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NMR proton spin-lattice relaxation constitutes an important tool for the character-
ization of the molecular dynamics in liquid crystals (LC). For LCs, in general, the
main difference between the proton relaxation dispersion in mesophases and in the
isotropic phase appears in the low frequency regime: typically a plateau is observed
in the isotropic phase and specific frequency dependences, due to collective move-
ments, are found in the LC phases. In more complex systems, peculiar frequency
dependencies, in the low frequency regime may be found in the isotropic phase.
The results presented in this paper reveal the presence of particular slow motional
mechanisms related to the specific characteristics of the investigated systems.

Keywords: isotropic phase; liquid crystals; molecular dynamics; proton NMR relaxation;
tetrapodes

This work was partially supported by the Portuguese Science Foundation (FCT) —
Project POCTI/34453/CTM /2000 and by the EU through project HPRN-CT-2000-0016.

Address correspondence to D. Filip, Centro de Fisica da Matéria Condensada da
Universidade de Lisboa Av. Prof. Gama Pinto 2, 1649-003 Lisboa, Portugal. E-mail:
dare67ro@yahoo.com

17/[971]



Downloaded by [University of California, San Diego] at 09:10 22 August 2012

18/[972] D. Filip et al.

1. INTRODUCTION

Different types of molecular motions in liquid crystalline systems can
be studied by NMR proton relaxation, particularly when standard and
fast field-cycling NMR techniques are combined [1]. When a broad
enough domain of Larmor frequencies is explored different molecular
movements with different time scales can display their characteristic
signatures in the proton relaxation dispersion profiles.

In general, the movements observed in liquid crystalline phases for
the frequencies associated with this kind of NMR experiments are
mainly of three types: local molecular rotations/reorientations (ROT)
(effective at high frequencies ~10-100 MHz), molecular self-diffusion
(SD) (effective at intermediate frequencies 1-10 MHz) and collective
movements (CM) (effective at low frequencies 0-1 MHz).

The main difference between the isotropic and LC phases, is the
presence, of the long-range orientational order in the LC phases,
which leads to characteristic relaxation mechanisms, due to the collec-
tive movements. This slow motional process usually produces a parti-
cular dependence of the spin-lattice relaxation time on the Larmor
frequency, typically a square root law T;(»'/2) for the nematic phase
and linear frequency dependence law T;(v') for the smectic phase. In
the isotropic phase, only two mechanisms (self-diffusion and local mol-
ecular rotations/reorientations) with short characteristic times © were
generally found to contribute to the relaxation rate [2]. In this case, no
frequency dispersion is observed when vt << 1.

Local molecular rotations are basically determined by the molecular
characteristics; molecular translational self-diffusion is conditioned by
short range molecular arrangements and is determined by the phase
structure at local level, whilst the collective movements specific to
liquid crystalline phases depend on the existence of long range molecu-
lar ordered domains.

In the past years many proton relaxation studies have been carried
out in different types of mesophases exhibited by calamitic [3-5], disc-
like [6] and polycatenar molecules [7]. These studies dealt with vari-
ous relaxation models contributing to the structural characterization
of different mesophases. Also the experimental results in the isotropic
phase were analysed, mainly in order to differentiate the molecular
movements in the LC and isotropic phases. The most basic result
was that the low-frequency T; dispersion, corresponding to the collec-
tive movements completely vanishes above LC-isotropic transition
temperature, whereas the dispersion in the high frequency region is
almost similar in the two types of phases. Many other studies dealt
with the liquid crystal molecular dynamics slightly above the clearing
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temperature when, locally, molecules are still parallel to each other,
and therefore form “pseudo-nematic domains” [8]. The relaxation
mechanism associated with this short-range order fluctuations in
the isotropic phase was considered as a possible explanation of the
T, experimental results in the isotropic phase of the discotic LC com-
pound studied in [9].

In this paper, we focus on the peculiar molecular dynamics in the
isotropic phase of more complex LC systems comparing their behav-
iour with the one exhibited by more conventional low molecular weight
LCs. New proton NMR relaxation results obtained with new LC com-
pounds, namely organosiloxane tetrapodes (oligomers), precursors for
LC dendrimers are presented.

