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In this paper we report the first molecular dynamics study combining fast field-cycling and conven-
tional NMR techniques in a thermotropic liquid crystal of discotic molecules exhibiting an ordered
columnar hexagonal mesophase. Using the association of these techniques we obtained proton T’
data over a very large domain of Larmor frequencies (w /27 from 500 Hz to 85 MHz). The proton
spin-lattice relaxation results were analysed considering the structure of the mesophase and the types
of movements which are expected to influence significantly the relaxation rate, namely local molecu-
lar rotational reorientations, inter-columnar self-diffusion and collective movements corresponding to
bending and compression of the columns. We verified that these mechanisms dominate the relaxation
respectively for high, medium and low Larmor frequencies.
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Introduction hexagonal (D, ) phases of the liquid crystal hexaocty-
loxytriphenilene —- CgHET [2] (see in Fig. 1 the molec-
In this paper we present the first proton NMR  ylar structure and phase sequence of this compound).
molecular dynamics study, using both fast field-  Our results in the Dy, phase are interpreted consider-
cycling [1] and conventional techniques, inan ordered  ing the contributions to the relaxation rate, 1/T,(v),
hexagonal columnar phase of discotic molecules. of the molecular movements which are expected to
be observed in this mesophase — namely collective
movements (CM), translational self-diffusion (SD)
and local molecular rotational reorientations (ROT).
The overall relaxation rate is given, in terms of the
possible contributions, by

7 = @ Dot + (T s + T HDeme (1)

Crossed terms between different relaxation mecha-
nisms were considered negligible as generally ac-
K 66.8°C 85.6 °(L I cepted for liquid crystal systems [3].

In the case of a crystalline powder, each of these
contributions may be expressed, in terms of the spec-

Fig. 1. Molecular structure and phase sequence of the liquid ~ tral densities for relaxation by dipolar coupling, by
crystal CgHET. [4,5]
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where 7 is the gyromagnetic ratio of the proton,
J®)(w) is the spectral density for an aligned sample,
and po = 1/30, p; = 2/5, p, = 1/10.

The global expression of 1/T'(w) resulting from
these contributions was numerically fitted to our ex-
perimental results using the x? minimisation method.
These fits allowed us to verify the agreement between
the proposed models and our data and to evaluate
some physical parameters relevant for the description
of the molecular movements in question, namely:

i) Cut-off frequencies resulting from spatial limi-
tations to the collective modes;

i) Self-diffusion coefficients;

iii) Characteristic time scales for the diffusive and
local reorientational movements.

Spectral Densities for the Different Movements in
the D, , Mesophase

In order to describe the contribution of the collec-
tive movements in the Dy, columnar mesophase we
used a model of Zumer and Vilfan [6] that takes into
account bending and compression of the columns.
This model gives the following expression for the
spectral densities for an aligned monodomain (direc-
tor parallel to the magnetic field) [5]:

[J(k)(w)] oM™= br1— / \/_ arctan(%; +u wc)

— arctan (u:c)] du

3

with
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where C'is a constant related to the visco-elastic prop-
erties of the liquid crystal in the columnar phase, K,
and B are elastic constants for bending and compres-
sion of the columns, respectively, and 7 is an effective
viscosity. ¢, . and g are the maximum components
of the wave-vector of collective modes perpendicu-
lar and parallel to the director, respectively. This ex-
pression is asymptotically independent of w for low
frequencies and proportional to 1/w? for high frequen-
cies.

For the description of the contribution of transla-
tional self-diffusion we followed a model of Zumer
and Vilfan [6], which describes self-diffusion as an
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inter-columnar jump-process that modulates inter-
molecular dipolar interactions. The resulting spectral
densities for an aligned monodomain are given by

[T® @) = ER“”(é -2 W)y @

where n is the spin density, 7 the mean time between
jumps, d the inter-columnar distance (corresponding
to the diameter of the disc-like molecule), ¢ the av-
erage distance between the centres of two contigu-
ous molecules in a column, D and D) are the dif-
fusion coefficients perpendicular and parallel to the
director’s direction (along the axis of the columns),
respectively, and ¢ is a parameter dependent on the
spins’ distribution over the molecular disk. R*%) is
an integral function that may be approximated by a
Lorentzian type curve [6, 7].

