger then 7 for
which the principal axis of the AFG tensor may be consid-
ered at rest and is constant during the time 7;

(i1) movement with a time scale much smaller then 7 for
which a constant AFG tensor resulting from the averaging
over fast movements is observed by NMR.

In both cases, ((X—(X))?)=0 and expression (6) with f(#)
given by (4) is reduced to Eq. (1) corresponding to the static
distribution. In the intermediate case, associated with move-
ments of time scale comparable to 7the more detailed analy-
sis described in Sec. III B must be followed.

The domain distributions considered for the 90° rotated
sample spectra and for the continuous rotating sample spec-
tra are shown in Figs. 8 and 9.

3. Discussion of the fit results

The values of vg, S, and # obtained from the fits are,
within experimental error, in good agreement with those re-
ported in Ref. [8] resulting from an analysis where only
aligned sample spectra and 90° rotated sample spectra were
considered and slow motions were not taken into account, as
can be seen in Figs. 5(a) and 5(b) where both data sets are
shown. This is possible because the effect of the collective
modes on the NMR spectra is more pronounced when the
main director is away from the parallel or perpendicular ori-
entations relative to By due to the stationary behavior of
P,(0) for 6=0 and 6=m/2. The compatibility between the
fits for the 90° rotation sample experiment and the continu-
ous rotating sample experiment (including slow motions),
constitutes a strong experimental confirmation of the validity
of values found for vy, S, and %.

The domain orientation distribution i(¢) is shown in Fig.
8 for the 90° rotated sample and in Fig. 9 for the continuous
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FIG. 8. Orientation distribution function of the secondary direc-
tors h(¢) for the temperatures studied in the biaxial phase for the
90° rotated sample experiment. (¢=a+7/2).

rotating sample for the different temperatures in the biaxial
nematic phase.

In the case of continuous rotation (Fig. 9) it is possible to
observe a clear tendency of the secondary director n5 to align
perpendicular to the magnetic field for increasing tempera-
tures as could be expected. At the highest temperature of
measurement, where 7>0 (270 K), the secondary director
ny in the nematic domains is aligned, although imperfectly,
perpendicular to the plane where the static magnetic field By,
evolves. For lowest temperatures the secondary directors cor-
responding to different nematic domains tend to be more
equally distributed in the plane perpendicular to n;. At the
lowest temperature of measurement, corresponding to the
highest values of the asymmetry parameter, the distribution
of secondary directors is practically uniform in the plane
perpendicular to n. It is important to remember that these
distributions of n, and n; correspond to different domains all
with a common alignment direction of n;. This set of do-
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FIG. 9. Orientation distribution function of the secondary direc-
tors h(¢) for the temperatures studied in the biaxial phase for the
continuous rotating sample experiment.
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mains is rotating coherently and the apparent distribution of
n; in the plane perpendicular to the rotation axis, correspond
in fact to the accumulation of data scans at random angles
resulting from the asynchrony between sample rotation and
data acquisition [42].

The dependency of the secondary director distribution
with temperature is more complex in the case of the 90°
sample rotation technique. This could result from a compe-
tition between the decreasing of the viscosity with the in-
creasing of temperature (which promotes the easiness of sec-
ondary director alignment), on the one hand, and the
decreasing of the asymmetry parameter with the increasing
of temperature (which promotes the tendency for a less an-
isotropic distribution, considering the corresponding de-
crease in the magnetic energy anisotropy), on the other hand.
Nevertheless, for the highest measurement temperature with
1n>0, the tendency of alignment of the secondary directors
with the magnetic field is clear, although imperfect.

The temperature independent fitting parameter arising
from the model of the slow molecular motions is given in
Table I while Fig. 6 presents the dependent ones which are in
this case the order parameter relaxation modes viscosities
v3(T) and y,4(T)=ys(T) multiplied by the domain volume V.
To discuss the value reported in Table I we may consider a
hypothetical domain volume corresponding to a characteris-
tic length of the order of the tenths of a micron. With this
hypothetical volume, the resulting mode viscosities obtained
from the values presented in Fig. 6, are below the typical
values of the rotational viscosity coefficient (7,) found for
thermotropic liquid crystals what can be accounted for
within the nematodynamics theory [36]. Regarding the sur-
face energy coefficient G, a value of the order of 107% J m~2
is obtained within the same hypothesis.

