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The results of quasielastic neutron scattering (QNS) experiments for nematic and smectic
liquid crystals performed in different laboratories are reviewed and compared with results of
dielectric relaxation studies. The fIR spectra for PAA and HOAB in the frequency range of
20-200 cm™' are presented. a(7) values for the nematic and isotropic phases in the whole
frequency range including the microwave and submillimeter regions are discussed in terms of
the two-time model for molecular librations in the potential cage (confined rotator model). The
model fits very well all the experimental data obtained from microwave, carcinotron and fIR
techniques. Additionally it may explain the discrepancy between QNS and dielectric relaxa-
tion correlation times.

. INTRODUCTION

Comparison of Neutron and Dielectric Results

Many thermotropic liquid crystals were studied by the incoherent, quasi-
elastic neutron scattering method (QNS) from the point of view of reor-
ientational motions of molecules.

The Grenoble group mainly concentrated on various phases of TBBA.'"°
The conclusion of these studies was: in the highly ordered smectic phases
the molecules perform either 180° angular jumps around the long axes or
a “biased” rotational diffusion with two minima around these axes; in the

"This paper was presented at Ninth International Liquid Crystal Conference in Bangalore,
December 610, 1982, as an invited lecture.
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less ordered smectic phases (H, C, A) as well as in the nematic phase the
molecules perform a cylindrically symmetric rotational diffusion plus long
axes fluctuations. The rotational diffusion (uniaxial) correlation times lie in
the region ~25 + ~5 ps. A much slower (107® s) reorientation around
short molecular axes was not visible in the measurements.

The Exeter-Rutherford Laboratory group concentrated on

compounds.'™" The conclusion of these studies was: in the smectic E
phases the molecules do not perform overall reorientations but only over-
damped librations around the long axes; in the smectic B phases there are
180° angular jumps around long axes plus overdamped translational vi-
brations perpendicular to the smectic layers; in other smectic phases the
molecules perform the rotational diffusion around long axes plus over-
damped translational vibrations perpendicular to the smectic layers; in the
nematic phases there is the rotational diffusion around long axes plus long
axes fluctuations. The rotational diffusion (uniaxial) correlation times lie in
the region ~80 ps—20 ps. Again, a much slower reorientation around short
molecular axes was not visible in these studies.
The Krakéw group concentrated on

Han- .c"0~@— NZO—<C:>>—OC,,H2,.+ .

compounds.'®* The conclusion of these studies was: the rotational
diffusion of molecules around long axes takes place in the smectic C
phase (n = 7) and in the nematic phases (n = 1, 2 and 7). The rotational
diffusion (uniaxial) correlation times lie in the region ~15 ps—ca. 5 ps. A
much slower reorientation around short axes was not visible in these
experiments.

It should be mentioned that all conclusions quoted and summarized
above concern substances with deuterated end groups and therefore con-
cern the body motions, as deuteration means masking for QNS incoherent
experiments.

The substances studied by the Krakéw group were also studied by the
dielectric relaxation method. This method is powerful as it covers the whole
range of frequencies from radio to microwave ones, which means also the
very large range of relaxation times from 10~° sec to 107" sec. The di-
electric relaxation method detects in this way both: the reorientational
motion of liquid crystal molecules around short axes (MHz technique) and
the reorientational motion around long axes (GHz technique). The latter
ones were indeed detected in substances studied by the Krakéw group by
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QNS, as well as in many other liquid crystal substances not yet investigated
by neutrons.** The conclusions of all these microwave dielectric studies
are: the dielectric relaxation times for reorientational motions around long
molecular axes lie in the region of 107" sec for most of liquid crystal
substances, but for those with short end groups they lie in the region of
107" sec. This statement is valid for nematics and less ordered smectics;
for highly ordered smectics the dielectric relaxation times shift beyond
107" sec.

It is now time to give a quantitative comparison between the QNS and
dielectric relaxation studies. Apart from the three liquid crystal substances
studied by the Krakéw group, all other liquid crystals were studied from the
point of view of reorientation around long axes only either by QNS or by
the dielectric method. The comparison is presented in Table 1.

