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In this wor& the dieleotrio spectra obtained for come members 
of two homologous series, i.e. for dl-alkoxyazoxybensenes and 
pentylphenyl-alkoxythiobenzoatea, are discussed qualitatively on 
the basis of the Nordio-Kigatti-Segre diffusion model. It la ad¬ 
ditionally assumed that the molecular reorientations take place 
about the prinoipal axes of the inertia tensor. T> author takes 
into account some results obtained in other laboratories for 
alkylcyanobiphenyle, and shows that the interpretation of those 
results is possible in terma of the principal axes frame reorion-
tat ions. Ins distribution of correlation times, which is strongly 
temperature dependent in the vicinity of the clearing point, is 
interpreted as being caused by fluctuations of the principal 
axes frame which are due to conformation changes inside the end 
chains, 

The Bauer equation ia used to describe both principal molecu¬ 
lar reorientations, i.e. the reorientations about the long and 
short axis, observed in liquid crystalline structure by means of 
dielectrlo relaxation methods. The energies and entropies of 
activation have been computed for both principal reorientations. 
All the dynamical quantities found for the liquid crystals de¬ 
pend strongly on the molecular structure as well aa the side 
chain length,but they do not show any clear odd-even effect. 

The differences between the high frequency limit of the di¬ 
electric permittivity and the refractive index squared of liquid 
crystals are explained in terms of two librational motions of 
the molecu7es observed by other experimental techniques, viz. 
PIE, Raman and IU8 spectroscopies, and found in this work on the 
basis of dielectrically measured energy barriers. In addition, 
it has been shown qualitatively that intramolecular libratory 
motions greatly effect the high frequency dielectric spectrum. 

filially, molecular motions in liquid crystals are divided in¬ 
to two typest coherent and incoherent motions* Taking into ac¬ 
count the results obtained recently by such experimental tech¬ 
niques as dielectric relaxation, spin lattice relaxation and 
quasi-elastic neutron scattering, the whole spectrum of correla¬ 
tion times is presented for PAA*e nematic phase as up to now 
only this substance has been thoroughly investigated. 



•V Eir.;.e;,:;:.ej pracy dyskutowane są widma dielektryczne, otrzy-
r.a.-i'= w imszej jrupie dla kilku świątków dv«5ch szeregów homolo-
;::ic.-)\ycb., a mianowicie! di-alkoksyaaoksybenzenów i pentylofeny-
lo-nlJcoki'ytiobenzoeBanow, w oparciu o model dyfuzyjny Nordio-
Ri;_:atti i Segrego. Założono dodatkowo, że podstawowe reorienta¬ 
cje molekularne 7-acnodzą względem osi głównych momentu bezwład¬ 
ności, wzięto także pod uwagę wyniki otrzymane w innych labora¬ 
toriach dla alkilocjanobifenyli i pokazano, że interpretacja 
tych v̂ -ivLkow jest możliwa w oparciu o reorientacje osi ~ównych, 
Rozkład czasów relaksacji, który jest silnie zależny od teupera-
tury w sąsiedztwie punktu klarowności, jest interpretowany jako 
wynik fluktuacji układu osi głównych będących wynikiem zmian 
koniormacyjnych w łańcuchach końcowych. 

Rovwanie Eauera jest wykorzystane do opisu obu głównych reo-
rientacji molekularnych, tan. reorientacji -,'O'cół oai długiej i 
krótkiej, obserwowanych w ciekłych kryształach metodami dielek¬ 
trycznej relaksacji, Siergie i entropie aktywacji zostały obli-
-izonc dla obu głównych reorientacji. Wszystkie wielkości dyna-
micBne, Yiiyznaczone dla ciekłych kryształów, zależą silnie od 
struktury molekularnej jak również od długości łańcuchów bocz¬ 
nych, ale nie wykazują one wyraźnego efektu parzysto-nieparzys¬ 
tego. 

Różnice pomiędsy wysokoczęstościowa. przenikalnością elektry¬ 
czną a kwadratem współczynnika załamania, stwierdzone dla cie¬ 
kłych kryształów, wyjaśnione są w oparciu o dwa ruchy libracyj-
ne molekuły, obserwowane innymi metodami doświadczalnymi^ taki¬ 
mi jak: FIK, spektroskopie Bnmana i IIHS, a wyliczone w tej pra¬ 
cy ńa podstawie wyznaczonych dielektrycznie barier energetycz¬ 
nych. W dodatku, pokazano jakościowo, że istnieje znaczny wpływ 
wewnętrznych ruchów libracyjnych na wysokoczęstościowe widmo 
dielektryczne. 

W końcu, ruchy molekularne w ciekłych kryształach podzielono 
na dwa rodzaje: ruchy koherentne i niekoherentne. Biorąc pod u-
wegę wyniki otrzymane ostatnio takimi metodami doświadczalnymi 
jak: dielektryczna relaksacja, relaksacja spinowo-sieciowa oraz 
kwazielastyczne rozpraszanie neutronów przedstawiono pełne wid¬ 
mo czasów korelacji dla fasy nematycznej PAA ponieważ jak dotąd 
ta substancja została wszechstronnie zbadana. 



В этой работе представлена дискуссия диэлектрических спектров 
полученных в нашей группе для нескольких соединевий двух, гомоло
гических рядов, а именно: диалкоксиазоксибенэолов и пентилофе-
нило-алкокситиобензоэсанов, опираясь на диффузионной модели 
Нордио-Ригатти и Сзгрэ. Предположено, что основные молекулярные 
реорентацик возникают относительно главных осей момента инерции. 
Автор принял также во внимание полученные в других лабораториях 
результаты для алкилоцианобофинила и показал, что интерпретация 
этих результатов возможна опираясь на рассмотрение реорентацик 
относительно главных осей. Распределение времен релаксации, кото
рое сильно зависит от температуры в непосредственной близости 
точки просветления, интерпретируется как результат флуктуации 
системы главных осей, являющейся результатом конформационных 
изменений в конечных цепях. 

Уравнение Боэра использовано для описания обоих главных мо
лекулярных реорентаций, а именно' реорентаций около длинной и 
короткой осей наблюдаемых в жидких криссталах ыетодами диэлек
трической релаксации. Энергия и энтропия активации были рассчи
таны для обеих главных реорентаций. Все динамические величины, 
определенные для кидких кристаллов, сильно зависят от молекул
ярной структуры как и от длины боковых цепей, но не показыва
ют они выразительного эффекта четный-нечетный. 
Разница между высокочастотной электрической проницаемости» 

и квадратом коэффициента преломления , определенные для яидких 
кристаллов, выяснены, опираясь на два либрационные движения 
молекул, наблюдаемые другими эксперименталными методаии, такима, 
как: СДЮ, спектроскопия Рамана и ННРН , и рассчитанные в этой 
работе ка основании определенных диэлектрическим методом энер
гетических барьер; Дополнительно показано качественно, что су
ществует значительное влияние дибрационных движений на высоко
частотный диэлектрический спектр. 

Наконец, молекулярные движения в яидких кристаллах разде
ляются на два виды: движения когерентные и некогерентные. При
нимая во внимание результатов, полученные з последнее время 
такими методами экспериментальными как: диэлектрическая ре
лаксация, релаксация спиноьо-решеточная, а также квазиупругое 
рассеяние нейтронов, представлено полный спектр времен коре-
ляции для неиатической фазы РАА, поскольку до сих пор это веще
ство является наиболее исследованным. 
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I. INTRODUCTION 
Thermotropic liquid crystals hare been known since 1883 whan 

an Austrian botanist F.Reinitzer /1/ discovered a peculiar state 
of matter showing up above the melting point of cholesteryl 
benzoate. The name "liquid crystals" was introduced by O.Łehmann 
in 1889 /2/. 

It has been experimentally established that liquid crystals 
are anisotropio fluids? they show anisotropy of molecular and 
macroscopic quantities. The dielectrio anisotropy of liquid 
crystals was independently discovered by M. Jeżeweki /3/ and 
¥. East /4/ in the mid 1920's. Jeżewaki also found that the di¬ 
electric anisotropy of FAA was positive when instead of the 
magnetic field a statio eleotrio' field was used as an orienting 
force. 

The most fundamental works on the flow properties of liquid 
crystals were performed in the mid 193O*s by 1I» Micsowicz, who 
introduced and measured experimentally the principal viscosity 
coefficients: ̂  <» *t2

 and I3 ("the lliesowicz viscosities"} 
/8-13»105e/ for FAA and PAP liquid crystals. It came out later 
that Miesowicz's works were fundamental in the physics of liquid 
crystals. 

Ifore aystematio experimental and theoretical studies of li¬ 
quid crystals started in the late 1950's. The Maier and Saupe 
mean-field theory of the nematic state was published in 1959 /14/ 
and was successfully applied to describe the dielectrio pro¬ 
perties of nematogens in terms of molecular parameters /15,16, 
35-37/* It is assumed there that nematogenic molecules are rigid 
rods of cylindrical symmetry and the dispersion forces are res¬ 
ponsible for the long range orientational order in liquid 
crystals* 

Taking into account the increase of molecular polarizability 
anisotropy with the number of carbon atoms in the side chains, 
UarSelja was able to theoretically explain the odd-even effect 
observed for transition temperatures for many homologous series 
/17/. This theory supports the view that the molecules adopt 
the most stretched conformation in the nematic state. 



It came out recently that the dipole-dipole interaction has 

a treat influence upon the dielectric permittivity (and other 

physical quantities) in the layered structures of smectics. The 

Lonca-de Jeu theory /19/ incorporating tho dipole-dipole inter¬ 

action, in addition to the dispersion forces, successfully ex¬ 

plain? the rich polymorphism of the emactic A structure. The 

lie Uillan theory /20,21/ introduces polymorphism of the smectic 

C phase by taking into account the dipolo-dipolo coupling. A 

^ood survey of experimental find theoretical achievements in the 

physics of liquid crystals can be found in books /8/, monographs 

/11, 12, 25, 46, 57/ and review articles /9,10,26-29,34,37,38, 

64,96-98,101,102,154/. 

From the standpoint of this work, however, molecular dynamics 

and anisotropy of molecular motions in liquid crystals are most 

important, 5ne so-called retardation factors say how far a par¬ 

ticular molecular motion is being slowed down at transition from 

the ieotropic to neraatic phase /15»16»38/, As the retardation 

factors cannot be computed for most of the liquid crystals dis¬ 

cussed in this work (the respective correlation times in the iso-

tropic phase are unknown) we shall be dealing with the molecular 

dynamics in terms of the principal correlation times, connected 

with the reorientation around the long and short molecular azes. 

In the case of polar compounds the principal correlation times 

can be measured by one of the dielectric relaxation methods 

/51,58,60,86,92,96/. 

The reorientation about the short molecular axis causes in 

liquid crystals a dispersion effect of the parallel component 

of the dielectric permittivity tensor in the radio frequency 

range, i.e., the respective correlation time is of the order of 
—7 —S 

10 s - 10 a, depending on the molecular as well as the phase 

structure /51-78,87-98/. On the other hand the dispersion effect 

connected with the reorientation about the long molecular axis 

falls within the microwave frequency range. So, the respective 

correlation time is between 1O~1Os and 10~11s /52,54,58,63,68, 

71/. This shorter time shows much weaker dependence upon the mo¬ 

lecular and phase structure. Both principal correlation times 

were introduced is the papers by Axmann /51,52/ for 4»4'-di-n-

alkoxyazobenzenes and -alkoxyazoxybenzenes, respectively. 