From the values of the asymmetry parameter (measured in
a bulk sample) it is possible to verify, within the experimen-
tal error, that the investigated system presents a nematic bi-
axial phase (7>0) for temperatures below 273 K and a
uniaxial nematic phase (7=0) at and above this value. No-
table for this system is that large values for the asymmetry
parameter could be measured. This is attributed to the stabil-
ity of the N, phase at low temperatures in favor of higher-
ordered LC phases. This could be a guide for the design of
future materials. It is important to notice that the values of 7
measured in this work correspond to domains’ distributions
of the secondary directors all with a common principal di-
rector. The tendency of alignment of secondary directors
with the increasing of temperature corresponds to an addi-
tional piece of information on the biaxial ordering of the
system. Although a nematic biaxial monodomain was not
observed, the measurement of an asymmetry parameter
clearly different from zero and with considerably high val-
ues, far behind the limits of experimental error, for low tem-
peratures along with partial alignment of the secondary di-
rectors induced by the magnetic field in both the continuous
rotating sample and the 90° rotated sample, is an evidence of
biaxial nematic ordering in these domains. The question of
the size of the domains is not fully answered by the results
presented although a domain size corresponding to a charac-
teristic length of the order of the tenths of a micron has
shown to be compatible to our results as referred before. The
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answer to the questions on the biaxial ordering of the phases
exhibited by the material studied in this work may be better
addressed by considering the contribution presented herein
with others resulting from different experimental techniques.
In fact the ’H NMR experimental results presented here are
essentially consistent with investigations of biaxiality on the
same material (TM35) through the analysis of optical polar-
izing microscopy textures, conoscopy and polarized ir spec-
troscopy reported in [7] and also with results of dynamic
light scattering on a similar compound reported in [43]. The
difference between the uniaxial-biaxial transition tempera-
tures obtained in the different studies is associated with the
presence of the probe in the NMR sample (15% in weight)
and the experimental error. Additionally, the different experi-
mental geometries (bulk vs thin film) must be taken into
account.

B. Discussion on the origin of the nematic phase biaxiality

The origin of the biaxiality evidenced by the results
shown in the preceding section can be discussed in terms of
the molecular structure of the tetrapodes and the resulting
local structure of the nematic phase.

Several theoretical models and simulation studies have
been used to describe the appearance of biaxial ordering in
the nematic phase of different systems [1,11-14,44,45].
Earlier in the paper the Landau—-de Gennes [36] expansion
was used due to its simplicity and adequacy to quantify the
effect of the collective modes on the NMR spectra, how-
ever to better describe the molecular order in the biaxial
nematic phase other approaches have been used includ-
ing models relying on the Saupe order matrices Siaﬂ
=<%(3 cos B;, cos 05— 6,p)), where i=X,Y,Z refers to the
axis of the phase frame (the Z axis of this frame is coincident
with the principal director n; in each nematic domain) and
0, 0, are the angles between the axis of phase frame and
those of the molecular frame, «, B=x,y,z. Following the
approach of Straley [44] the elements of the AFG tensor in
the phase frame [that determine the value of the asymmetry
parameter given by Eq. (3)] can be expressed in terms of the
components of the average electric field gradient tensor as-
sociated to the C-D bond in the molecular frame (V;; i
=x,y,z) by means of four order parameters, S, D, P, and C,

— D
VZZ - E(VM -V, +SV,, (33a)
oxx _ovr_ €
Vit —-vit= E(VXX -Vy)+ PV, (33Db)
where the order parameters are given by
3 1
SESi:<Ecos2B—§>, (34a)
D=5 -5 = 3 in? B cos 2 (34b)
=8n =8y, = 2sm cos2a /,
_x_ v (3.2
P=5.-S.. = 5 sin® Bcos 2y /, (34¢)
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FIG. 10. (Color online) Angles between the phase (XYZ) and
molecular (xyz) frames used in the definition of the S, D, C, and P
order parameters.

