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Neutron scattering by liquid crystals

A new analysis

by J. A. JANIKY, J. M. JANIK], K. OTNES§ and T. STANEK}

tInstitute of Nuclear Physics, 31-342 Krakow, Poland
{Faculty of Chemistry of the Jagiellonian University, 30-060 Krakow, Poland
§Institute for Energy Technology, Kjeller, Norway

This paper presents a new analysis of all (old and new) quasi-elastic neutron
scattering results obtained for seven members of the PAA series(n = 1,.. ., 7).
The analysis is based upon a discussion of the parameter p, which is the deviation
of the intensity of the elastic component from the intensity demanded by a
reorientational model. If the value of this parameter is negative, it may be inter-
preted as an indication of an additional motion which has not been taken into
account in the model. The first mode! analysed in this way for all seven substances
in the nematic phase was that of the rotational diffusion of the whole molecule in
its stretched (frans) conformation, around the long axis. A very large negative
values of p (p & — 60 per cent) was obtained, clearly showing that some motions
have been neglected. The second model was that of the rotational diffusion of
moieties consisting of benzene rings plus alkoxy side-chains. The diffusion occurs
around the benzene para-axes, and the alkoxy side-chains are assumed to be in
their frans conformations. Less negative values of p (p &~ — 10 per cent) were
obtained, indicating that other motions still exist. Since these must take place in
the alkyl chains, we make a third step in the analysis, in which we retain the second
model but now take substances which are alkyl-deuterated (which means masking
for the neutron incoherent scattering method). Now values of p which are nearly
zero are obtained which means that the motions previously ignored indeed exist
in the alkyl chains. An even—odd effect observed in the dependence of p on n
indicates that even molecules are more mobile than odd ones, probably due to less
steric hindrance in more ordered, even substances.

A critical discussion on reorientational correlation times is also presented.

1. Introduction

In a series of papers published in the past 15 years we have tried to derive
information on molecular motions in nematic phases of the seven members (n = 1,
..., 7) of the PAA series from incoherent, quasi-elastic neutron scattering (QNS)
measurements [1-7]. It should be remembered that, for a system of molecules contain-
ing hydrogen which perform stochastic reorientations, the QNS spectrum consists of
two components—the elastic one and the quasi-elastic one (see, for example [8]).
From the shape of the quasi-elastic component one may, in principle, obtain the
reorientational correlation time through model fitting. In our previous works men-
tioned above such an approach dominated. In this paper we present a critique of this
approach. However, we must emphasize that at least the order of magnitude of the
correlation times previously obtained was probably valid and lies, for the seven
members of the PAA series (in their nematic phases), in the region of several pico-
seconds. Since this differs markedly from the reorientational correlation times
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obtained from dielectric relaxation, which lie in the region of 100 ps, the conclusion
that each method detects a different type of reorientational motion is probably valid
[9]. We use this conclusion in this paper when discussing the adequacy of one of the
models.

Now, let us stress our belief that putting too much significance on the exact value
of the correlation time is certainly doubtful and probably meaningless. This is
because, if the molecular fragment in question contains several hydrogen atoms
(which dominate in the neutron incoherent scattering response), with several gyration
radii, then the quasi-elastic component is a complicated superposition of subcom-
ponents. Moreover, the unknown status of the distribution of conformations leads to
the practical impossibility of evaluating the subcomponents.

Many authors express an opinion that the most valuable information is obtained
from the QNS method by analysing the so-called ¢lastic scattering form factor, i.e. the
ratio of the elastic to total (elastic plus quasi-elastic) scattering intensitics. In this
paper we are going to propose a modification of this approach, as applied to the PAA
series.

2. Concept of the ‘excess elasticity’
Normally one tries to describe the QNS results for liquid crystals by means of the
rotational diffusion model. The fitted function (or the model scattering function) is
proportional to (for references, see for example [8])

o i exp (2] 500, @46(@),

with

Y
I7 + (o)

where g, is the incoherent neutron scattering cross-section for hydrogen, k;and k; are
the scattered and initial neutron wave vectors, how = E; — E; and ik = h(k, — k;)
are the neutron energy and momentum transfers, respectively, G(w) is the spec-
trometer instrumental function, T, = hk?/t,, 7, is the correlation time connected with
reorientation around an axis,

Sk, w) = fy(w)o(w) + — Z Ji (%)

709 = 3% a [ IR sin B dos ),

a; is the fraction of hydrogen atoms in the molecule whose radius of reorientation is
d, and the J, are cylindrical Bessel functions. The parameter § in the integral is
connected with various molecular orientations, and the formula for f, includes
averaging over orientations, since our nematic samples were not oriented.

In our modification of this procedure the fitted function contains a [ pd{w) +
(1 — p)S(, w)] term instead of only S(x, w). In this way we are extracting the
p-parameter, which (for a given x) represents the ‘excess elasticity’ compared with the
model, which includes only the scattering function S(k, w).