8 



Investigations of molecular motions in liquid crystals are 
of great importance as they show what kind of molecular mecha¬ 
nisms causes a particular macroscopic property, la this work 
the macroscopic dielectric properties will be interpreted in 
terms of molecular behaviour, 

3he Cracow Molecular Crystals and Liquid Crystals Group, led 
by the Janika, undertook the dielectric relaxation investi¬ 
gations of liquid crystals in 1970 /54/* Many liquid crystals 
have been studied in our group since then /61,63,68,71,73, 
76-78,87,88,95a/. In this work we shall analyze the data obta¬ 
ined in comparison with the results received by other methods, 
viz. by KKR /122~140/, FIR /H1-147/, QHS /101,103,152-155,162, 
164,165/, IKS /103,15V and Raman scattering /109,150,166,167/. 
Taking into account all these data one can divide molecular mo¬ 
tions in liquid crystals into two groups; 1. Coherent motions 
and 2. Incoherent motions, Ihe first olass of motions conies up 
on the basis of the continuum theory /8,22,23/ and can be de¬ 
tected by ^-Hlffi /102,124,126,157/ and Inelastic light Scatter¬ 
ing /8,12/. They are collective modes with a wide spectrum of 
correlation times. Incoherent motions are the following: sto¬ 
chastic reorientations about the long and short molecular axes, 
conformation changes, and strongly damped libratory motions of 
the molecule as a whole around the molecular principal axes. 

Another important problem discussed in this work is the mole¬ 
cular flexibility and conformation In different phases. Thia 
subject has been throughly studied by different NUB techniques 
/102,133,135/ and at the moment it is difficult to Bay how far 
the molecules are flexible in different phases /122/. Die model 
assuming an average conformation ox molecule for ell phases of 
a given substance hao also been criticized /128/. 

From the qualitative analysis made In this work one can con¬ 
clude that the molecular conformation changes at the phase tran¬ 
sitions, especially at the clearing point. Above this point the 
ead chains are disordered, adopting different gauche and trans 
conformations, whereas in the nematic state the end chains adopt 
ell-trans-conformation more easily. For instance, an X-ray evi¬ 
dence shows that the effective molecular length in the isotropic 
phase la decreasing with increasing temperature /24/. Close to 



the clearing point the molecules are predominantly in the ful¬ 
ly extended conformations. Bie variation of the length above 
the clearing point shows that at the beginning the effective 
length daoreases, beoauae the populations of other conforma¬ 
tion inorease. 

In the H phase (below the clearing point) there is an inter¬ 
mediate region in which conformation changee lead to fluctua¬ 
tions of the long molecular axis. In the dielectric relaxation 
studies this effect shows up as a distribution of the high fre¬ 
quency dielectrio spectrum /76/. Ibis seems that the earns mole¬ 
cular process is observed by T1 dispersion measurements /126, 
140/, which show evidently that in the nematio phase, olose to 
the clearing point, there is an additional relaxation mode with 
the correlation time of the order of 10 s. 

It must be pointed out that quite recently a new idea was 
put forward /162/ to explain some aspects of molecular dynamics 
of liquid crystals. There is some theoretical /116/ as well as 
experimental evidence /I17/ that benzene rings In some liquid 
crystal molecules can rotate quite easily about the single bond 
between the benzene ring and the bridging group. It may be a 
key idea to explain the disagreement between QHS and dieleotrio 
relaxation results /152,153/. 

finally, taking Into account the energy barriers obtained 
from the dielectric measurements for the two principal molecu¬ 
lar motions, as well as the value of the principal moments of 
inertia, the frequencies of the two libratory modes have been 
computed. These libratory modes were recently observed by dif¬ 
ferent experimental techniques /141-147,149,150/. 

TO 



II. STRUCTURE JLSD DYSAMICS O? THEfiMOKłOPIC LIQUID CRYSTALS 
2.1. Examples of the phase transitions 

While heated, thernotropio liquid crystals pasa through rat 
least two phase transitions on their way from the solid phasse 
to the isotropio liquid. However, there are monotropic llqulid 
crystalline phases which show up only on cooling from the isao-
tropio to the solid phase. Pigs 1 and 2 present scanning calLo-
rimetry phase diagrams for two substances: 4r4'-di-n-ethoxya&&o-
xybenxene (p-azoxyphenetole, in short PAP or 2.OAOB) and 4-im-
-pentylphenyl-4'-n»heptyloxythiobensoata (in short 735). Botth 
substances have been extensively studied ia our group for thhe 
last few years by different experimental techniques /71,68, 
152/. As it is seen, PAP possesses ouly the nematic phase, 
whereas 7S5 in addition to the nematio phase, exhibits a svseo-
tic C phase, which turned out to be a monotropic one /67,82//. 

«K.5K 

8! 

2.0A0B1PAP) 

I 

MtfK 

Cr. 

400 IK 420 v TCK) 

397.5K 

1. Phase transitions for PAP seen by scanning caloriaetryy. 
JT stands for the nesatlo phase, I for the Isotropio onne, 
and Cr for crystalline solid. 



T(K) 
- 5K/min 

Fig. 2. Phase transitions observed for 7S5 by scanning calori-
metry during the heating (SHDO) and cooling (EXO) 
process. 

These two substances are members of the two homologous se¬ 
ries, viz. 4,4'-<li-n-alkoxyazoxybeozene8i 

o b o p t , (I) -°V&i+i 

and 4-n-pentylphenyl-4*-n'-alkoxythiobenzoates: 

H2n+1cn°" \ O / " C0S " \ O / "^^I (in Bnort ÓS5), (II) 

investigated by the Cracow Molecular Crystals and Liquid Crystals 
Group, The following two Figures (Figs 3 and 4) present transi¬ 
tion temperatures for both series as functions of the number of 
carbon atoms ("n") in the side chains. As it is seen in both 
cases a characteristic descending odd-even shows up for clear¬ 
ing temperatures ( T J ^ J ) . Ine melting points also exhibit an 
odd-even effect, it is worth noting that smectic phases show up 
for higher members of the homologous series, whereas for lower 
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Pig. 3. Odd-even effect for 4,4'-di-n-alkoxyazoxybenzene homo¬ 
logous series /18/. 

members only the nematic phase exists. la the case of 6.0A0B 
there also is a monotropic Sc phase (TJJ_S • 66°C and Tg ^ = 
- 64°C /18b,c/) not indicated in Pig. 3. C C 

There are liquid crystalline substances which demonstrate 
very rich polymorphism* Cne of the best known examples is tere-
phthalbis-4-n-butylaniline (in short TBBA) with its phase dia¬ 
gram shown in Fig* 5. 



• ••» 

([•Cl 

o 
>-c-s-<n>-c,H„ 

1 2 3 

Fig. 4. Odd-even effect for 4-n-alicylphenyl-4'-ii-alkoxythioben-
zoates /80~81/, For 7S5 and 8S5 only the nematic phase 
i s Indicated. 

-42°C 113°C 1U 
CrO ^ C r l — Sg-^-r sc" 

5 2°Ct 6fioC H ^ ° C 

172°C 200°C 236°C 

VII 

Fig* 5. Sohematio pb^se diagram of TBBA. /18d / . 
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2.2. Basic liquid crystalline structures 

Ihermotropic liquid crystals can generally be divided into 
two types: nematic and smectic /25-29/i the choleateric struc¬ 
ture being Included in the nematio one. The nematio liquid crys¬ 
tal has no long range order in translational meaning (Fig. 6a), 
but it exhibits a high degree of long range orientational order 
of elongated molecules. In the nematic structure long axes of 
the molecules are on the average parallel to the preferred direc¬ 
tion called the director"?. They can easily diffuse parallel and 
perpendicular to the director"?. In the bulk aample, the direc¬ 
tor changes continuously from point to point, but a homogeneously 
aligned sample behaves like a uniaxial crystal with the strong 
positive birefringence (Kg. 11a). Its symmetry is D /29/. 

It must be pointed out that the cbolesteric mesophase also 
has a nematic-type structure with a screw axis normal to the di¬ 
rector. In other words the choleoterio liquid crystal is a twis¬ 
ted nematic, 

Smectic liquid* crystals have layered structures with a variety 
of molecular ordering within the layers (Figs 6b,c,d,e,f and g ) . 
In the smectic A (S.) phase the molecules are arranged in layers 
(Fig. 6b) and on the average have -their long axes perpendicular 
to the layer plane. The thickness of the layer (d) is equal to 
the length of the free molecule (1) in the all-trans-conforma¬ 
tion /24/. Another thing is that the interlayer Interactions 
(attractions) are relatively weak, as compared with the lateral 
forces between the molecules. Consequently, the layers can slide 
against one another quite easily. Thus the S, structure incorpo¬ 
rates both the fHuld and crystalline properties. Its point sym¬ 
metry is D ^ /29/. 

Within the layers of the S. structure the elongated molecu¬ 
les have considerable freedom of translational diffusion (the 
lateral diffusion - D^) as well as reorientations around their 
long axes. The latter is even easier in the S A and H phases 
than In the isotropic one. For polar substances it gives a cha¬ 
racteristic liquid like dielectric spectrum falling within the 
microwave frequency range* Gn the other hand the reorientation 
around the short axes is strongly hindered in both the nematic 

15 
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Pig. 6. Basic liquid cjpystalline s t ruc tures . Bie plan inset 
drawings between Pigs d and e, end alao f and g, show 
schematically the molecular arrangements within the 
layers of the Sfi and Sj,, and Sg and SG s t ructures , 
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(also cboleateric) and amectic phases, Jhie molecular motion is 
the origin of a characteristic Debye-like low frequency spectrum 
showing up in almost all liquid crystalline structures of polar 
compounds. 3his work is mainly devoted to these two molecular 
motions as studied by dielectrlo relaxation methods. 

Ihe smectic B structure (Pig. 6d) differs from the SA one in 
that in each layer the centers of gravity of molecules are clo¬ 
sely packed in a hexagonal manner. Ihe characteristic X-ray dif¬ 
fraction patterns observed for the S B liquid crystals /28/ are 
shown in Pigs 7a and b. Ihe outer ring of the pattern (Fig. 7a) 
is connected with the correlation of molecules perpendicular to 
the long axis (the lateral interaction), whereas the inner ring 
originates from the correlation parallel to this axis (the end 
to end correlations) responsible for the layered structures of 
smectics. When the incident beam is perpendicular to the smectic 
planes there is no inner ring (Pig. 7b), while the outer ring 
breaks up into six spots showing up hexagonal symmetry of the 
molecular arrangement in the layers. It is the reorientation 
about the long axis that creates closely packed cylindrical 
units. , 

Xhe ordering within the smectic layers can be described by 
the density-density correlation function, viz. 

- exp (-|r*-?'!/!) + const /29/ (1) «P( "?')> 
as far as the points r and r* belong to the same layer. In a 
monodomain of the Sg phase the £ parameter is very large, where¬ 
as for the S. structure it is of the order of a few diameters 
of the molecule (O~5 ft). 

In smectic C (Sc) phase the molecules are tilted with res¬ 
pect to the layers (Pig. 6c). 2be layer thickness of Sg struc¬ 
ture is considerably smaller than the molecular length, where¬ 
as for the S. phase the layer thickness (d) is almost equal to 
the molecular length (1). 