C=(S5-S5)—(Sk-58))

(3 5 1) 5 5
= — + =
2cos B 5 cos 2a cos 2y

—3 cos Bsin 2a sin 2y> . (344d)

B is the angle between the molecular z axis and the Z axis of
the phase frame; « is the azimuthal angle with respect to the
X axis defined by the projection of the z axis on the XY
plane; v is the angle associated with rotations of the molecu-
lar frame around the z axis (see Fig. 10). S is the nematic
order parameter and is a measure of the tendency of the z
molecular axis to align with the principal director defined by
the Z phase axis. D is a molecular asymmetry parameter that
measures a difference of tendency of the main director (de-
fined by phase axis Z) projection in the xy plane to align with
respect to axes x and y of the molecular frame. This param-
eter may be understood as a measure of the molecular “flat-
ness” in a uniaxial phase [37]. P is a biaxiality parameter that
measures the difference of the tendency of the z molecular
axis projection in the XY plane to align with the X and Y
axis, respectively. Finally C is an intrinsic (molecular) biaxi-
ality parameter for a biaxial phase.

Now, the origin of the experimental values found for the
asymmetry parameter 7 may be discussed taking into ac-
count Egs. (3), (33), and (34) and considering the meaning of
the different order parameters. Equations (33) show that the
asymmetry parameter results from two contributions, one
proportional to the phase biaxiality parameter, P, and another
proportional to the molecular biaxiality parameter C. As can
be seen in Egs. (34c) and (34d), these two contributions are
of different nature and may be understood as resulting (i)
from the anisotropy of the fluctuations of orientation of the
most ordered molecular axis (z) in the XY phase plane; (ii)
from the hindering of the rotational movements of the mol-
ecule around the most ordered molecular axis. As an ex-
ample it may be referred that in smectic phases of tilted
molecules (e.g., SmC, SmF), the phase biaxiality P generally
dominates and a biaxial phase may be formed by molecules
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of cylindrical symmetry. Contrary, in a nematic phase, espe-
cially in a highly ordered nematic (which is clearly the case
investigated here for the very low temperatures where the
asymmetry parameter reaches very high values) the low am-
plitude of fluctuations in B (sin 8—0) results in a low con-
tribution from the effect of the anisotropy of the fluctuations
of orientation of the most ordered molecular axis (z) in the
XY phase plane, (i). Therefore, it must be expected that the
contribution (ii) from the hindering of rotations around the
most ordered molecular axis dominates. Consequently, mo-
lecular biaxiality must be present together with reasons for
anisotropic molecular rotational movements around the z
axis in order to explain the high values of the asymmetry
parameter, 7 obtained at low temperatures in the case studied
here.

The molecular packing in this nematic phase was studied
in previous investigations by means of x-ray diffraction and
polarized ir spectroscopy and it was confirmed that, as dis-
cussed before (see Fig. 2), the phase structure is character-
ized by the interdigitation of interconnected mesogenic units
belonging to different tetrapodes [16—18]. The importance of
this type of molecular interdigitated packing on the molecu-
lar dynamics has been confirmed by proton NMR relaxom-
etry [16]. Clearly, these mesogenic units are strongly re-
stricted with respect to rotations around their long molecular
axis through their lateral covalent link to the alkyl/siloxane
chain which connects to the central siloxane core. According
to Egs. (33b) and (34d) biaxiality must result mainly from
the anisotropy of molecular rotations in the angle y corre-
sponding to reorientations around the long molecular axis.
Jointly there must be some anisotropy of the AFG tensor in
the molecular frame with respect to the xx and yy compo-
nents. These can be explained through the constraints im-
posed on the probe by local molecular packing of the tet-
rapodes resulting on asymmetrical fluctuations of the C-D
bond.