Two comments shall be made in connection with this Table 1. Firstly,
although the neutron determined correlation times were obtained by fitting
to the data the uniaxial rotational diffusion model, a comparably good
fit could be obtained by fitting the 180° angular instantaneous jump
model — in this case with slightly shorter correlation (or rather residence)
time values. Secondly, the dielectrically determined correlation times are
simply the dielectric relaxation times, which implies an assumption that the
internal field correlation factor and that converting the polymolecular re-
sponse into the monomolecular one are equal to 1; apart from errors arising
from this assumption the two sets of values should be respectively equal as
the same physical quantities properly defined.

TABLE I

Comparison between QNS and dielectric relaxation times.

Neutron deter- Dielectrically deter-
mined diffusion mined uniaxial diff.
Substance correlation time correlation time Ref.

Di-methoxyazoxy-
benzene (PAA) 4 ps 22 ps 18,23
nematic, 398 K

Di-ethoxyazoxy-
benzene (PAP) 6 ps 30 ps 22,24
nematic, 413 K

Di-heptyloxyazoxy-
benzene (HOAB) 12 ps 110 ps 21,25
nematic, 378 K

Di-heptyloxyazoxy-
benzene (HOAB) 12 ps 200 ps 21,25
smectic C, 359 K
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It is evidently not so, as the neutron determined correlation times are
significantly shorter than the dielectrically determined ones. Therefore, a
suspicion arises, that the neutron determined times may not be a character-
istic measure for the uniaxial rotational diffusion but something else. As a
matter of fact we have mentioned already that the neutron determined times
may appear nearly equal independent from whether they are understood as
“rotational diffusion times,” i.e. (approximately) times for reorientation by
| radian or as “residence times” between instantaneous jumps. Moreover,
it should be pointed out that if the neutron determined times were the
rotational diffusion ones we would be facing another difficulty, connected
namely with the fact that the time needed for reorientation around long axis
by 1 radian via free rotation is nearly the same, which is very improbable.

Taking all these facts into account we propose the following mechanism
of molecular reorientations around long axes in liquid crystals.

The molecule reorients around the long axis only when the neighboring
molecules move translationally apart thus making enough room for the
reorientation. In such situations the molecule performs a uniaxial rotational
diffusion. The average duration of such situation let be 1,. Alternatively, the
molecule remains in a “clutched” situation in which it cannot reorient but
only performs librations around the long axis. The average duration of such
situation let be ¢, (residence time). Both t, and ¢, are responsible for the
shape of the QNS peak (see equations in Ref. 29), giving rise to two QNS
components —the shorter ¢ corresponding to the broader one. We believe
that in all QNS experiments with liquid crystals discussed above, 1, is
smaller than #,, although it is not negligibly small, which would correspond
to a rotational diffusion. Therefore, we believe that what we understood so
far as neutron determined rotational (uniaxial) diffusion correlation times
should be reinterpreted as the times of residence during which the molecule
performs libration around the long axis. The other time 7, may give rise
to a narrower QNS component, perhaps nondetectable with the resolu-
tions applied.

If our suggestion is reasonable we should be able to observe the effect
of librations of the molecule around the long axis as well as the effect of
a finite duration of these librations via the Poley absorption band which
should be visible in far infrared. Therefore, we are carrying out systematic
fIR measurements with liquid crystals with the aim to compare the results
with both the neutron (QNS) and the dielectric relaxation experiments. The
first, preliminary results are presented in the next section.
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Il. FIR EXPERIMENTAL AND RESULTS

The far infrared (fIR) absorption spectra of PAA and HOAB in the range
of 20-200 cm™" were obtained using the vacuum version of the Digilab
FTS-14 Fourier spectrometer.* The measurement resolution was 2 cm™'.
The spectra obtained were smoothed afterwards by the Digilab software
smoothing procedure giving the effective resolution of 4 cm™'. The
smoothing does not distort any significant features of the band’s shape. The
number of scans, for both the samples and the references, was between
1000 and 3000. a-Quartz windows were used for the sample holder. The
windows were oriented with respect to the considerably polarized beam in
the instrument in order to get minimum window absorbance due to the
quartz band at ca 120 cm™'. The reference measurements were performed
at temperatures relevant to the temperatures of sample measurements.
Teflon or In spacers were used to seal the sample holder. Effective spacers
thicknesses were established from the thicknesses of the sandwiches:
window-spacer-window after the sample holder had been screwed. In the
case of nematic PAA an adequate thermal treatment of the sample was
applied to obtain a monodomain sample in order to avoid additional beam
attenuation due to the scattering at domain boundaries. In order to avoid
interference between the windows (channel effect) caused by the relatively
high refractive index of quartz the two surfaces of one of the windows were
ultrasonically shaped in a special way. That gave a nonflat sample and, in
order to be able to derive correct absolute values of the absorption coeffi-
cient, measurements with different spacers were performed. We believe
that this experimental procedure enabled us to get relatively reliable abso-
lute values of absorption, which is confirmed by the fact that fIR mea-
surements fit well the & values obtained in the 2 cm™'—13 cm™' region by
the use of the carcinotrons technique.