Smectic P (Sp) phase differs from the smectic C in that it 
has a bexagonal-like arrangement of molecules within the layers 
(Fig. 6e). In both the Sc and S p phases the molecules can reo¬ 
rient Tery fast about their long axes /28,61/. Die point sym¬ 
metry of these two phases is Cgy /29,61b/. 
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a. 

b. 

Pig. 7. I-ray diffraction patterns for the Sg phase /28/, 
a/ the incident beam parallel to the layers, 
b/ the incident beam perpendicular to the smectic 

planes. 
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Smectic £ and G (Sg and SQ) exhibit nonhexagonal lattices 
(Rigs 6f and g). In the S£ struoture the molecules are perpen¬ 
dicular to the layers, whereas in the S„ phase the long axes 
of molecules are tilted with respect to the layer normal. 

There are some more liquid crystalline structures with dif¬ 
ferent types of arrangements of molecules within the layers as 
well as interlayer correlations. There is, for instance, a cubic 
phase ( S Q ) possessing cubic arrangement of aggregates of mole¬ 
cules /25A Hothing to say about hexatic phases which are very 
similar to the Sg structure with Dg^ point symmetry and £ £100$ 
/29/. Quite recently, the blue phases hare become of great in¬ 
terest /163/. 

In the crystalline phase the molecules are of complete trans-
lational and rotational order (Fig. 6h). Por example, 7.0A0B 
(HOAB), which melts to give a smectic C phase (Pig. 3), crystal¬ 
lizes in space group Pi" /31/. The molecules are in their most 
extended trans conformation. They are nearly planar. The pack¬ 
ing is also layer-like. The long axes of molecules are in dis¬ 
torted hexagonal arrangement. 

2.3. Long range and short range order in liquid orystals 

The orientation of a molecule in the director frame can be 
described by the Euler angles; CD , © and f (Fig. 8). The 
Maier and Saupe mean field theory /14/ gives the following ex¬ 
pression for the nematic potential: 

A. o 
U(8) - - -£• S (3 cos* & - 1) (2) 

where: S is the so-called Zvetkoff order parameter, 

S ~ - (3 cos2 © - 1> . <P2(oos e)> (3) 

9 is the angle between the long molecular axis and the direc¬ 
tor, V - the molar volume, and Afl is a constant depending on 
the microscopic parameters. It is worth noting that for nematic 
liquid crystals the order parameters S can be between 0.3 and 
and 0.8 /8,9/. Temperature dependence of the order parameter S 

19 



Pig. 8. Ihe director frame: (I,Y,Z) and the principal axla frame 
(|,»fc»C) of molecule. (^,8,^) «*• th« Buler angles 
and ft is the angle the net dipole moment makes with the 
long molecular axis ( C ) . 

are presented in Fig. 11b for the first seven members of the FAA 

homologous series. 

Vor* generally* the ordering In liquid crystals oan be de¬ 

scribed by the Saupe ordering matrix /34/ of the formt 

1 / 2 ^ 3 cos 3^ cos (O 

l,k -1,2,3 

where th« indicesj1 and k enumerate the axes of the director 
frame (Pig. 8) and cos 8^ and oos ©̂  are the respective direc¬ 
tion cosines. She trace 2[Sii ^ s zero and there always exists 
a principal molecular axis frame in which the matrix i s diago-
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nal.in the case of symmetrical moleoules the nvunber of inde¬ 
pendent S values is reduced. It reduces to one order parameter, 
given by (3), when the molecule has a three or more fold sym¬ 
metry axis. These considerations are, however, valid for rigid 
molecules only. For flexible molecules one must use an average 
conformation /127.128/ or segmental order parameters /130-136/. 
As it will bt discussed in Chapter IV, the rates of molecular 
motions have great impact upon the average conformation and 
symmetry of molecule. 

A model for the short range molecular packing in all liquid 
crystalline phases /28/ is seen in Pig. 9. Each molecule has on 
the average 6 other molecules in its neighbourhood. 3hie may 
have a great impact on the symmetry of the potential connected 
with the lateral interactions. Bie multiplicity of this poten¬ 
tial for the Z axis should also be 6. In Chapter IV, while 
discussing the librational modes in liquid crystals, we shall 
make use of the six fold potential for the reorientation about 
th« long axis. 

Tig. S* Momentary short range arrangement of molecules in 
liquid crystals /28/. o - indicates the long axis. 
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2.4. Bie dielectric properties of liquid crystals 

2.4.1. aSie dielectric permittivity tensor 

Dielectric permittivity of a uniaxial liquid crystal (the H 
phase and all smectics on the left-hand side of Fig. 6) is a 
second rank tensor of the form: 

0 
0 'II 

(5) 

d i r e c t C C 
where: £ « T-^-YT + ^YY)» *-"|| 3 ẐZ» w l l e r e i n t u r a *~XX' YY 
and £.72 a r e t h e d i e l e c t r i o permittivities measured along the 
respective axes of the director frame (Pig. 8). The c t l and 6j_ 
are measured parallel and perpendicularly to the director n, 
which is usually given by a magnetic field of about I B \* 0.5 I . 

The dielectric anisotropy is defined as: 

£.. - £. (6) 
and it may be positive or negative depending on the molecular 
as well as the phase structure. Fig. 10 presente temperature 
dependences of the principal dielectric permittivities (C and 
£ ) measured for PAP at the frequency of 0.1 KHz. As is seen, 
PAP exhibits in the IT phase a negative dielectric anisotropy 
(A£ < 0). Such a behaviour was observed for many members of the 
homologous series (I) /35,37,38,47,48,53,77/. 

The sign ofA& depends on the components of molecular pola-
rizability tensor o<, 

0 
(7) 

where ̂  and ̂ T are the principal polarizabilities in the di¬ 
rections parallel and perpendicular, respectively, to the long 



"T ' 

7PCI 

*̂ t o^ measured at Pig. 10. Dielectric permittivities ( E i 8 i tlOt o 
the radio frequency of 0.1 MHz* Open circles (o) Indi¬ 
cate the experimental pointa obtained by Je&ewski /3b/ 

molecular axis. For elongated liquid crystalline molecules Q{ , 
is always larger than Q(^t and therefore for the non-polar sub¬ 
stances A S is always positive /37,38/. Aa a consequence, the 
optical birefringenoe ( A n ) Is also positive (Pig. 11a). 

In the case of polar compounds the dieleotrio aniaotropy may 
be either positive or negative, depending on the value of per¬ 
manent dipole moment as well as its orientation in the molecu¬ 
lar prlnoipal axis frame (the angle ft , Pig. 8 ) . In the case of 
PAP the net dipole moment makes a large angle with the long mo¬ 
lecular axis (fh* 64° /47/), and that is why &£, 1B negative 
for the substance (Fig. 1O)f sea Eg. (10). 

It must be pointed out that the dielectric anlsotropy of 
liquid crystals was discovered by Jeiewski in 1924, who perfor¬ 
med the measurements for PA1 and PAP /3/« Jeiewskl also found 
/3b/ that the dielectric anlsotropy measured on the sample o-
riented by means of a static electric *ield was positive. She 
effect was explained theoretically about 50 years later by 
Helfrieh /39/ in terms of the space charge polarisation show¬ 
ing up at low frequencies. 
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Fig. 11. a/ Refractive indices nu, n,, nla for the first seven 
members of 4,4'-di-n-allcoxyazoiybenzene homologous 
series /18e/ (chemical formula (I) - n * 1,2,3,4, 
5,6,7). 

Fig. 12 presents temperature dependences of the dielectric 
permittivities acquired for 7S5 exhibiting a positive dielec¬ 
tric anisotropy in the nematic phase. 2Sie sign of A S iB *lfl° 
in this case strongly related to molecular structure /81/. How¬ 
ever, in the monotropic s« phase there is a drastic change of 
&£. partially caused by dipole-dipole intaractiona in the 
layered structure /158/. 
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Fig. 11. b/ _be order parameters calculated from the optical 
anisotropy An (S - open circles) and H-NMR 
splittings (Q - full circles) /18e/. 

2*4.2 The Kaiar-Meier theory of the dielectric permittivity 

3he theory of static dielectric permittivity /35/ worked out 
by Maier and Meier for nematio liquid crystals givea^the fol¬ 
lowing formulae for the principal components of the £ tensor] 

2 _____ 2 

- D - WHA[0XL * » A )oos2y <t/T • ? ̂ -r)3in
2ej (8) 

and this for the dieleotric aniaotropyj 
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Pig. 12. Dielectric permittivities (£ijO&,Qi£i8) acquired for 
7S5 /67,68/. 

A + P (3cos2/3 - 1) -* S, (10) 

where 6 is the angle between the long molecular axis and the 
nematic director rf (Pig* 8), the U , and JUU™ ar« the compo¬ 
nents of the permanent dipole moment in the direction of the 
long and short molecular axis, respectively, and (3> is the ancle 
between the net dipole moment jX, and the long molecular axis 
(Pig. 8). ' 

01) 

p » (12) 
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where In turn: 

(13) 

«*> 
(14) 

She terms (8a) and (8b) as well as (9c) and (9d) have a clear 
physical meaning as they are connected with different molecular 
motions (reorientations) taking place in the nematio structure 
(Fig. 13a,b,c,d). Bie term a of the formula (8) is connected with 
the reorientation of the molecules about the short axis (Fig, 
13a). For most polar liquid crystals the dispersion region for 
this term falls within the megahertz frequency range /48,93,96/ 
and sometimes appears even in the kilohertz range /96,97/. 

Term o of the formula (9) is connected with a stochastic re-
orientation of molecules about the director /158/. It results 

*i i I* 

Fig. 13. A model of molecular motions contributing to the di¬ 
electric Permittivities of the nematie structure. 
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from the theory that the dielectric increment connected with 
this term has a relatively small value• Ihere is an experimen¬ 
tal evidence of this fact as in the direction perpendicular 
to "Ż the low frequency dispersion does not exist. 

The terms b (Eq. (8)) and d (£q.(9)) are connected with the 
reorientation of molecules about the long axis, ftiis motion con¬ 
tributes to both£(. and£. , for there exists a temporary angle 
8 ć 0. In other words the S parameter is smaller than 1. The 
dispersion region connected with the two terms discussed usual¬ 
ly appear in the microwave frequency range* All the molecular 
motions, except for the first one, are more complicated In 
their nature, d e dynamic aspects of the principal dielectric 
permittivities will be discussed below in detail. 

Eqs (8) and (9) can be written in the form: 
2 

ST- f **s + ? 3E£r(1-<1 - 3cos2£)s)] (15) 

A ( J 2 j 3 ) l , (16) 

where Ae( <• C( - 0( is the anisotropy in the polarizability 
and ot m 1(«(L + 20fT) is the mean polarizability, 

!Hie dielectric anisotropy can then be given by: 

^ (1 - 3 COB2J3> )]s (17) 
As it was mentioned above, A<* is connected with the deformation 
polarization and it is always positive for elongated molecules. 
The second contribution originates from the orientational po¬ 
larization and its sign depends on ft . The critical value 
S c • 54.74°. For|3<j30 the dipolar contribution is positive 
while tor fl>Qc it is negative. 