In summary, it can be stated that the tetrapodes, which
form a monodisperse system of supermolecular interdigitated
plates, as shown in Fig. 2, originate a biaxial nematic phase
at low temperatures due to the hindering of molecular move-
ments around the most ordered molecular axis. This effect
has some similarities with that observed by NMR on a
side-on thermotropic nematic polymer as reported in [5]. In
that case biaxiality is also presented as a consequence of the
hindering of rotations of the mesogenic units as due to the
lateral attachment to the polymer chain. However, the system
described in this work is a monodisperse supermolecular sys-
tem, with a clear overall geometry, where biaxiality is imme-
diately evident through the observation the NMR spectra.
Also the values of the asymmetry parameter found for the
biaxial nematic phase of the tetrapode studied in this work
are quite high (see Fig. 5) and clearly far above those ob-
served for bent-core mesogens [4] or the thermotropic nem-
atic polymer [5]. As discussed in [8], the very low tempera-
tures, where the biaxial nematic phase of the tetrapode
(mixed with 7CBad2) appears, provide a strong supporting
argument for this result. As observed by Berardi and Zannoni
[46], using Monte Carlo simulations where biaxiality of the
molecules and of their interactions is considered, with de-
creasing of the temperature, the tendency for the occurrence
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of a biaxial nematic phase competes with the propensity for
the onset of a more ordered phase (generally a smectic
phase). In our case, the special characteristics of the molecu-
lar structure of the tetrapodes give rise to a nematic phase
over a very large temperature range allowing for the appear-
ance of the biaxial nematic order. Indeed, a simple model
where hindering of rotations on the angle 7y is taken into
account in the calculation of the AFG tensor clearly leads to
such high values of the asymmetry parameters. This effect
occurs for low temperatures, just provided that the potential
barrier associated with the hindering of the rotations be-
comes important when compared to the available thermal
energy [8]. In addition to the fast local hindered molecular
reorientations resulting in a biaxial average field gradient
tensor (clearly shown by the very high asymmetry parameter
values), slow molecular motions were also detected in this
investigation. The latter can be associated with slow collec-
tive modes of the nematic phase [16,24,31]. The hypothesis
that the biaxial nematic ordering observed in domains with
different orientations of secondary directors is related with
the hindering of rotations around the direction defined by n,
is compatible with the observation of the curves for the sec-
ondary directors distributions presented in Figs. 8 and 9. In
fact, as the temperature decreases the ordering associated
with n, and n; in each domain becomes higher and higher as
shown by the increasing values of 7, but simultaneously the
common ordering of these domains becomes less and less
effective. This fact, which may be macroscopically described
as an effect of the increase of rotational viscosity in the ma-
terial, may be associated to the conjecture that, at lower tem-
peratures, the increasing of the biaxial ordering in each do-
main corresponds to a higher energetic cost for the mutual
reorientation between domains.

The experimental manipulation of the material in order to
obtain a biaxial nematic monodomain is a question that de-
serves further research work. The standard procedure of
cooling the system from the isotropic phase to the measure-
ment temperature in the presence of the static NMR mag-
netic field is ideal for eliminating defects in the distribution
of the main director. However, for symmetry reasons it is
useless to align the secondary directors. The repeated tilting
technique, which was used in this work for the measurement
of the spectra in the 90° rotated samples has shown not to be
sufficiently effective for the preparation of a biaxial nematic
monodomian, especially for low temperatures. From the ob-
servation of the curves in Figs. 8 and 9 it may be conjectured
that cooling the sample from a previously aligned situation at
a temperature in the biaxial nematic phase would lead to
further aligned samples at lower temperatures. However, it is
not clear how the defects corresponding to the secondary
directors distributions will behave along the process. The
fact that the observation of the secondary directors’ distribu-
tion is not direct and depends on a detailed posterior analysis
of the measured spectra increases the experimental difficul-
ties of obtaining such an ideal sample preparation. In any
case, the measurement of values of the asymmetry parameter
in polydomain samples with partial alignment of secondary
directors is a clear indication of biaxial ordering in the nem-
atic domains.
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V. CONCLUSION

The presence of a biaxial nematic phase in an organosi-
loxane tetrapode polydomain sample was observed by means
of two independent ’H NMR experiments. Both procedures
used (90° rotation and continuous rotation) correspond to
well-established techniques for sample handling during
NMR measurements, particularly adequate for the analysis
of biaxial ordering in liquid crystal phases [2,4,8,22,23]. The
biaxial nematic mesophase is detected for temperatures be-
low 0 °C, confirming results presented recently on this ther-
motropic monodisperse system [8]. The use of the nematic
liquid crystal 7CBad?2 as a deuterated probe (15% in weight)
was shown to be particularly effective in the detection of
nematic biaxiality. This was expected as the interactions be-
tween the phenyl rings of the probe and those of the tetra-
pode mesogenic units favor the ordering of the probe as a
result of the molecular packing of the host. The values of v,
S, and 7 resulting from the coherent use of the two distinct
methods in this investigation confirm those previously re-
ported. It must be noted that the values of these parameters
obtained in this experiment correspond to the mixture of tet-
rapode with the nematic LC used as a deuterated probe. Nev-
ertheless, the fact that the probe used is clearly uniaxial in-
dicates that the biaxiality of the system originates from the
tetrapodes nematic arrangement. The particularly high values
of the asymmetry parameter obtained for low temperatures
are interpreted as a consequence of the specific molecular
structure of the tetrapodes [8]. The existence of a nematic
phase ranging to such low temperatures and the hindering of
the local reorientational movements of the tetrapodes con-
tribute to the high values of 7 in agreement with a model
presented in [8]. In addition, slow molecular movements are
evidenced by the line-shape analysis of the spectra resulting
from the continuously rotating sample. Consistent values for
the fitting parameters v, and % are obtained for the two
experiments when the presence of slow molecular motions in
the time scale of the NMR measurement is taken into ac-
count. In fact, the consideration of the presence of the slow
molecular motions (associated with collective modes of the
nematic phase) proved to be essential to the simulation of the
continuous rotating sample spectra particularly in the lower
temperatures analyzed. Finally, it is important to note that the
high values of the asymmetry parameter measured corre-
spond to the nematic biaxial ordering in a polydomain
sample with an overall common main director n#; and partial
orientation of secondary directors n, and ns;. The perfect
alignment of a NMR sample forming a single biaxial nematic
monodomain of the organosiloxane tetrapode studied in this
work is a possibility that depends on both the material prop-
erties and experimental conditions and deserves further in-
vestigation.
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APPENDIX