In order to describe the contribution of local molec-
ular rotational reorientation movements we intro-
duced a generalisation of the Woessner model [8]
adapted to.discotic molecules following the same ap-
proach as presented in a recent work on molecular dy-
namics in a columnar phase of biforked molecules [5].
This model takes into account global reorientations
of the molecule and reorientations of the molecu-
lar chains relatively to a mean molecular frame. Fol-
lowing the procedure used in [S5] we obtain similar
expressions for the spectral densities for rotational
reorientation-movements. The only difference is that
the contribution of the chains is now given by

2
[ c(r’f;m(w)]fzor Z An< [d2)(Bw)] >
£,m,n=—2 (5)
d? o ) 2 Tin
00 ([a2.60)°) T

where the reduced Wigner matrix factor [d{),(90°)] 2
appears due to the fact that in the case of the D,
phase the chains are in the average perpendicular to
the director defined by the direction of the colum-
nar longitudinal axis. All the other factors in (5) are
calculated as in [5]. As fitting parameters we consid-
ered the correlation times 7, and 7| for the rotational
reorientations of the molecular core and the correla-
tion times 7{ and 7} for transversal and longitudinal
reorientations of the chains in the molecular frame,
respectively. These times are used to calculate the
parameters ¢, in (5) [5].
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Fig. 2. T, versus proton Larmor frequency (v = w/2) in the isotropic and Dy, phases.

Results and discussion

In Fig. 2 we present the T'; values obtained as func-
tions of the frequency in the isotropic and D, , phase of
the liquid crystal. The measurements were performed
using a field-cycling spectrometer [1] for low Larmor
frequencies (500Hz < w/27 < 4 MHz) and a variable
field BRUKER SXP 4-100 spectrometer for high fre-
quencies (4 MHz < v < 90 MHz). Additional results
for high Larmor frequencies (w/2m > 12 MHz) were
also obtained at several different temperatures in the
columnar phase. That data allowed us to consider the
effect of the temperature on the mechanisms expected
to influence the T', dispersion in this frequency range.

The most remarkable observation that we can im-
mediately obtain from the data presented in Fig. 2
is the obvious difference between the isotropic and
columnar phases with respect to the T'; dispersion in
the low frequency range. This effect is most probably
due to some relaxation mechanism that is present in
the mesophases and absent in the isotropic phase, as
we previously noted [S]. This is precisely the case of
the collective movements. Thus, from this qualitative
observation, we may conclude that this mechanism is

Table 1. Parameters obtained from the best fit of 7', data as
a function of the Larmor frequency (w) in the Dy, phase us-
ing (3) for the contribution of collective movements (CM),
(4) for the contribution of self-diffusion (SD) and (5) (and
related equations in [5]) for the contribution of local molec-
ular rotational reorientations (ROT).

Parameter Temperature T/°C
67 73 81
CM Model (we/2m)/MHz 28 28 28
R/1077 10 10 1.0
SD Model d/10=10m 232 232 232
£/10~0m 36 36 36
7/10~3s 14 12 09
D, /10~ 10m2s—1 10 12 1.5
E,=33Kmol~!  Dy/1072m?s~! <65 <54 <43
ROT Model 7,/10~8s 30 27 2.4
T /T“ 13 13 13
¢ /10~ !1s 24 22 1.9
E, =18 kJ-mol~! 7/ 12 12 12

most likely dominant in the frequency region where
this difference occurs — the low frequency range.
The overall relaxation rate in the D, phase is de-
termined according to (1) and (2) by the summation of
the spectral densities given by the models described
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Fig. 3. Best fitof T'; data as a function of the Larmor frequency in the Dy, phase using (3) for the contribution of collective
movements (CM), (4) for the contribution of self-diffusion (SD) and (5) (and related equations in [10]) for the contribution
of local molecular rotational reorientations (ROT) with the optimised model parameters given in Table 1.

before. Taking into account the characteristics of the
studied liquid crystal and the experimental conditions
used in the field-cycling and conventional high field
NMR measurements, our sample can be considered
as a crystalline powder.