2.4.3. Dipole-dipole correlations in smectic phases 
Bae Uaier-Iieier theory of the dielectric permittivity of 

the nematic phase predicts that AE should increase with 
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decreasing temperature as It was observed for jnany nematics. 
In the case of ameotic phases (layered structures) there is 

a great Influence of molecular ordering upon the dielectric 
permittivities. As it nas found for the first time by de Jeu 
et al. /4O/ the dielectric anisotropy of 4,4*-di-n-heptyiazo-
xybenzene changes its sign at the K-SA transition (Pig. 14). &a 
it is seen just below the I-N transition A£. increases with de¬ 
creasing temperature as predicted by the Maier-Meier theory. In 
the low temperature region of the nematic phase there is a 
strong tendency for the £,. component to go down (and for the Łj_ 
component to go up) with decreasing temperature. Finally, below 
the 5-S, transition A£ changes the sign from positive to nega¬ 
tive. Ohis effect was carefully investigated by another group 
/41/ and it came out that A S does not depend on frequency at 
acoustic frequencies, which means that both £„ and£, are good 

•I ^ « 

static quantities and there is no dispersion effect /158/ in¬ 
volved in the behaviour of & & . 

On the other hand the refractive index anisotropy does not 
show any anomaly in the region of interest /38/. It means that 
the strange behaviour of A £ must be attributed to strong dipole-
dipole interaction in the smectic phase. 

Taking into account the dipole-dlpole interaction Bordewijk 
and de Jeu worked out a theory of the dielectric permittivity 
for liquid crystals /38/. In this theory the principal dielec¬ 
tric permittivities can be expressed as: 

(X « II and!) 
where T ^ is given by: 

*, -ł-a.. o<a„<./3 0*0 
tft - 1/3), 

1 
J 
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Fig. 14. Influence of the dipole-dipole correlation upon the 

£.. and £., components in the vicinity of the H-S. 

transition of 4-4*-di-n-heptylazoxybenzene /40/« 



(c/b - 1), c/b > 1 

Tx - - j (o/b - 1), c/ł) ? 1 

(19c)1 
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Smectic 
phase 

where, nan and nbn are, respectively, the length and the breadth 
of the molecule andSl,, andSi^are the shape factors depending on 
the c/b ratio, and I D and T x are averaged components of the di¬ 
pole field teneor: 

- 3 (20) 

Equation (18) together with Eqs (19a,b,c and d) explain qualita¬ 
tively the behaviour of both principal dielectric permittivities 
at the transition from the N to S, phase. 

In our group we observed an influence of the dipole-dipole 
interaction on the £.. component at the S-S„ transition of 7S5 
(Fig. 12). As it is seen this component goes down very rapidly 
with decreasing temperature in the So phase and there also is a 
change of the dielectric anisotropy. It was found recently /158/ 
that such behaviour is connected not only with the static di¬ 
pole-dipole interactions but also with a drastic change of mo¬ 
lecular dynamics at the transition. 

2.4.4. Complex dielectric permittivity of liquid crystals 
On the basis of the Kubo's linear response theory, which 

takes into account the dipole-dipole as well as induced dipole-
dipole interactions, the dielectric spectrum of a polar iso-
tropic condensed system can be described by: 

oo 
where L(- V"e) «P(-ifc3 t)dt (22) 

. 

S'- l£" is the complex dielectric permittivity, 
are, respectively, the low and high frequency limits of 

£ Q and 

the dielectric permittivity, Jfe(t) is the normalized 
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correlation function of the component of molecular dipole mo¬ 
ment parallel to the electric measuring field. 

If the correlation function can be expressed as a single ex¬ 
ponential decay the frequenoy dependence of £*(the spectrum) 
is of the Debye-types 

with 

1 + 

'OO 

(23) 

(24) 

whereto andTu, are the macroscopic and microscopic dielectric 
relaxation times, respectively. 

Hordio, Higatti and Segre considered /45,46/ the effect of 
molecular ordering in nematics on the correlation function 
^ ( t ) when the electric field is either parallel or perpendi¬ 
cular to the director "n. let (X,Y,Z) be a laboratory frame with 
the Z-axis parallel to n (Fig. 8), and (C ,1^ ,£ ) - principal 
axis frame with the £ axis parallel to the long molecular axis. 
Let SI. = (vpjG,^) be time dependent filler angles linking the 
two systems. 

The components of the dipole moment u(t) in the director 
frame are then given byt 

C25a) 

P 

(25b) 

where D^^ (^,9,^) are the Wigner rotation matrix elements, 
and M * N ' » P ) are the irreducible spherical tensor compo¬ 
nents related to the principal axis components: iiw , u^ and 
Ji.» byt 

OO) , (26a) 
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^d.ii; (26b) 

Bie two correlation functions: <Uj(O)tix(t)} and 
Aj„(O) u„(t)^ needed for nematica can then be expressed in 
terms of the correlation functions of the Wigner matrices: 

fdft0 D^dl , t) 

(27) 

by assuming that the molecular motions are stationary Markov 
processes. 

5ttte distribution function PCfl0) and the joint probability 
function P(£lo,Sl , t) can be in turn obtained by solving the 
diffusion Smoluchowski's equation: 

1 r i * 1 ^p 
, div P grad 7K * RR - — -*—• 
kRT L J D« ou 

where 7>r is the orienting nematic potential of the form: 

(28) 

(29) 

where in turn PQ(co3 9) is the n-ta even Legendre Polynomial. 
D. i.s the diffusion tensor component connected with the reo-
rientation about the short axis. E is the diffusion operator. 

By solving Eq. (28) and calculating the correlation functions 
according to (27) one arrives at 

where 

(3Oa) 

(30b) 

(31a) 

(31b) 

(31c) 
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e/1 are the eigen values of the R operator. 
Now, toy making Fourier transforms of Bqs (3Oa) and (30b), 

and making use of Bqs (21) and (22), one obtains for both di¬ 
rections in the nematic phase the following dieleotric spectra: 

H1 (32a) 

~lpo (32b) 

C D 

where T ^ ars the correlation times connected with the res¬ 
pective Wigner rotation matrix elements and C,,n C.o, Cn and 
C12 are the weighted factors which fulfill the conditions: 

C(,i 1 and C ... 
1* noting that 

the formulae (32a) and (32b) were obtained by assuming that the 
local field factor in Bq. (21) is equal to 1. 

Taking into account the explicit form of the Wincner rotation 
matrix /160,161/j 

1 O -1 

-1 

gl sin 9 e r*V i - cos 6ri(-y+y 
» 2 

sin 

1 - C03 

cos 9, 

sin 

1 sin © 

coa 

i y 

(33) 
one can ascribe a clear physical meaning for the A,B,C and 0 
terms in Bqs (32a) and (32b), The term A is connected with the 
reorientation around the short molecular axis as the respective 
correlation function (32a) depends only on the angle 9 . Most 
probably this reorientation consists in 180° - jumping through 
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the barrier of the nematio potential V„. So, by studing tempe¬ 
rature dependence of the T^g "^XM one can obtain the barrier 
height for the nematic potential. • 

The B term is related to pure reorientational movements 
about the long axis of deflected molecule, She term C is con¬ 
nected with a stochastic processional movements of the long 
molecular axis about the director. As it will be seen below, 
there are some difficulties in obtaining the T Q J S T»B correla¬ 
tion timet because the dielectric spectrum is in this case af¬ 
fected by other molecular motions, namely, the high frequency 
collective modes and the libratory movements of molecules about 
their short axes. 

The last term D originates from the rotation about the long 
axis of preceasing molecule. As it is shown below in practice 
both terms, C and D, overlap and give one broadened relaxation 
region for perpendicular direction. In this case temperature 
dependence of the f-l »ti gives the potential barrier of the 
6-fold connected with the short range interaction. 

It must be pointed out that for non-oriented samples the 
dielectric spectrum consists of two well separated relaxation 
regions; 

(34) 

where T.'u and %. are the principal correlation times, 
weighted factors obey the condition *C- + (L = 1 • 
Bqs (32a), (32b) and (34) will be used in this work to inter¬ 
pret the dielectric spectra for liquid crystals mentioned above. 

2.5. Collective molecular motions in liquid crystals 

It is known from light scattering and other optical experi¬ 
ments that in nematic liquid crystals strong thermal excita¬ 
tions of relatively long wavelength are present. It can, there¬ 
fore, be expected that there are low frequency components in 
the molecular orientational collective motions which will lead 
to unusual effects in the spin lattice relaxation times. 



Another possible dynamic process consists in quasi-coherent 
fluctuations of the director n. If one has an oriented nematic 
the average director ^ is parallel to the Z-axis (Pig. 8). Bie 
fluctuations of the director at any point r can be described 
by small non-zero transversal components n^O?) and n^C?), In 
terms of the Fourier components the distortion free energy can 
be written as /8a/t 

* - * . • qy| 

(35) 
where V is the sample volumej £•, 1*2 *&<* ..̂  are the splay, 
twist and bond elastic constants, respectively, and 
~Xa » J^j- Xj_ is the diamagnetic ani so tropy. 

The long wavelength fluctuations of the director give rise 
to a large scattering of light. It must be pointed out that 
these fluctuations are not static. If in a region of space the 
director if does not coincide with its average orientation if, 
the fluctuation 0*5*0?) « "if - *J?0 will relax towards zero after 
certain time. 

Ihe main experimental results of Inelastic light scattering 
can be summed up as follows: 
1. For each low frequency collective excitation (relaxation 

collective mode) the power spectrum has the form of one 
single Lorentzlan /8a/: 

(36) 

where E is the average clastic constant. 
2. file line width &U)(q) is essentially proportional to q2. 

An interpretation of these facts can be given in terms of 
the Leslie equations /8a/t 
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(37a) 

(37* ) 

where o(« I or T and ty* is the respective viscosity coeffi¬ 
cient. As one can see there is a spectrum of correlation times 

t(q)t | ' i * 7 g | . It is because the thermal excitat-
LK <>min z W J 

ions have to fulfill the boundary conditions: <lain » 2it A o a x f 
where X mqT/2 cannot be longer than the nematic coherent 
length (or dimensions of the sample), a^^ - 2tł /A^nt "here 
in turn A.-J.,/2 • 1 which is a molecular length. 

Assuming 1 « 20 £, K « 5 • 10"7 dynes and t^ * 0.1 P (PAA) 
one obtains t - 10"° s /102/, which is in fairly good agre¬ 
ement with the dielectric relaxation time ̂ i,. 

As it was mentioned above, these low frequency coherent 
modes lead to unveual effects in the spin-lattice relaxation 
time T... Taking into account the lorentzian power spectrum 
/10i?/ the following dispersion relaxation can be obtained for 
V 

4TT q2dq -1/2 + B (38a) 

equation was modified by many authors. First rigorous treat¬ 
ment was by pincus /124a/, who obtained the following dispersion 
relation for the 

*-' 9 T1 " 

T.. relaxation time: «£- S2lcBT -1/2 
(38b) 

rw (K/r^+ D ) " " K 
where K, n and O denote mean values for the elastic constants 
the viscosity coefficient and the diffusion constant. 

laking into account T*-measurementa, the dielectric relaxa¬ 
tion results, QH5 and PIH studies the whole spectrum of corre¬ 
lation times (for Incoherent and coherent motions) will be pre¬ 
sented in Chapter IV for one of the compounds. 
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III. DIELECTRIC SPECTRA OP LIQUID CRYSTALS 

3.1. Survey of experimental results 

3.1.1.Introductory remarks 

Dielectric relaxation investigations of liquid crystals 
started in 1961 when Maier and Meier /47»48/ experimentally 
discovered for the £|( component of the dielectric permittivity 
a low frequency relaxation (l.f.r.) in the nematic phases of 
some 4,4'di-n-alkoxyazoxybenzenes (chemical formula (I)). They 
found that the critical frequency of the l.f.r. strongly de¬ 
pends on temperature as well as the number of carbon atoms in 
the side chains. 