If the ‘excess elasticity’ is positive for all reasonable models, it means that
reorientation is accompanied by large angle overdamped librations. It is then prob-
ably better to analyse the data by using an approach suggested by Dianoux and
Volino [10] which corresponds to a motion in a cosine type of potential.
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In our case, however, we have to deal with the situation in which p is negative, i.e.
instead of an excess we have a lack of elasticity. Such negative ‘excess elasticity’
(compared with a model) means simply that in the model some motions have been
ignored. Hence, we can try other models until we reach the situation in which p is
nearly zero, which corresponds to the model which is in agreement with experiment,

3. ONS results and their discussion for the PAA series

In this study we have reanalysed the old QNS data and, in order to ensure that
small differences in experimental conditions which occurred over the years did not
affect the results, we performed new QNS measurements in strictly standardized
conditions pertaining to sample holders, scattering angle, resolution, etc. For one of
the substances (hexyloxyazoxybenzene) the new measurements were the only ones
available. After analysis the old data and the standardized new data gave identical
results. All (old and new) QNS measurements were carried out on the neutron
time-of-flight spectrometer (TOF) installed at the cold source of the JEEP II reactor
in the Institute for Energy Technology, Kjeller, Norway. In the new measurements
the incident neutron energy was 4-66 meV. The energy resolution of the spectrometer
was 0-137meV. In the new measurements the 30° scattering angle was used, which
corresponded to momentum transfer of about 0-8 A~'. The time-of-flight spectra
were converted to an energy scale.

The sample was mounted in an oven with a temperature control. The inelastic
background was estimated and drawn as a smooth line through the ends of the
quasi-elastic wings of the spectra. The values of this line were subtracted in order to
obtain the isolated quasi-elastic plus elastic components. For each sample measure-
ments were made for at least two temperatures in the nematic phase. Moreover, they
were made at room temperature for the solid sample in order to determine the
resolution.

As was mentioned in §2, the model spectra were convoluted with the resolution
function when fitted. The model fittings were made on te CYBER 72 computer using
the program MINUIT from the C.E.R.N. Computer Library [11]. All old and new
QNS spectra were newly processed. The parameters which had to be adjusted were the
‘excess elasticity’ p and the reorientational correlation time 7,. The best-fit values of
the adjustable parameters for the models were obtained by using a y? test.

Before showing the results, it will be useful to present the molecule and to suggest
which reorientational motions (external and internal) are likely to occur. Figure 1
shows the molecule. The external motion, which can be considered as a candidate for
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Figure 1. View of the 4,4’-di-n-alkoxyazoxybenzene molecule. Hydrogen atoms are omitted.
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Figure 2. QNS ({quasi-elastic plus elastic) spectrum of normal (O) and alkyl side-chain
deuterated (®) 6-OAOB. Both spectra are normalized so that their quasi-elastic com-
ponents are nearly equal (— —). The higher elastic component for the side-chain
deuterated substance corresponds to a larger ‘excess elasticity’ value of p, compared with
the normal substance. Temperature + 120°C, nematic phase.

showing up in the QNS ‘time window’, 1s (@) the reorientation around the long axis.
The internal motions, which can be considered as such candidates are: (b) reorien-
tations of moieties composed of benzene rings plus alkoxy side-chains, around the
C,.—N axes, (¢) reorientations of alkoxy side-chains, around the C,,—O axes, and some
conformation changes in the side-chains.

Figure 2 shows an example (hexyloxyazoxybenzene) of the QNS results. Figure 3
shows the ‘excess elasticity’ parameter p versus the number of carbon atoms in the
side-chains, #, as derived from model (a), which assumes a rotational diffusion of the
whole molecule (in its zrans conformation) around the long axis. It should be noted
that values of p in the figure correspond to clearing temperatures. Such values of p
were obtained from those measured at somewhat lower temperatures by using
extrapolated temperature dependences.

We interpret the results in the following manner. Let us initially ignore the
even-odd effect (which will be discussed separately). The picture shows a systematic
increase of the negative value of p, when going from PAA to heptyloxyazoxybenzene
(7-OAOB). For PAA the value of p is about — 11 per cent, whereas for 7-OAOB it
is about — 64 per cent. The increasing negative tendency is shown by the broken line
in figure 3. That the values of p are negative demonstrates that we have ignored an
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Figure 3. ‘Excess elasticity’ p versus alky! side-chain length # as derived from model (a), i.e.
that of rotational diffusion of the whole molecule around its long axis of inertia. Normal
substances. The broken line shows the average tendency of decrease in p. Values of p
correspond to the clearing temperatures 7.. The figure corresponds to the scattering
angle of 30°.

additional motion in our model in which the side-chains take part. The increasing
negative tendency with # is natural, since the number of hydrogen atoms involved in
this additional motion increases with n. Hence, we reject model (a). It must also be
noted that this model gives reorientational correlation times of the order of several
picoseconds, whereas it is generally accepted that the dielectric relaxation times
(which are of the order of 100 ps) are correct for the reorientation of the molecule as
a whole.