A review of the obtained fIR absorption spectra in the region of
20-200 cm™' is presented in Figures 1-5. Those figures also include pre-
liminary results for the crystalline and smectic phases.

Figure 1 shows an evolution of the PAA spectra at the nematic-isotropic
phase transition. The peak position of the isotropic phase agrees with that
reported by Venugopalan and Prasad.*? Also, as they stated, the overall

*The cooperation with the Institute of Material Science Academy of Mining and Metal-
lurgy, Krakéw, which made possible these measurements is gratefully noted.
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FIGURE 1 The evolution of PAA spectra at the nematic-isotropic phase transition.

!

shape of the spectra for isotropic and nematic phases is pretty similar.
However, a small but evident change of the peak intensity at the phase
transition is observed. This change (higher intensity for isotropic phase) is
a feature of the phase transition and is not influenced by the radiation
scattering, because, as already mentioned, the PAA nematic sample was a
monodomain one.

The isotropic-nematic phase transition for HOAB is shown in Figure 2.
In that case the nematic sample became “polydomain” one. Thus the
apparent intensity change is strongly influenced by the scattering.

From Figure 3 it can be noticed that, for both PAA and HOAB, a weak
and relatively narrow band appears in the nematic phase at 124 cm™'. This
peak, which may be treated as a “nematic phase detector”, will not be
discussed in the present paper.

The shape of the HOAB isotropic phase spectra varies considerably from
that reported by Venugopalan and Prasad. It can be seen from our mea-
surements (Figures 2, 3, 5) that the long-wavelength spectrum of that sub-
stance consists of at least two broad overlapping bands. We dare claim that
our own experimental conditions were more suitable for giving evidence of
this feature. An attempt to interpret such a shape of the HOAB spectrum
will be given.

lll. DISCUSSION

The application of fIR spectroscopy and submiilimeter spectroscopy (car-
cinotron technique) enables one to determine the absorption coefficient
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FIGURE 2 The evolution of HOAB spectra at the isotropic-nematic phase transition.
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FIGURE 3 The comparison of HOAB and PAA spectra for the isotropic and nematic phases.
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FIGURE 4 The PAA spectra for isotropic, nematic and crystalline phases.
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a(v). In both cases the sample spectrum /,(v), background /y(v) and the
sample thickness should be known. Then a(v) is defined as
1 I(v)

a(y) = E In L)

(h

Since the measurements were performed for several sample thicknesses,
the difference of the thicknesses AL was sufficient. The errors of a(v)
determination are estimated to be smaller than 15% for the range from
20 cm™ to 200 cm™' and 4% for the range from 1.8 cm™ to 13 cm™.

The frequency dependence of the absorption coefficient for isotropic and
nematic phases of PAA is shown in Figure 6. The results for isotropic and
nematic phases of HOAB are presented in Figure 7. For the microwave

region a(v) was calculated from the formula
v, "2 N\ 12 , 12
a(v) = ?[(8 (v) + ()" — £'()]'"?, (2)

where the electric permittivities &'(») and £”(v) were taken.”* The experi-

mental values of the loss factor £'(») in the 1.8-200 cm™' range were
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FIGURE 5 HOAB spectra for the isotropic, nematic, smectic and crystalline phases.

ABSORBANCE

calculated from the relation €"(v) = a(v)cn(v)v~', assuming that the re-

fractive index n is frequency independent and equals ca 1.7 for PAA and
1.6 for HOAB. From Figures 6 and 7 it is evident that the agreement of the
results from different experimental techniques is good. There is no discrep-
ancy between fIR and submillimeter spectroscopy in the range of
10-20 cm™' and submillimeter spectroscopy and microwave results in the
range of 1-2 cm™" are also in good agreement.