It is also worth noting that Maier and Meier predicted /47/ 
theoretically the existance of the l.f.r, in polar liquid crys¬ 
tals, and gave it - on the basis of the mean field theory - a 
clear molecular meaning as connected with the end-over-end ex¬ 
changes of the elongated molecules. This molecular motion is 
very sensitive to the dispersion interaction (the Haier-Saupe 
potential, see Eq. (2) or (29)) leading to parallel ordering 
of the long molecular axes in liquid crystalline states. So, it 
is very important to study temperature dependences of the l.f.r., 
as it can give information about energy barriers for end-over-
-end exchanges of molecules. 

Uaier and Meier also predicted that there should be a high 
frequency relaxation falling within the microwave frequency 
range /47/. The dispersion curves they predicted are presented 
in pig. 15a* As one can see, the Si. component exhibits both the 
l.f.r. and the h.f.r., whereas the £, component exposes to view 
only the last process falling within the microwave frequency 
range. 

First dielectric relaxation investigations of liquid crys¬ 
tals in the microwave frequency range were carried out by Carr 
et al. /49t50/, who found the high frequency relaxation In the 
isotropic and nematic phases of PAA. More systematic invest!-
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Fig. 15. a/ Ifeier and Meier's predictions of the frequenoy de-

pendeneea of both principal dielectric permittivities 

(£ uand£.) of the nematio structure of PAA, o - the 

static values /47/» a - calculated value /46a/, 

• - the experimental values by Carr and Spenco /49/, 

• - the high frequency limits acquired from optical 

measurements. 

gations of the h.f.r. were performed by Axmann /51,52/ for a 
few members of allcoxyazo- and alkozyazozybenzenes. The experi¬ 
mental results proving Haier and Ueier's prediction ara seen in 
fig. 15b for the nematio phase of PAA. The dielectric relaxa¬ 
tion spectrum can also be presented in the form of Cole-Cola 
diagrams, presented for PAA in K g . 16. Ibis representation of 
the dielectric data will be widely used in this work. 

Axmann also found that the relaxation times for the h.f.r. 
strongly depended on the molecular length for the homologous 
series (I). His other important results was that the h.f.r. 
exhibits a pronounced distribution at the relaxation times in 
both the isotropio and nematio phases of 1.OAOB (PAA), 4.OAOB 
(PAP), 6.OAOB and 7.OAOB (HOAB). Following Haier and Meier's 
theory /47/ Axmann interpreted the h.f.r. as connected with 
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10* 10' 10* 10s 10M 10" 
VCHz] 

Fig* 15. b/ She dielectric spectrum obtained for the nematic 
phase of PAA /15,52/. Index i « I! or _L » o - experi¬ 
mental points obtained by Maier and Meier /47/, D -
Weise and Axmann's results /53/,A - Axmann's data 
acquired at microwave frequencies /52/. 

the fast molecular rotation of elongated molecules around their 
long molecular axes. He also presumed that there may be some 
influence of the conformation transitions inside the end chains 
on the h.JT.r. 

The h.f.r. was investigated in our group for PAA /53»58/ and 

we additionally found out that there was a big difference 

between the extrapolated value of £ o o and the refractive index 

squared (n 2). b e difference* ( f ^ - n2> w a s interpreted as 

originating from either intramolecular reorientation of the 

-OCH-j groups or librational motions of the molecules as rigid 

bodies /58/. la this work a support will be given for the 
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Fig. 16, The dielectric spectrum of FAA presented in the form 
of the Cole-Cole diagram /52/, 2) the static values 
reported in /47/t 4) Weiae and Axmann's data /53/, 
5) Carr and Spence's experimental points /49/, 
6) Carr's data /5O/. 

second at the above options on the basis of our experimental 
results for other liquid crystalline compounds. Yet the problem 
seems to be more complex. 

Thoee first investigations have initiated further studies of 
the dielectric relaxation processes for nematogenic and smecto-
genie compounds with quite different molecular structures /59-
71,93,57|98/. How, there are many groups dealing with investi¬ 
gations of the dielectric spectra of liquid crystals as this 
method is one of the best for studying molecular dynamics in 
condensed matter. 

When one considers the results of some recent dielectric re¬ 
laxation studies of liquid crystals /43-78,87-98/ the following 
questions may ariset 
1* Why does the h.f.r, in some oases exhibit a distribution of 

the relaxation times? 
2. Is this distribution related to the molecular structure 

and/or to strong fluctuations of the nematic potential? 
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3. Do the relaxation times, activation energies and entropies 
show an odd-even effect or not? 

4. Is the difference between the high frequency limit of dielec- : 

trie permittivity (E^,) and refractive index squared (n2) 
connected with an intra-molecular motion and/or librational 
motions of the molecules and/or its fragments? 

5. Does the stochastic preoesalon affect the dielectric spectra, 
especially in amectic phases? 

6. Why does the h.f.r. in the case of oyanobiphenyls show up in 
the direction perpendicular to the direotor? 

7. Co the collective motions (coherent modes) contribute to the 
dielectric spectra or not? 
To answer all these questions one would need a more systema¬ 

tic study of the dependences of the dielectric relaxation pa-
rametr8 on temperature as well as on side chain length for dif¬ 
ferent homologous series. In our croup aucn investigations are 
done for alkoxyazoxybenzene /30/ and alkylphenylalkoxythiobenzo 
ate /3V homologous series (chemical formulae (I) and (II), see 
pa^e 12 ). This work is mostly devoted to these two kindes of 
substances. However, to extend the discussion we shall refer to 
the data obtained in cooperation with the Halle Liquid Crystal 
Group as well as to the most interesting results acquired in 
other groups applying the dielectric relaxation methods to mole¬ 
cular dynamics. It is worth pointing out that the substances 
taken into account will be those for which both the l.f.r. and 
the h.f.r. have been investigated experimentally. All these sub¬ 
stances are gathered in Table I together with their principal 
dielectric relaxation times. In most cases the relaxation times 
were taken at the same reduced temperature, i.e. at ca. 10° 
below the I-H transition. 



labie 1. Dielectric relaxation times obtained for liquid crystalline compounds studied by 
dielectric relaxation methods at radio and microwave frequencies 

jSame /formula/phase diagram Phase jti,[p*] 
Dielectric relaxation times 

I /52/j 
H /52/J 25.3 
I /5O/J 
I /58/j 
H /58/J 

t;,H; %. 
j I . Di-methoxyazoxybenzene 
; or p-Azoxyanizole (PAA) 

Cr. — 39OK H — 408K- I 

4.3 

23*3 

29.6 

26.5 
21 i3 

] I I . Di-ethoxyazoxybenzene 
i or p-azoxyphenetole (PAP) 

I / 7 1 / | 
i 
i 

K /71/I 17.2±5 7.6*0.5 23.2-3 J 
J Gr. — 41O.5K — H — 441.6K-I 

19.1 

{ III.31- butyloxyazoxybenzene 
J (4.0A0B) 

j 
{ Cr. - 373 K - H - 408K - I 

I /52/i 

N /52/j 39.2 
i 
i 

15.8 56.7 

"i /52/ i 

N /52/ j 68.2 

! 

45.0 

i IV. Di-hexyloxyazoxybenzene 
J (6.0A0B) 

' Cr. - 353.6K - N » 401.2K -

24.7 86.1 

J 

62.7 



Table 1 (eontd) 

S Bane /formula/phase diagram i Phase Dielectric relaxation times 
Tt.tpa]} t,',Łu,11 txCps l t-131 na! 

{ V. M-heptyloatyaecrrybenzene 
(HOAB or 7.OAOB) 

!I /52 / 
{I /61 / 

| 48±5 { 114*18 

82.1 
|S c /62/ 

Or. - 347.2K-3<r.36e.5K-H-397>2K--I 

J 36.7 
i 1770 

i 92.2 
I 194*39 

} 75.9 
I 64*9 

VI, Di-hexyloxyazobenzene 
(6.0A3) 

Cr. -375.6K- * -387.9K-I 

{I /51/ 
! 

36.5 
36.5 

44.9 
44.9 

34.2 

VII. Dl-ootyloxyazobenzene 
(80AB) 

/5V 
/5V 

j Cr. -373.1K- U -386.3E- I 

43.5 I 47.1 
37.3 

{ VIII. Heptyl-oyanotoiphenyl (7CB)jI / 59 / j 

| H 1 5 V 
[ Cr. -302K- U - 316K- I 

32 2500 



Sable 1 (contd) 

Name /formula/phase diagram i Dielectifio relaxation times 
t l i •»• . t j . Pa , 

IX. Octyl -cyanobiphenyl (8CB) H /90/ 

SA/90/ | 

i 
On. -294.2K- S. -3O6.6K-H-314K-I! 

26.53 | 
49.74 { 

430 

315 

1230 
(2280) 
16400 

j (2400) 

X. p-Methoxyptaenyl-azoay-p'-bu- i i / 6 0 / 
tylbenzene (UPABB) ' " '"" 

Icr. -289K- H -349.1K- I 

j H /60/ 212.2 | 16.6 1 I ! 
i i 

227.4 53.1 
159.2 

j XI* V- p-methoxybenzylldene-
i p-butylaniline (MBBA) 

jCr. -295.3K- H -317K- I 

i 11&, | 
i ! %& 
i 

! 

18 
117 

150 
150 

; XII. 4-n-pentylphenyl-4-ncbe-
ptyloxythiobenzoate (755) I /68/ 

U /68/ 

Or. -326.6K- H -355.2K- I 

j 56 190 
250 



Table I (contd) 
CTł 

i Hame /formula/phase diagram 

! XIII . 4-nitropb.enyl-4-octyloxy-i 
i benzoate (NT?OB) | 

| Cr. -324K-SA-335K-H~341K-I 
i XTV. 4-n-hexyloxyphenyl-
j 4-n-methoxybenzoate 
i ( C.. O/OCg ) 

| Cr. -326K- H -35OK- I 
| XV. 4-n-octyloxyphenyl-4-n-
i pentyloxybenzoate 
J cc5o/oca") 
JHnC5O^)-C00<g>.0C8H17 

{ Cr. -323K- M -357K- I 
I XVI. 4-n-butyloxyphenyl-4-n-
} hexylbeazoate (Cg/OC*) 

| Cr. -317K- H -322.7K- I 

Phase 

I /95/ ] 
N /95/ j 
sA/95/ ; 

I /88/ ! 
H /88/ 

! I /87/ 
! n 
| 

j I 773/ 
i V 773/ 

Dielec 

9400 { 
5400 | 

i 
i 

i 

! 
I 
i 

65 
96 

64 

80 

J 114 

trie relaxation t 
T r ~\ T'r i 

290 | 
450 j 

i 

1 7 1 j 
i 

i 

| 180 

i 230 

i 

Lmes 

430 } 
(12200)1 

121 } 

i 

i 
i 
I 

200 i 

i i 

! 237 



10.0 100 
•J [MHi] 

Pig. 17. The dielectric lose (£* ) versus frequency acquired at 

different temperature of the nematio phase of PAP. 

Solid lines are Lorentzian curve fits:. The critical 

frequencies (VL) are indicated at the tops of the 

curves. 