2. A COMPARATIVE SHORT OVERVIEW OF THE MOLECULAR
DYNAMICS IN LC SYSTEMS

Molecular motions in liquid crystal polymers (LCPs) have been in gen-
eral analysed in terms of the models developed for low molecular
weight LCs. Naturally, due to the large molecular dimensions, the
dynamics in polymers is more complex than for small molecules.
Consequently, the contributing motional modes in the LCPs could be
merely distinguishable. It was shown by NMR relaxometry studies
[10] that in the case of LCPs, collective order fluctuations are also
effective in the low frequency regime whilst the MHz range is domi-
nated by molecular reorientations. The same square root law was
observed also for nematic polymers and dimers, as in the case of mono-
mers. With isotropisation, the collective modes associated with order
director fluctuations should normally vanish. The interest in liquid
crystal dimers and oligomers, which are composed of molecules con-
taining two or more mesogenic groups linked through flexible spacers,
stems not only from their ability to act as model compounds for semi-
flexible main-chain liquid crystal polymers but also from their quite
different properties compared to low molecular weight LCs [11]. It
was found [12] that the motional correlation times corresponding to
the model compounds are similar to those of monomeric liquid crystals
whereas the dynamics of the polymers is much slower.

Another complex LC systems in which the contributing motional
mechanisms seem to be not so clear are lyotropic LCs and biological
membranes [13,14]. For instance, the proton relaxation dispersion
results in the case of lyotropic potassium laurate-D,O mixtures [15]
are somewhat similar to the ones corresponding to low molecular
weight thermotropics: in the low frequency range, for the isotropic
phases (cubic, micellar), the results show a plateau, whereas for both
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anisotropic phases (lamellar and hexagonal phases) the experimental
results show a linear frequency law corresponding to a smectic order
fluctuations in the lamellar system. Also in the case of dimyristoylgly-
cerophosphocholine-water membrane [3,16] the linear profile found in
the LC phase becomes completely absent in isotropic phase. A differ-
ent result was presented for the potassium laurate/6.24% 1-decanol/
68.6% D30 lyotropic mixture [13]. The T, dispersion curves for this
amphiphilic system exhibit no differences in isotropic and LC phases.
This peculiar behaviour was supposed to arise as a consequence of the
slow internal motions associated with individual molecular aggre-
gates.

The LC systems presented in this paper (see Fig. 1), namely two
organosiloxane tetrapodes (T, and T}), precursors to LC dendrimers,
show molecular dynamics features in line with those presented for
LC polymers and lyotropics revealing their complexity, due to the
presence of additional slow motional processes acting in the low fre-
quency regime. The compound T, (molecular mass 3597.96 gmol )
has three aromatic groups in the mesogens and alkyl chains formed
by eight and eleven methylene groups. The flexible spacer which links
the mesogenic core to the siloxane core is formed by five methylene
groups and tetramethyldisiloxane groups. The tetrapode T}, (molecular
mass 2071.9 g/mol) has cyanobiphenyls as mesogenic groups linked to

Ta
C.H,,0 <
\/ \/ OC11H23
/’ \ N\ / \/\N
Si
I \ 0T | ATC A
— 4
Ty
VY
1
N AN/ vvvvvv°°"
Si Si
/\
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26C 1 IC o AT L 82C

FIGURE 1 Chemical structures and phase sequences of the T, and T
tetrapodes.
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the siloxane core by much longer flexible spacers formed by eleven
methylene groups and tetramethyldisiloxane groups. They were
synthesized as described in [17]. Their chemical structures and phase
sequences are presented in Figure 1.

3. NMR RELAXATION RESULTS OBTAINED FOR THE LC
ORGANOSILOXANE TETRAPODES

3.1. Experimental

Different experimental NMR techniques and spectrometers were used
for performing T; measurements over a broad frequency range, from
10kHz to 300 MHz. The T; data for Larmor frequencies between
10kHz and 1 MHz were obtained using a home build fast field-cycling
spectrometer [18] with a polarisation and detection field of 0.215T
(corresponding to a Larmor frequency of 9.1 MHz) and switching times
of 2-3 ms. The T, results between 4 and 100 MHz were obtained with a
conventional pulsed NMR spectrometer BRUKER SXP 4-100 using
the inversion-recovery RF pulse sequence with phase cycling
((m)x — (/2)y, _x) for suppression of the DC bias. Finally, a Bruker
MSL 300 was used for the measurements at 300 MHz. The samples
consisted of a few hundred milligrams of the LC material sealed under
moderate vacuum (<10* Torr) in NMR glass tubes. With the aim of
orienting the LC molecules in the magnetic field in the mesophases,
all the measurements were carried out after slowly cooling the sample
(< ’C/min) in the presence of the external magnetic field, from the iso-
tropic phase to the desired temperature. The temperature was con-
trolled within 4+0.5°C.