In the case of PAA the maximum of «(v) appears at ca 105 cm™'. We
assume that this maximum is connected mainly with libration of molecule
around the long molecular axis. Librations around the short molecular axes
should appear at much lower frequencies, thus giving rise to weak absorp-
tion as the moment of inertia for that motion is over 10 times larger.

For an estimation of the librational contribution to absorption the experi-
mental value of integral absorption A,,, should be compared with its the-
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FIGURE6 Absorption coefficient a and loss factor € as a function of wavenumber v (cm ™)
for PAA isotropic (T = 413 K) and nematic (T = 400 K) phases. Experimental results: fIR
(heavy line), submillimeter spectroscopy (open dots for £” and filled dots for a values) and
microwave data” (open for £ and filled squares for a values). Confined rotator model: a
(dashed line) and € (light line) bandshape for fitting parameters given in Table II.

oretical prediction Ay, It is seen in Figure 1 that there is a strong internal
mode band at ca 210 cm™' seriously disturbing the librational band profile
on the high frequency side. Thus to omit this effect the A.,, value was
derived from Eq. (3) under the assumption of the symmetric profile of the
band around its maximum.

vV +x Vv Venax
Aexp = NJ; Q(V) dv = Zﬁf a(V) dV, (3)
0

where V/N is volume per one molecule.

For the nematic phase of PAA this estimation gives A, = 3
x 107'"® cm. The value of A, was calculated from the Gordon sum rule*
with Polo-Wilson modification™

(nZ + 2)2 “2

tl = ] 4
h 9n 12 e @

where £, = 8.85 X 1072 F.m, pu~dipole moment, /-moment of inertia for
the long axis.
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FIGURE 7 Absorption coefficient a and loss factor £” as a function of wavenumber v (cm™")
for HOAB isotropic (T = 407 K) and nematic (T = 383 K) phases. Notation as in Figure 6,
microwave data from Ref. 25.

For the nematic phase of PAA Ay, calculated with / and w values®~ is
equal to 2.4 X 107" cm. Thus the Ay, is equal to 85% of A.,, value. A
similar result is common for simple molecular liquids.*”*

There are some doubts as to the 105 cm ™' band assignment in PAA ,32%4
Some authors suggest that the contribution of torsional internal motion
dominates there. However, the agreement of A,/A., ratio for PAA and
simple liquids enables us to conclude that the 105 cm™' band of PAA
originates mainly from libration (Poley absorption).

An interpretation of fIR spectrum of HOAB is more complicated. There
are two absorption bands (ca 85 and 140 cm™') and it seems that only one
(85 cm™") originates from the libration around the long molecular axis.
This libration should appear at a frequency lower than that for PAA, as the
ratio of moments of inertia for both molecules is (Iy/Ip)"* = 1.3. The
experimental frequency ratio for the 85 cm™' band vp/vy; = 1.2 is reason-
able. For the 140 cm™' band this ratio equals to 0.8, so this band cannot be
assigned to libration. It should be connected with the internal deformational
vibration. Its appearance at such a low frequency in comparison to PAA is
due to the length of terminal alkyl chains.
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For HOAB, A,,, and A, were calculated in the same way as for PAA
giving the values of 2.1 X 107* and 1.3 x 107" cm for A.,, and Ay,
respectively. The ratio of 62% is still reasonable, proving small influence
of the overlapping of other bands and of the induced absorption.

For both the PAA and HOAB spectra it is impossible to separate pure
rotational bandshapes and to calculate the experimental correlation func-
tions. The model calculation fittings can be carried out instead. The con-
fined rotator model reproducing the spectra fairly well both in fIR and
microwave regions for many liquids developed recently by Gajduk and
Kalmykov,*' was applied in this paper. In this model a two-dimensional
rotator librates in the potential cage formed by its neighbors and reflects
elastically from the walls. The rectangular cage of the width of 23 exists
for a time interval and then the local configuration and angular momentum
change instantaneously. This means that the other cage of the same size is
formed, but with different orientation. For the lifetime distribution the
Poisson distribution function with average lifetime 7 was taken. Initial
orientations of molecules are given by the Debye distribution function with
characteristic time 7. The last assumption is equivalent to treating the
motion of the cage as rotational diffusion. So, this model introduces three
independent parameters: 8, T and 1,. The formula for normalized complex
permittivity is the following:*