Table 2. The dielectric increments (AE„), critical frequencies 
(Vc) and relaxation times obtained at different tempe¬ 
ratures for PAP's nematio phase 

t; 
411.2 

420.9 

430 

6.307 i 2.52 i 2 

416.7 } 9.045 ! 17.6 * 2 

11.674 I 13.4 * 2 

j (7,6) 

0.578±0.5 

0.528*0.6 

0.479*0.1 
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3.1.2. Dielectric spectra of 4»-4'~di-n-alkoxyaaoxybenzenes 

Hie essential physical properties of alkoxyazoxybenzenes 

were presented in Chap. II. She transition points versus the 

number of carbon atoms in the side chains are presented in Fig. 

3. They are also gathered in Table 1 (compounds I - VIZ) with 

the dielectric relaxation times. In our group PAA, PAP and HOAB 

have been investigated by means of the dielectric relaxation 

methods. At the moment the third and fifth members of the homo¬ 

logous series are being investigated /77/. Taking into account 

our data and those obtained by Axmann ons can draw some more 

general conclusions concerning the molecular motions in liquid 

crystals. Bow, let us have a look at the dielectric results 

obtained in our group for PAP, the second member of the homo¬ 

logous series of interest. For this compound we have investi¬ 

gated the h.f.r. in the Institute of Physics of the Jagellonian 

University, and the l.f.r. - in the Institute of Physical Che¬ 

mistry of the Martin Luther University, Halle/S. in GDR. In 

order to attain the proper alignment of PAP's nematlc phase in 

both cases a 0.5 T magnetic field was applied. The methods of 

measurements are described elsewhere /56»5O,96,99,1OO/. 

As it is seen the nematic phase of PAP exhibits a well known 

low frequency absorption (Pig. 17). 3be critical frequencies 

of the absorption curves depend strongly on temperature. Making 

use of the Debye equations, 

1 * 

Lorentzian curve fits to the experimental data have been done. 

In this way the dielectric increments AS as well as the criti¬ 

cal frequencies (Vc) were computed as functions of temperature. 

The results of calculations are presented is Table 2, 



Because the Lorentzian curves fit quite well to the experi¬ 
mental data obtained for the nematic phase of PAP one can con¬ 
clude that the low frequency relaxation region should be cha¬ 
racterized by a single relaxation time 

2tlV0 
(40) 

where V o Is the critical frequency. 
She values of Tj, are also given in Table 2. 

Due to the geometry of the experiment as well as the value 
of the activation energy (see Chap. IV, Sable 13) the molecular 
process responsible for the l.f.r. can be interpreted as con¬ 
nected with the end-over-end exohange of the molecules, i.e. 
with the reorientation of the molecules around the short axis 
of the principal axis frame (Ilg. 18) /74-76/. 

Pig. 18. 3he principal axis frame (p.a.f.) of PAP molecule. 
S or £ stands for the short axis, and L or C for 
the long one* 
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The Łwf.r. was investigated for the isotropic and nematic 
phases of PAJP. Ofce measurements of the complex dielectric per¬ 
mittivity 

-łl 
'k (k - H , ± or "o") 

have been done at the following microwave frequenciest 1.99, 
5.72 and 9.53 GHz| index "o" refers to unoriented samples. Ad¬ 
ditionally, we have made use of the data by Garr and Spence for 
15.3 GHz /AS/, All data obtained for PAP at microwave 'requen-
cies are shown in Pig. 19. As it is seen a strong dispersion 
effect takes place at microwave frequencies in both the isotro-

so¬ 

4.0-

3.5-

0* 
£" 
06 

0.2 Cr 
TIK) 

Fig. 19. The dielectric permittivities and losses measured in 
the gigahertz frequency range tot the nematic and isotropic 
phases of PAP /71/. C ^ Q and£JI01 are the static dielectric 
permittivities (see Pig. 1°)«8ti02 is the static dielectric 
permittivity for the h.f.r. observed for parallel alignment 
(SllB)i see Pig. 20. (£',£') and (£,,»£ĵ ) are the components 
( M orJL) of the dielectric permittivity and the loss obtained 
at microwave frequency. 
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pic and nematic phases of PAP, Shis effect is visualized more 
clearly in fig. 20 is terms of the Cole-Cole diagrams. As one 
can see the nematio phase of FAP exhibits two well separated re¬ 
laxation regions: 
1. The l.f.r. falling within the radio frequency range 

( f ! 10 s) and 2. the h.f.r. appearing in the microwave 
range with Ĉ _ S 10 s. Obey are the principal correlation 
times connected with the principal reorientations (Pig. 18) 
in the nematio structure. Both principal correlation times 
are gathered in Table 1 for some members of PAA homologous 
series (I). 

It is* worth mentioning that the h.f.r. is also seen in the 
direction parallel to the director and is characterized by the 
relaxation time I,, « 10 s. Diis is qualitatively consistent 
with the models presented in Chapter XI (see Fig. 13, eqs. (8) 
and (9) ox (32a) and (32b)). 

By fitting the Cole-Cole modifications of the Debye equation 

Pig. 20. 3be Cole-Cole diagrams obtained for both principal 
directions of the nematio phase of PAP* She Cole-Cole 
plot reoelved for non-oriented nematio phase (B«0) is 
•Iso presented here. 
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(41a) 

(41b) 

for both principal directions the following relaxation times 
and e* yarameters have been calculated! (%, »o<j|)» (t^> OijJ 
and ( t 0 . °*0)l index "o" refers to nonoriented nematio samples. 
She values of these parameters are gathered in Table 3 together 
with the parameters characterising the l.f.r. 

Table 3. The values of the relaxation times (1,,/ti', t*tx
 aa*<t[) and 

the <X parameters («*M»°*if ̂ jLandOf^) obtained for PAP 

I[K] 

411.2 

415 

416.7 

420 

420.9 

425 

J43O 

435 

443 

tjJIO12 

W 

27±3 

mm 

25.6 

-

24.4 

23.2 

22.7 

-

1 

-

0.0 

0 .0 

-

0.0 

0.06 

0.08 

-

To.io12 

r_Ig3 

33.8*3 

-

31.6 

-

29.3 

27.4 

27.0 

19.1 

<*o 

-

0.09 

0.09 

-

0.10 

0.12 

0.13 

0.23 

V«1 2 

LlsL. 

12.9*5 

-

16.4 

-

16.2 

17.2 

17.2 

-

-

0.42 

0.43 

-

0.43 

0.41 

0.40 

-

24.9±3 

(19.5)x 

17.7 

14.1 

(13.3) 

(10.4) 

(7.6) 
(5.6) 

-

- ; 

0.0 

-

0.0 

0 .0 

-

-

-

mm 

xdhe values in parentheses were obtained by extrapolation 
using linear regression. 
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It must be pointed out that all three relaxation times (X , 
*^andt 0) are of the same order of magnitude, but there is a 
big difference in the values of ol parameters. ID view of the 
Kordio-Rigatti-Segre theory the tj_ is mostly affected by the 
molecular reorientation around the long molecular axis because 
the °Łj_* O» only close to the olearing point °tj.is about 0,1. 
3fci8 effect will be discussed thoroughly in Chap. IV. 

On the other hand h.f.r. observed for parallel orientation 
as well as for non-oriented samples is influenced by a few mole-
oular motions, namely, reorientations around the long molecular 
axes, intramolecular motions and libratory movements about the 
long and short axes. And that is why the ot|} parameter is so big 
(lable 3). 

Por the isotropic phase of PAP the Cole-Cole diagram (Fig. 21) 
is a circular arc with a big value of the °( . parameter. It is 
obvious that all molecular prooesses mentioned above give contri¬ 
butions to the relaxation spectrum of the I phase* 

All members of the homologous series (I) which have been in¬ 
vestigated up to now /52,61,71/ have qualitatively the same di¬ 
electric spectrum (of. pigs 16 and 20). However, there is a 
strong dependence of the relaxation times on the number of 

XCcml/vlGHzl 
A OMUM 
o 5.243/572 
x 3.H / 9.72 
0 1961MSJO 

Fig. 21. 3he Cole-Cole plot for the iootropic phase of PAP / 7 1 / . 
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carbon atoms in the side chains (see Chap. IV). To illustrate 
this Kable 1 presents the relaxation times taken at the redu¬ 
ced temperature (l/L , * 0,35), for the first seven members 
of the series. A3 one can see both principal relaxation times 
increase with the number of carbon atoms in the chains. It is 
north pointing out that the relaxation time is very sensitive 
to the molecular length, which corroborates the assumption that 
the l.f.r. is conneoted with the reorientations around tha 
short molecular axis (Pig. 18). In literature /68,77/ this mo¬ 
lecular process is known as the end-over-end exchange (or 180°-
jumps) of the molecules. Discussion of the molecular prooesset* 
observed by the dielectric relaxation methods will be givon in 
the nest chapter. 

3.1.3. Dielectric spectra of 4«4-di-n-alkoxyazobenzenes 

As it was mentioned above Axmann has also investigated two 
alkoxyazobenzenes, viz. 4»4'-di~n-hexyloxyazobenzene (6.0AB) 
and 4»4'-di-n-octyloxyazobenzene (8.OAB)| compounds YI and YII 
in Table 1. Both substances are of general formulat 

(HI) 

and have only nematic phases. Krom the dieleotric spectra stand¬ 
point it is very interesting that the longitudinal component 
of the molecular dipole moment (lir) is nil in this case Qir»O), 
because there is no dipole moment on the H 2 bridging group and 
the end alkoxy groups are symmetrically arranged. 

fflms following the discussion presented in Chap. U (se» 
eqs (8), (9) or (32a) and (32b)) one can cone to the conclu¬ 
sion that the l.f.r. should be missing in the nematic phascis 
of 6. CUB. is it is seen in Jig. 22 only the b.f.r. was observed 
in both principal directionaof the H phase of 6.QAB. She respec¬ 
tive relaxation times and ot parameters for 6.0AB are given in 
Table 4. 
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A 97 GHz 
• 20.092GHZ 
• 3S.060GHZ 

650 kHz 

33 g' 

Fig. 22. The Cole-Cole diagrams for the nematic (H) and i s o -
tropic ( I ) phases of 6.OAB / 5 1 / . Parallel (£*) and per¬ 
pendicular (£?) components of the dielectric permitti¬ 
vity exhibit in this case only the h . f . r . 

Table 4. She relaxation times CCj,,tx a n d t i s ) and the ot para¬ 
meters (etgtOt^and ** ±B) obtained by Axmann /51 / for 
6.0AB and 8.0AB 

I" 
0 ^ 

JBŁJ H-
0.17 i44.9 i 0.17 ' 398.4 S 34.2 
0.17 J47,1 [ 0.17 | 396.8 j 37.2 

6.OAB t 378.9 

8.0AB ! 377.5 

36.5 
43.5 

0.17 
0.17 

3.1.4. Dielectric spectra of 4-n-alkylphenyl-4-alkoxythioben-
zoates 

Xhiol esters have been synthesized quite recently and are 
the subject of extensive X-ray investigations /83a/ as the 
higher members of this homologous series (T2S5 and T4S5) exhibit 
highly ordered smectic phases /80/« The seventh member of the 
homologous series (7S5, chemical formula (II)) has been studied 
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in our group by means of calorimetric /81,82/ and dielectric 
relaxation methods /67,68,81/. 7S5 ia a substance featuring a 
wide temperature range nematic phase. Its phase diagram is pre¬ 
sented in Tab. 1 and Figs 2 and 4. 