Figure 4 shows the ‘excess elasticity’ parameter p versus n for model (b), which
assumes a rotational diffusion of the benzene rings plus alkoxy side-chains moieties
around the C,.~N axes. When interpreting this, let us again ignore for the moment the
even—odd effect. We now observe much lower negative values of p which are about
— 8 per cent for PAA and about — 11 per cent for 7-OAOB. The increase of the
negative tendency with n has practically disappeared. We are now ignoring whole-
molecule rotations since the dielectric relaxation times, which we believe are nearly
correct, lead to QNS broadenings which are invisible at the resolution used. (In other
words, the whole molecule reorientation is outside of the ‘time window’ of our QNS
method.) We conclude that model (b) is much closer to reality than model (), but
some additional motions have still been ignored.

Y b 12 3 4 56 7
[ % S A —s

-50

-1001

Figure 4. ‘Excess elasticity’ p versus n as derived from model (b), i.e. that of rotational
diffusion of moicties composed of benzene rings plus alkoxy side-chains around the
C,.-N axes. Normal substances. The broken line shows that the average tendency of
decreasing p almost disappeared. Values of p correspond to the clearing temperatures 7.
The figure corresponds to a scattering angle of 30°.

It now would be logical to try a model which takes into account, in addition, the
motions in the alkyls. However, it is very difficult to suggest which fragments rotate
around which axes, etc. Therefore, we decided to eliminate the additional motions of
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Figure 5. ‘Excess elasticity’ p versus » as derived from the same model as in figure 4, but for
the alkyl side-chain deuterated substances. Values of p are near to zero. They correspond
to the clearing temperatures T.. The figure corresponds to a scattering angle of 30°.

the (c) type empirically by making QNS measurements with side-chain deuterated
samples. (We remind the reader that deuteration means masking for incoherent
neutron scattering.) Figure 5 shows p versus n values obtained under these cir-
cumstances. The moicties rotation was assumed to be the same as in model (b).
Again ignoring the even-odd effect for the time being, we see that the values of
p are near to zero, which may be interpreted as an adequate description of the facts
by the model.

Let us now make some remarks in connection with the observed even—-odd effect
in p. First it must be remembered that quite a number of physical quantities show such
an effect, when measured against # for an homologous series of liquid crystals. Among
such quantities are, for instance, the melting and the clearing points. The translatory
diffusion coefficients also show a similar alternation, as measured by Noack for the
PAA-series [12]. As stated by Maréelja [13], ‘the addition of carbon atoms C, increases
the anisotropy of the molecule and helps the ordering process, subsequent addition
of atoms C, hinders the ordering, atoms C, help again, and so on, As the chains
become longer, their flexibility makes the effect progressively smaller until, for long
end chains, it becomes unnoticeable’. By means of this mechanism Marcelja obtains
theoretically the alternation of the nematic order parameter, which indeed was
observed experimentally [14].

When we first noticed the effect of p alternation in our experimental results, we
though that it may be a secondary effect connected with the fact that the temperatures
of the measurements differed from the clearing points by various amount. This
possibility was eliminated by extrapolating all results to the clearing points. Another
possibility was that our effect is caused by not taking into account the translational
diffusion in our model calculations. We therefore corrected our calculations for
translational diffusion, using the Noack data quoted above [12]. Again the correction
happened to be very small. Thus, we must conclude that the p alternation is real and
must be connected with the rotational properties. We think that in the even members
of the PAA series (especially for n = 2) the higher degree of nematic order causes less
steric hindrance to all kinds of motions in the alkils. The odd members (especially
n = 3) show large steric hindrance. In this way we interpret the p alternation via the
nematic order parameter alternation, or (more specifically) via the alternation of
rotational hindrance in the side-chains. It should be noted that the even-odd effect
can be seen not only in Figures 3 and 4, corresponding to normal substances, but also
in figure 5, corresponding to the side-chain deuterated substance. We believe that all
motions occurring in the side-chains, which for a side-chain deuterated sample should
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be invisible for neutrons, cause fluctuations of the long molecular axis and hence affect
the dynamics of the hydrogen atoms in benzene rings.

Two of us (J.A.J. and J.M.J.) express our gratitude to the Institute for Energy
Technology at Kjeller for the financial assistance during stay in Norway. Qur thanks
are also due to Professor A. Suszko-Purzycka, Dr D. Chrusciel and Dr J. Chrusciel
for obtaining the normal and side-chain deuterated samples. We also thank Dr
J. Krawczyk for his help in the computer calculations.
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