The sum resulting from (2) was fitted to the exper-
imental data. In Table 1 we present the set of fitting
parameters resulting from the conjoint analysis of our
wide frequency range data at 81 °C with high Lar-
mor frequency data for other temperatures in the same
mesophase [9]. The data analysis was performed con-
sidering the same relaxation models for all the studied
temperatures and admitting an Arrhenius type evolu-
tion for the characteristic times involved in the thermal
activated processes. This applies to the self-diffusion
process and also for the correlation times of the local
molecular rotational reorientations. The curve corre-
sponding to the best fit at T = 81 °C (Dy,, phase) is
presented in Figure 3.

From the analysis of the experimental results we
verify that the three proposed mechanisms — col-
lective motions, self-diffusion and local molecular

rotational reorientations — clearly explain the T,
frequency dispersion in the whole examined fre-
quency range. This result, common to a large num-
ber of liquid crystalline systems, was also verified
by Vilfan et al. in an NMR molecular dynamics
study of the homologous compound hexapentoxy-
triphenylene, CsHET [7]. Local molecular rotations
are dominant at high frequencies (w/27 > 10MHz)
and self-diffusion dominates in the medium frequency
range (10 kHz < w/27 < 10 MHz). From these re-
sults it is also possible to confirm the conclusion
inferred from the qualitative analysis of the data:
that the collective modes dominate the low frequency
range (w/2m < 10 kHz). The theoretical model [6]
used to fit the results in this frequency region is in
good agreement with the experimental data. The test
of the model is even more conclusive as, according
to our analysis, the influence of the two remaining
mechanisms is very weak in the low frequency re-
gion. This means that the relaxation due to collec-
tive movements may be explained considering bend-
ing and compressing of the columns as the predom-
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inant mechanisms in the corresponding frequency
range.

In what concerns the self-diffusion mechanism, we
obtained for the mean time between inter-columnar
jumps, 7, values of the order of 10~® seconds and
diffusion coefficients of the order of 10710 m?s~!.
These values are in good agreement with previous
studies of molecular dynamics in the D, , phase of the
liquid crystal here considered [9]. A similar result is
obtained in [7] for the C;HET (7 =9 x 10~%s at 80 °C).
The data analysis confirms that self-diffusion may be
considered as a thermally activated mechanism with
an activation energy, E,, of 33 kJ-mol~!.

The process of local molecular reorientations is
particularly influent in the high frequency range, and
the corresponding correlation times are of the order
of 10~% seconds and 10~!! seconds for the move-
ments of the core and of the chains, respectively.
It is worthwhile to notice that, in spite of having
a similar characteristic time-scale, in the medium
frequency range the rotations of the molecular core
are clearly dominated by the self-diffusion mecha-
nism (see Figure 3). This may be explained by the
small number of protons of the molecular core. In
fact, the much larger number of protons in the chains
(17:1) implies that the aliphatic part of the molecule
is dominant in the relaxation process. This may prob-
ably explain why in [7] the authors could very sat-
isfactorily explain the relaxation in the medium fre-
quency range ruling out the rotational reorientation-
mechanism and taking into account only the diffusive
movements. As the correlation times for local reori-
entation movements of the chains are of the order of
10~!! seconds, this mechanism, according to (5), be-
comes dominant at higher frequencies (see Figure 3).
It is worthwhile to note the similarity between the
correlation times for the rotational reorientations of
the chains in our case and that considered in [7] for
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“the frequency independent contribution explained by
the fast local rotation of proton spin pairs”. The ra-
tio 7, /7 = 13 of the correlation times for rotations
of the molecular core around an axis perpendicu-
lar and parallel to the director, respectively, means
that the molecules perform much faster reorientation
movements around the column axis than perpendicu-
larly to that axis. Actually this is expected consid-
ering the structure of the columnar phase. As the
columns are separated from each other by the disor-
dered aliphatic medium formed by the melted chains,
it is reasonable to consider as equivalent any posi-
tion of the molecule obtained by rotation around the
axis of the column, while the closeness of the rigid
cores piled up in the central region of the column
implies that there must be a well-determined prefer-
able position with respect to rotations around an axis
perpendicular to the columnar axis. This means that,
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hypothesis is implicitly assumed in a previous work
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which only rotations around the columnar axis are
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relation times for transversal and longitudinal rota-
tional reorientations of the chains is compatible with
that expected from the geometric anisotropy of the
chains [10].
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tion between the fast field-cycling and conventional
NMR techniques. allowed us to overcome the diffi-
culty stated in [7] of verifying the relative importance
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observable.
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