Here, we give a detailed calculation of expression (26)
and of the quantities P,,,(§), E,,,(q), T,,(q). The first step is
to decompose Q;; as the sum of an average value plus a
fluctuating part as in (13),

Qij('_:) = QE} + AQU(;) (A1)

and insert the result in F and f, [Egs. (28) and (29)] keeping
terms only up to second order in the fluctuating part AQ;(r)
since it is supposed to be small compared to the average
value of Q. Next the AQij(f) terms in F are renamed accord-
ing to (18) and replaced by their spatial Fourier series and
the free energy density is integrated over the volume of the
nematic domain yielding the free energy of the domain F.
(The surface integral of f, is converted to a volume integral
using the divergence theorem with the contribution of non-
diagonal terms neglected.) The domain free energy F be-
comes

F= P00+ 33 (o + 4B AOI@AC @),
q

(A2)
where V is the domain volume and «;; and B;;; are functions
of the parameters Ay, B, C, D, E, E', L=L,=L,=Ls, G, the
temperatures T and 7* and the order parameter tensor Q.

The indices i, j run from 1 to 5 and the indices k, / run from
1 to 3. The second term in F can be set in a diagonal form

\%4 o
f:fO(QO) + 52 AQlC(q_)Pm(dlmEmm)Pr_niAQJ (é)’
q

(A3)

where P;, is a matrix whose columns are the eigenvectors of
the matrix with elements (a;;+¢,q,8;) and E,,, are the ei-
genvalues of that matrix. §,,, is the Kronecker 6 symbol. The
equipartition theorem allows us to write

kT
VEI‘I n

(AQ{(Q) PP} AQT (@) = (A4)

(with implied summation in the indices i and j but not n),
that gives
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(AQ{(9AQ"(9) = P, P;

AS
ni* jn VEnn ( )

(with implied summation in n).
The dynamics of the fluctuating part of Q is evaluated
neglecting flow according to [39]

dAQS(t,7) SF
a7 SAQS(t,7)
=- ( é’F — 0 ﬁF ) (A6)
dAAQ;(1,1)] " AAQ;(t,r)]

which correspond to the Landau-Kalatnikov equations for
the dynamics of the order parameter. Replacing in the previ-
ous equation AQS(¢,r) by its Fourier series expansion we
obtain

JAQ;(1,9) )
= (et @B AOS(1,q) (A7)
that can be set in the form
0 . . o
Vi PnAQ(1.9) == EPy/AQ3(1.4), (A8)

where we have introduced a different y value for each mode
and summation is implied in the indices m and n. The equa-
tion integrates to give

AQS(t,q) = P,e” Bl W PLIAQS(0,q).

Consequently the correlation function (Aan(O,cj)AQ;*(t,é))
is given by

(AQS(0,)AQT(1,9)) = PP e Bl " AQE(0,9) A0 (0,9))

(A9)

kT
= PP e PPy (AL0)
that simplifies to
. o kT

(AQ5,(0,9)AQ;"(1,9)) = PyP, e/ %! (Al1)

which is expression (26) with

Vi

= Al2
= (A12)
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