2 8.tz

e*¥(w) — nk _ [l 4 ™ )
7(1

& = - - i“'T”)] gsn(f)w(iyn)(l + 1/

where subscripts s and  denote low and high frequency limit, f = 28/#
and the complex frequency z, = x, + iy, is defined as x, = nwf/n and
y» = nf/m where n = (I/2kT)"% The weight function S,(f) of expansion
in terms of thermal rotational harmonics ¢(z,) and these harmonics y¥(z,) are
given by formulas (6) and (7), respectively

8 sinf(m/2) (n = f)]

Sn(f) = 772 (nz _f2)2 ’ (6)
W(z) = 1 + im'"?z exp(=29) |1 + ;f/z J.O exp(tz)dt}, €))

The value of 7, can be determined independently from microwave mea-
surements and two other parameters of the model 7 and B are adjusted for
the best fit to the observed maximum of absorption x,,,, and frequency vp,,,
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respectively. Therefore Gajduk’s model contains two time parameters: 7
and 7, where 7 describes the time of the unperturbed libration and 7, the
time of the reorientation of the cage.

Applying the confined rotator model to our measurements we used
experimental data for ¢,, n and 7, from Refs. 23 and 25. For the value of
Qe We have taken 90% of experimental value, assuming that 10% is due
to the induced absorption and overlapping of other bands. The values of
Qmax> Vmax» 7o and the fitted parameters 7 and 8 are presented in Table 11
The final results of the fitting procedure for both a(») and £"(v) are shown
in Figures 6 and 7. The most important result of the model calculations is
that the times of unperturbed libration 7 for both PAA and HOAB are close
to the correlation time from the QNS results presented in Table I. It is also
seen that the reproduction of the bandshape in the whole fIR, submillimeter
spectroscopy and microwave region is very good.

IV. CONCLUSIONS

It was shown that the shape of what we assumed to be the Poley absorption
band for two liquid crystals investigated, PAA and HOAB, can be de-
scribed by a model with rwo characteristic times: the Debye relaxation time
and the duration time of librations. As the Debye relaxation time was taken
from the microwave dielectric measurements, the fitting procedure to
which the Poley absorption band was subjected provided the duration time
to librations. This time of libration happens to be very near to the neutron
determined time parameter thus indicating the correctness of the assump-
tion stated at the end of Section 1, concerning a possible reinterpretation of
neutron (QNS) data.

Two remarks have to be made in this connection: Firstly, we do not
believe that the reinterpretation in question will lead to a change in conclu-
sions concerning the “geometry” of molecular motions, especially those

TABLE I

Contfined rotator model: PAA and HOAB experimental and fitting parameters.

T o Omax Vinax T
Substance (K) (10725s) (nepem™) (ecm™') (1077 s) J¢]
PAA isotropic 413 20 74 105 2.2 0.13
nematic 400 22 62 105 2 0.13
HOAB isotropic 403 60 24 85 7 0.12

nematic 387 110 26 88 11 0.11
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summarized in Section 1 as conclusions of the Grenoble group or the
Exeter-Rutherford Laboratory group (the reinterpretation concerns only the
correlation times). Secondly, one may expect that in some liquid crystals,
those with the short end groups like PAA and PAP, the narrow component
connected with reorientational time will be visible in QNS experiments; as
the dielectric relaxation times (20-30 ps) are within the range of a good
resolution QNS experiment. Hence, the good resolution QNS data for PAP
should be subjected to model fittings with two time parameters. This does
not apply to other liquid crystals where the corresponding dielectric times
are of the order of 107 s, thus lying outside the scope of any QNS
experiment. In those cases a single time fitting should be sufficient, but
with a new interpretation of the characteristic time.

It should then be pointed out that the two times model was recently
applied to the plastic phase of neopentane®®*' with the aim to obtain a
“unified” understanding of the QNS® and Raman scattering res:'ts.

Finally, we want to say that we are performing systematic studies by all
three methods (QNS, dielectric relaxation, fIR) for other liquid crystals with
the aim to collect more data that would support that “unified” understanding.
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