3.2. Results and Discussion

The T, dispersion experimental results in the isotropic and LC phases
at different temperatures of the T, and T}, tetrapodes are presented in
Figures 2 and 3, respectively.

The random error limits are estimated to be +10%. Comparing the
T, dispersion results in all the phases for these two compounds the
following observations can be done:

a) Above 20 MHz a similar behaviour (regular monotonic increase) of
T; (v) is detected in all the phases. Usually, in this frequency
regime, the most important relaxation mechanisms are molecular
rotations/reorientations or fast conformational changes within
the molecule, modulating the intra-molecular dipolar interactions,
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and translational self-diffusion modulating the inter-molecular
interactions.

b) At lower frequencies, differences between the relaxation behaviour
of the two tetrapodes in the isotropic and L.C phase can be noticed.
For T, an almost similar dispersion profile is detected both in the
isotropic and nematic phases, which is unusual. In both phases
T, decreases with decreasing frequency. In nematic phase the typi-
cal square root law is revealed by the experimental results. Inter-
estingly, the dispersion results of T, are somewhat similar to the
one referred for lyotropic mixture discussed in [13]. As to the T}, tet-
rapode, the T; experimental curves show a behaviour similar to
that of the low molecular weight liquid crystals and the lyotropic
system studied in [15]. No frequency dependence is obtained in
the isotropic phase whilst the liquid crystalline phases, in parti-
cular SmA and SmC phases are characterized by a linear law typi-
cal for these two lamellar systems. This behaviour may be related
to the long flexible spacer, which assures a strong decoupling of
the movements of the mesogenic units from the siloxane cores.
The terminal mesogenic groups have more freedom to develop
ordered structures and the behaviour of the system becomes simi-
lar to the one of the low molecular weight LCs. Also this long flex-
ible aliphatic chain promotes a high degree of microsegregation in
this polyphilic system which may also favour the usual linear
dependence in smectic phases of liquid-like layers.

The T, ' dispersion results at different temperatures were fitted with
theoretical expressions corresponding to the relaxation models found in
the literature [1]. These models depend on several parameters related
to physical properties of the phases and of the compounds, namely: the
spins density, n; and geometric factors, AX, that account for the average
intramolecular distance and orientation of proton spin pairs. In this pre-
liminary analysis averaged values ~ 6 x 10%® spins-m®(calculated from a
specific density of 221 gem ® and taking into account the number of proton
spins present in each molecule) and ~10°®m® (obtained by simulation
considering an average of a sample of possible molecular conformations)
where considered for these parameters, respectively. In addition, corre-
lation times for the different molecular movements considered were used
as fitting parameters.

In the isotropic phase, the rotations/reorientations contribution
was interpreted in terms of an extension of the Woessner model [19],
whereas for molecular self-diffusion the Torrey model [20] was used.

As an hypothesis, the monomeric mesogenic arms were considered
as the relevant structural elements for the relaxation process in view
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of the decoupling of these units from the siloxane core, expected due to
the flexibility of the spacers. This hypothesis is subjected to verifi-
cation through the fitting of the theoretical curves to the experimental
results as described below.

a) T,
The best fit obtained for the isotropic phase (60°C) for the organosi
loxane tetrapode T, is presented in Figure 4.
The fitting parameters are presented in Table 1.
As can be seen in Figure 4 the T dispersion curve was coherently
fitted taking into account two possible relaxation mechanisms:

i) local reorientations of the mesogenic arms effective at high
frequencies

ii) a contribution proportional to v
frequencies.