The molecular structure of 7S5 is shown in Fig. 23. This mo¬ 
del was made by assuming standard bond length and angle /81.83/ 
values, and the most stretched planar form(all-trans-conforma¬ 
tion) was taken into account. As is seen there are two permanent 
dipole moments, connected with the two polar groups -SCO-, and 
OCyH^, which contribute to the net dipole moment. On the ba¬ 

sis of the group dipole moments analysis it was shown /81/ that 
the longitudinal and transversal components in the para axis 
frame (see Fig. 23, (Xpi z )) aret u^ * 1.74 D and fo * 1.77 D 
(u B 2.48 0). In such a case both principal molecular motions 
will affect the £(. and 6 X dielectric permittivities| check to 
see Eqs (8) and (9) or (32a), (32b). 

In the case of oriented nematic liquid crystals the complex 
dielectric permittivities measured parallel and perpendicular 

-12 -O -I -» -« -2 12 (A) 

Fig. 23. Planar structure of 7S5 molecule. (lp,Yp,Z_) is the 
para-axis frame, ( C ^ t C ) is the principal axes 
frame (p.a.f.). Ł stands for the long molecular axis 
and S for the short one. 



to the director can be given byt 

whereCa and 6. are the high frequency limits of the dielec¬ 
tric permittivities, and 8I,Q and6 i Q are the static dielectric 
constants. 2he weighted factors (g)(̂  and fiuo* gn and €12) i-a 

these equations fulfill the conditions: 

+ gH2 • 1» a n d 

formulae (42a) and (42b) are modifications of the formulae 
(32a) and (?2b) obtained by introducing the c< parameters res¬ 
ponsible for distribution of the relaxation times observed Ex¬ 
perimentally for the h.f.r. Due to the fact that the critical 
director fluctuations (the so-called cut-off modes) have cor¬ 
relation times very close to the t,( dielectric relaxation times 
and even shorter (see Table 15), the l.f.r. does not show up in 
the perpendicular direction, hence g... » 0. 

If one has to do with an unoriented nematic phase ("poly-
crystalline sample"), equation (42a) and (42b) should be re¬ 
placed by: 

01 (43) 

(fQ1 - £02)/(€01 - and 
02)/(€01 

S2 m (*02 " feoo>/Cf01 " Zoo)* *•*•' in t u r n» ^01 is the 

mean value (given by (13)) of the static dielectric permitti¬ 
vity of the l.f.r., and g, 02 is the mean value of the static 
dielectric permittivity for the h.f.r. 

It would be worth explaining here that the relaxation 
times introduced in the above equations are the macroscopic 
relaxation times connected with the microscopic ones by the 
formulat 

57 



lP-Gv (44) 
-01 

and_fp_G is Powlea and GLarum's local waere i = l| or_l p G 
field factor. £ Q 1 a n d E ^ are given by (13) and (14), respec¬ 
tively. This formula will be used throughout this work, as we 
are mostly dealing with the mid polar liquid crystals for 
which the Maier and Meier's extension of the Onsager theory 
worka fine. Oa the basis of this theory the relation between 
the macroscopic and microscopic relaxation times is given by 
(24), which was derived for isotropic systems. ?or most of the 
substances discussed (chemical formulae (I), ( U ) and (III)) 
the fP-G ' Oł9ł This means tQat microscopic relaxation times 
(correlation times) are within the experimental errors equal 
to the macroscopic dielectric relaxation time. 

In M.£. 24 the complete relaxation spectrum obtained for the 
"polycrystallinen (non-oriented) nematio phase of 7S5 is pre¬ 
sented. As it is seen the H phase exhibits two well separated 
relaxation regionst 

Fig. ?4. The complete dielectric spectrum obtained for non-
oriented nematic phase of 7S5 /68/. umbers above the 
experimental points are frequencies in liHz. 
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1. OSie l.f.r. characterized by <£* ~ 10"'s and 
2. The h.f.r. with the correlation timet^-* 10"' s. 

For the isotropic phase of 7S5 the Cole-Cole plots are cir¬ 
cular arcs (Pig. 25) with the center below the gf axis. By fit¬ 
ting the Cole-Cole equation: 

-Oia - e oois (45) 
1 + 

to the experimental data the following parameters were obtained: 
£oois' £ois' ^ia and ^is* ^ ^ i s Talu8S c o m P u t e d tor the 

I phase are of the order of 10 s (Table 5). Eiis is the most 
probable relaxation time and it is mainly influenced by the fast 
reorientational motions of molecules around their long axes. 

ft> ZS £ . M 

Fig. 25. Die h.f.r. presented in the form of the Cole-Cole 
plots for the ieotropio (I) and nematic (H) phases of 
7S5 /68/. 
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In the r.ematic phase of 7S5 the Cole-Cole plots are nearly 
semicircles (Fig. 25) with the centers below, but close to, 
the £_' axis. By fitting the second term of the formula (43) the 
following parameters have been obtained: £ Q 2 > C Q O * *^O and °^o* 
All these parameters characterising the h.f.r. in both the I 
and the N phases are gathered in Table 5. In the last column of 
this table the correlation times are given, but they will not be 

Ifeble 5. Parameters characterizing the h.f.r. in the I and H 
phases of 7S5 

} Phase 

} I 
i 
i i 

i Phase 
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discussed later on, aa the difference between the macroscopic 
dielectric relaxation time CT0) and the microscopic one (t ) 
is within the experimental error limits. At the moment one 
should only state that the local field factor of type (44) does 
not introduce any significant difference between the microsco¬ 
pic and macroscopic relaxation times. Obis difference may be of 
great importance when the new methods /92/ of higher accuracy 
will be applied to liquid crystals. 

Temperature dependence of the tj_ correlation time is also 
presented in Fig. 26. As one can see there is a jump of X^ at 
the I-N transition. This is connected with the fact that in the 
N phase the h.f.r. is mainly influenced by the principal mole¬ 
cular reorientation about the long axis (Kg. 25).This inter¬ 
pretation is substantiated by the value of the o( parameter, 
which in the low temperature region of the N phase becomes 

320 340 360 
T(K] 

Pig. 26. The %. relaxation time as a function of temperature 
for the I and I phases of 7S5 /68/. 
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equal to zero (Table 5), whereas In the case of the I phase of 
7S5, the o(ifl parameter, accounting for distribution of the re¬ 
laxation times, has a relatively high value. This in turn may 
mean that there are many molecular motions affecting the h.f.r. 
in the I phase, namelyt 
1. Beorientation of the molecule as a whole about the short 

axis (̂  or £, see Pigs 18 and 23)» 
2. Reorientation of the molecule around the long axis (£ , Figa 

18 ana 23)» 
3. Conformation transitions inside the end groups causing fluc¬ 

tuations of the L axis may also influence the spectrum. 
Assuming ellipsoidal shape of the 7S5 molecule one can write 

the following expression for the complex dielectric permittivity: 

; 

which is the nwyłu result of the Budo theory /85,86/. Eq. (46) 
should give in the complex plane at least two different semi¬ 
circles (tv » *Ct andtc o X ^ + ). What we obtain from the expe¬ 
riment is a circular arc with the center much below the £,* axis 
(Fig. 25). So, experimentally, one can only get the most pro¬ 
bable relaxation timet^, which means that the ooupling between 
the Inter and intra-molecular motions is more complicated. 

In some cases the authors tried to split the complex spectrum 
into two separate regions /73,87-89/, but it came out to be a 
difficult task. However, more advanoed experimental techniques 
allowed for fairly good splitting of the relaxation processes 
originating from the principal reorientations in the I phase of 
4,4*-di-n-heptyl«azoxy«toenzene (7.A0B) /72/, which has a simpler 
molecule than the substances discussed above. In addition, it 
has only one dipole moment in the HgO bridging group. 

As it was pointed out above the most striking feature of the 
dielectric behaviour of thermotropic liquid crystals is that the 
reorientation about the short molecular axis gives a Debye-typ* 
absorption in the radio frequency range, whereas fast reorien¬ 
tation around the long axis contributes to the absorption at 
microwave frequencies, which - as shown above - is more compli¬ 
cated in its nature. 
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SŁe l.t.r. was investigated for 7S5 in the frequency range 
from 0.1 to 12 MHz. Xhe absorption curves obtained are presen¬ 
ted in K g . 27. By fitting Lorentzian curves (eq. (39b)) the 
relaxation times %*. as well as the dielectric increment have 
been obtained. In this case the fits are also very good which 
supports the idea that the l.f.r. is always a Debye-type pro¬ 
cess characterized by one single relaxation time. 

In pig. 28 the data obtained for the l.f.r. of the W phase 
of 7S5 are presented in the form of Cole-Cole plot. As one can 
see, the center of the Cole-Cole diagram lies on the £/ axis 
within the experimental error limits. Biis is another evidence 
that also here the l.f.r. is influenced by one molecular pro¬ 
cess, i.e. by the end-over-end exchange of the elongated mo¬ 
lecules leading to crossing of the nematic potential bcrrier. 
Hie values of the correlation times and dielectric increments 
for the l.f.r. are gathered in Xable 6* 

a 3192K 
> 325.8 K 
O3369K 
D 3*3.2 K 

350.2K 

Fig. 

0.1 1.0 IOJO VfMHz) 

27. The dielectric loss (£") versus frequency acquired at 
different temperatures of the H phase of 7S5. Solid 
and dashed lines are Lorentzian curve f i t s . 



100 

J ig , 28. A Cole-Cole plot for the l . f . r . in the H phase of 7S5. 
Numbers denote frequencies in MHz. 

Table 6. Temperature dependence of the l . f . r . time t | ) t c r i t i c a l 
frequency V and d ie lec t r i c increment A£n for 7S5 

t-
T [S3 j 350.2 j 343.2 j 336.9 j 325.8 | 319.2 | 

3.80 { 2.03 J 1.25 i 0.490 | 0.285 i 
{ | . J 1 

8 I 41»9 { 78.4 127.3 ! 324.8 I 558.4 ! 
\ f~ 1 1 ( 
| | j | j It 
\ f 1 1 ( 

0.82 | 0.86 | 0.90 j 0.97 | t.01 j 

As it has been shown above, thiol esters in their nematio 
phases exhibit two well separated relaxation regions characte¬ 
rized by the two principal correlation times: t,', S1 10~8s and 
ti • 10 a. It is the nematic potential which retards the re-
orientation of molecule about the S axis by a factor of 10 on 
going from the isotropic to nematic phase. In the isotropic 
phase both principal molecular motions merge giving a fairly 
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distributed relaxation spectrum. In the next Chapter these two 
principal correlation times will be discussed in detail. 

3.1.5. Dielectric spectra of alkyl-cyanobiphenyls 

Two dielectric spectra of liquid crystals discussed above 
are somewhat complicated. It had been tempting to investigate 
substances with the net molecular dipole moment parallel to the 
long molecular axis until after II. Daviea et al. /59/ conducted 
the dielectric investigations for the I and B phases of 4,4'-n-
heptylcyanobiphenyl (7CB, see Table 1, compound VIII), which is 
a member of the homologous series: 

- CN (IV) 

It came out from those studies that nCB's exhibit a rather 
simple relaxation spectrum in the I phase, but for perpendicu¬ 
lar direction of the H as well as S, phases it shows a prono¬ 
unced distribution of the relaxation times /69,90,93/. At the 
same time for parallel direction only the l.f.r. of Oebye-type 
was observed. 