/2 at intermediate and low

Like in the case of polymers, molecular self-diffusion was found to be
negligible and not to contribute to the relaxation rate. Moreover, the
peculiar relaxation behaviour in isotropic phase almost identical to
that in nematic phase is quite unusual. A possible explanation to these

0

10
10”
Z10°
F
10”
1074 3 ' I4 Ii “““16 “.“17 ‘ “ml8 e 9
100 100 100 10° 100 10° 10
v, (Hz)

FIGURE 4 Best fit obtained in the isotropic phase (60°C) for the T,
compound.
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TABLE 1 Model Fitting Parameters Obtained from the Fits in Isotropic Phase for
the T, and T}, Compounds: tg — Correlation Time for Reorientational Movements
Around the Short Axis of the Mesogenic Unit. 11, — Correlation Time for Reorien-
tational Movements Around the Long axis of the Mesogenic Unit. tp — Mean Time
between Translational Displacements. A — Strength of the */2 Contribution

Phase (T°C) 1(95) 1(90) 1(60) 1(52) 1(49)
T,
g x 10%(s) - - 3.8 45 4.7
A x107%s7%/?) - - 6.8 8.0 8.8
Ty
7 x 10%(s) 6.4 7.9 - - -
g x 101%(s) 2.9 3.8 - - -
7, x 10'%(s) 2.9 3.8 - - -

results could be the interdigitated structure typical to low generation
dendrimers and found for this compound [21]. The interdigitation of
the interconnected mesogenic units which determines a local restriction
to molecular movements of the laterally attached mesogenic units could
be an explanation for the frequency dispersion and for the absence of the
molecular self-diffusion in the isotropic phase of this compound. Locally
the molecules adopt a preferred orientation like in nematic cybotactic
groups and the fluctuations around it could be a possible relaxation
mechanism characterized by this square root frequency law.

As can be noticed from Table 1 the correlation times for rota-
tions/reorientations around short molecular axis, 7s shows values
around 10 s similar to other more conventional LC compounds [1].
These results constitute an indication of the validity of the starting
hypothesis of the decoupled motion of mesogenic arms. These para-
meters reveal a tendency to increase with decreasing temperature
which is typical for thermally activated mechanisms. The values of
the strength of the square root mechanism (A) show the same tendency
as a function of temperature, which can be related to the temperature
dependence of the viscosity. The correlation times for rotations/
reorientations around long molecular axis, 71, could not be precisely
determined due to insufficient data at high Larmor frequencies.

b) Ty,
The best fit obtained in the isotropic phase (90°C) for the organosi
loxane tetrapode T}, is presented in Figure 5.
The fitting parameters are presented in Table 1.

As can be observed in Figure 5 a behaviour similar to more conventional
low molecular weight liquid crystals in the isotropic phase is obtained:
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FIGURE 5 Best fit obtained in the isotropic phase (90°C) for the Ty
compound.

only two relaxation mechanisms (self-diffusion at low and intermediate
frequencies and local molecular rotations/reorientations at higher fre-
quencies) were found to contribute. The typical absence of frequency dis-
persion at low frequencies is observed. The main explanation for the
different behaviour of this system when comparing to the previous one
(Ta) may be related to the longer and terminally attached flexible spacer
which allows for a stronger decoupling of the movements of the meso-
genic units, (see Fig. 1). From Table 1 it can be noticed that the values
of the correlation times for self-diffusion (tp) and molecular rota-
tions/reorientations (tg) are of about 10 and 10*° s similar with those
found for low molecular weight liquid crystals. For 11, values of about
10 '%s were obtained. These values are merely indicative, since the
model used to account for the translational displacements in isotopic
liquids [20] should be modified in order to better describe the more com-
plex movements of this type of compounds.

4. CONCLUSIONS

The presented NMR relaxation results for liquid crystalline oligomeric
organosiloxane tetrapodes show molecular dynamics features akin to
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more complex systems like liquid crystalline polymers and lyotropics.
One of the tetrapode exhibits the same unusual behaviour both in
liquid crystalline and isotropic phases. The peculiar relaxation profile
in the isotropic phase may be explained by an interdigitated structure
typical of low generation dendrimers. The other tetrapode character-
ized by a stronger decoupling of the mesogenic units and a higher
degree of microsegregation, contrary shows a similar behaviour to
low molecular weight liquid crystals. Further work will be done in
order to clarify the nature of the differences detected between the
T1 dispersion in the isotropic phases of the two studied compounds.
However, there is enough evidence from the presented results showing
that the length and linking position of the flexible spacers and the
degree of interdigitation of the mesogens have a strong influence on
molecular dynamics in oligomeric (tetrapode) LC systems.
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