Relaxation times characterizing the dielectric spectra in 
the I and H phases of 7CB are gathered in Table 7. It was a 
great surprize that the h.f.r. showed up as perpendicular to 
the director. Since then it has been a puzzle for the experi¬ 
menters as well as for the theorists /69/. 

Table 7. Temperature dependence of the relaxation times for 
the I and If phases of 7CB /59/ 

T[K] 
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•_'p to now 6 substances of this homologous series have been 
studied ty dielectric methods /59,72,9O/. Two of them have only 
the I phase (n * 0,4) and four the H one (n - 5,6,7,8). The 
last compound has also the S, phase. Ihe all isotropio phases 
examined exhibit almost a Debye-type relaxation spectrum pre¬ 
sented for 7CB in Pig. 29. On the low-frequency side the Cole-
Cole plot exhibits a pure Debye behaviour, whereas in the high-
frequency region it can be approximated by the Cole-Davidson 
phenomenological equation /86/. As will be shown later this 
high-frequency disturbance comes from the fast reorientation 
of the molecule around the L axis, which fluctuates due to the 
conformation changes. 

It is surprizing that in the parallel direction of both the 
N and S A phases of 8CB only the low frequency relaxation was 
observed (Pig. 30). On the other hand the dielectric spectrum 
acquired for the perpendicular direction is fairly complicated 
(Pig. 31). The Lille Group introduced the idea of fitting of 
three Debye-type relaxation regions (A,B and C) that are connec¬ 
ted with different molecular motions. 

Fig. 29. The Cole-Cole diagram for the I phase of 7CB /72/. 
Humbers by the experimental points are frequencies in 
MHa. 
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« w « u e; 

Fig. 30* The Cole-Cole plots obtained for the parallel direc¬ 
tion of the B(a) and SA (b) phases of 8CB /90/. Num¬ 
bers by the experimental points are frequencies in VSSz, 

see 

Pig. 31• 3te Cole-Cole plots obtained for the perpendicular 
direction of the H (a) and S, (bj) phases of 8CB /90/. 
Huobera by the experimental points are frequencies 
in MHz. 
k - the l.f.r. connected with the reorientation about 

the S axis, 
B - the libratory collective mode! 
C - the h.f.r. connected with the librational motion 

of the molecule. 
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The authors assumed that the Ł axis coincides with the para 
axis aid permanent molecular dipole moment is parallel to it. 
On the basis of this assumption the; gave the following inter¬ 
pretation to the domains deducedt 
iioaain A is mostly influenced by the rtorientation about the 
short molecular axis, normally, the l.f.r. is only observed for 
parallel orientation. In this oaaef however, the authors admit 
the existence of some imperfeotneas in the sample alignment, 
which allow the l.f.r. to be seen in perpendicular direction. 
Domain B and C are due to the librational movements of the di¬ 
pole moment round its resting position /9O/. In Sable 8 the re¬ 
laxation times; computed for the H and SA phases of 8GB, axe 
gathered. 
Table 8. 3be dielectric relaxation tines obtained for parallel 

and perpendicular direction of the 5 and S^ phases 
of 8CB /9O/ 

j Orientation , Relaxation times f 

There are some hints in this work which are against the 
above explanation of the dielectric spectra of nCS's. our 
standpoint is that the reorientation about the Ł axis (Kg.36) 
affects the spectra because this axis makes an angle J with the 
para ax-a. Xhe second point is that the libratorj motions of 
the molecules can only be detected in the far infrared /141-
145/ region. 

Srom our measurements on 4-nitrophenyl-4' -octyloxybenzoate 
(BPOfi, see Xable 1, compound XIII) it is also clearly seen that 
the reorientation around the long axis shows up in both the S 
and SA phases. Die to -octyloxy- group dipole moment as well a 
the fluctuating perpendicular component of the I0 2 dipole mo¬ 
ment there is a h.f.r. la the I phase of EPOB /94,95a/. 



AS it has been shown the dielectric speotra of liquid 
crystals are very sensitive to molecular structure. In the next 
chapter we ahall discuss in detail the molecular mechanisms of 
the dielectric permittivities. It will be shown that in some 
cases one can analyze the data in terms of the two principal 
molecular notions. 



IT. KOflOMOLECULAH AND COLLECTIVE MOTIONS IN LIQUID CRYSTALS 

4.1.Introduction 

Molecular dynamics of liquid crystals has been studied by 
different experimental techniques for the last 25 years. It 
has been established experimentally as well as theoretically 
that there are two types of molecular motions in liquid crys¬ 
tals, viz. collective (coherent) and nonomolecular (incoherent) 
modes /157/. The former can be studied by BUR relaxation expe¬ 
riments (T1 measurements versus temperature and frequency) and 
inelastic light scattering /8,12/, whereas the latter ones 
have been thoroughly investigated by the following methodsj 
1. Dielectric relaxation (DR), 
2. High frequency NMR relaxation (T. - M R ) , 
3. Quasi-elastic Neutron Scattering (QNS), 
4. Far infra-red absorption (FIR), 
5. Inelastic Neutron Scattering (INS). 

The dielectric relaxation method seems to be the most power¬ 
ful as it gives information about the time scale of the two 
principal molecular reorientations, namely, the end-over-end 
exchange about the short axis and fast reorlentation about the 
lone axis. As it is known from the previous chapter in the case 
of low viscous substances like PAA (n ^ 0.1 P) the correlation 
time for the former process is of the order of 10 s and for 
the latter - 10 a (see Table 1). Highly viscous nematics, for 
instance 1SBBA (n <•* 1 P), have longer principal correlation 

—7 —10 times, 10 s and 10 s, respectively. One of the drawbacks is 
that DR can only be applied to polar systems. The QNS method 
gives information about the molecular motions in the time scale 
of 10"11s to 10"12s /44,46,152-155/. There are at least two 
advantages of this method: 1. it can be applied to polar and 
nonpolar compounds and 2. it is sensitive to deuteration. 
However, the correlation times measured by the QNS method do 
not coincide with the shorter .dielectric correlation time. 
Yet it seems that this problem has been cleared up quite re-
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cently /145/, and fairly good agreement between QŃS, DR and 
FIR studies has been obtained /152/. 

The FIR and Raman methods are sensitive not only to intra-
moleoular vibrations but also to the low frequency libratio-
nal modes of the molecule as w whole or as its internal groups. 
The characteristic absorption peaks appear in the frequency 
range of 10 cm"1 to 200 cm"1 /109,H1-147/« In the discussion 
below a quantitative agreement of FIR investigations with the 
dielectric results will be shown. It is worth noting that a 
low frequency librational mode has also been detected by the 
ISS method /151,1Q3/» which seems to be consistent with the 
dielectrically measured energy barriers. 

Ł - K M measurements give the most complicated spectrum, 
as this method is sensitive to various molecular motions, viz., 
1. Director fluctuations (OFN), 
2. Translational and rotational diffusion and 
3. Conformation changes of molecules. 
Proton HMR relaxation spectra are cumbersome to interprete, as 
they are affected by the inter- and intramolecular motions. 
Only very recent studies on selectively deuterated samples 
/122,123/ give quantitative information on different molecular 
motions. 

Using the dielectric results presented in the previous 
chapter as well as HMR, FIR, QNS, IBS and Raman data available 
is literature, in the coming section we shall try to give ans¬ 
wers to such questions asi 
1. To what extent are liquid crystalline molecules flexible? 
2. Why are the dielectric spectra of nCB's so complicated for 

perpendicular orientation? 
3. What is the molecular origin of the Miesowicz viscosity 

coefficients? 
4. Bo the librational modes affect the dielectric spectra? 

4*2. Principal molecular motions 
All dielectric relaxation processes, showing up in liquid 

crystals, can be interpreted on the basis of the Cole-Cole 
modification of the Debye equation. So, for a given direction 
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of the N phase ona can writ* down: 

f*« c* - i £ * - £^, + *̂" ^UJ " ^r"J C47) 
d 

(see formulae (32a) and (32b) or (42a) and (42b) or (43)) 
where T , is the most probable correlation time for the jth 
process, O(. is a parameter accounting for the distribution of 
relaxation times, 6Q^ and £ M , are, respectively, the low and 
high frequency limits of the dielectric permittivity for jth 
molecular process. 

As it is known from the previous chapter, in the isotropic 
phase one observes a broad spectrum (Figs 21, 22 and 25) with 
C(is . 0.3 /51.52.68,71,73,87,88/, whereas in the nematic 
phase the spectrum consists of two well separated relaxation 
regions (Pigs 16,20 and 24): 
1. Ihe l.f.r. - characterized by <r' and ^ a Q, 
2. The h.f.r. - described bytj_ and temperature dependent &± . 
However, there is a third relaxation process observed for 
n.OAOB's, n.OAB's and nS5's parallel to the director /51»6O,71/f 
but it will be discussed later on, as it is influenced by in¬ 
coherent molecular processes. 

It is worth noting here that cyanobiphenyls have qualitati¬ 
vely different spectra than those described above. In the iso¬ 
tropic phase an almost pure Debye-type relaxation is observed 
/59,72,91,93/. However, on the high frequency side the spectrum 
(Pig. 29) can be described by the Cole-Davidson modification 
of the Debye equation. For the N phase, parallel to the direc¬ 
tor the high frequency relaxation is missing in this case 
(Pig. 31a). Yet some authors claim /104/ that they observe for 
7CB a high frequency relaxation parallel to the director, which 
does not agree with the results obtained by the Lille Croup. 

There are two important experimental facts suggesting that 
in the low temperature region of the H phase the molecules of 
some nematic liquid crystals possess a well defined conforma¬ 
tion. One is the behaviour of the principal relaxation times 
(*£.* andf, ) as functions of the molecular length (Figs 32 and 
33). 
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Fig* 32. ttie ̂|| relaxation times, connected with the restricted reorientation around the S axis, versus the number of carbon atoms in the side chains for di-alkoxyazoxyben-zene homologous series,Q - experimental point obtained by Axmann and Weiee, iii - Maier and Meier's data, • -our data. The data for n»3 and 5 have been obtained quite recently /77/. 
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Pig. 33. The relaxation times ̂ x (or^a)* connected with the fast reorientation about the £ axis, versus the number of carbon atoms in the side chains for di-allcoxyazoxy-banzene homologous strie». x - Axmann*s data, 0 , Q - our results. The data for n*3 and 5 have been obtain¬ ed quite recently /170,17V. 
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As we can see there is a strong increase of both relaxation 
times with increasing number of carbon atoms in the side chains. 
This means that not only viscosity (Sable 17} and molecular 
volume /105/ determine the magnitude of the relaxation times, 
but also that inertial effects may Influence them greatly. 

The other important experimental fact is the temperature de¬ 
pendence of the o(. parameter presented for PAP in Fig. 34 as a 
function of reduced temperature! T r Q d • T/TH_j. As it is seen 
et low temperatures of the H phase of, (or 0( ) goes to r ro« This 
might mean that in both cases we have in principle one single 
molecular process, which is the reorientation around the L mole¬ 
cular axis. A strong dependence of theOfo parameter with de¬ 
creasing temperature was also observed in the vicinity of the 
clearing point for one of the substituted phenylbenzoates (Fig. 
35) /73/» The abrupt change of the °< paremeter at the I-H tran¬ 
sition comes from retardation of the reorientation around the 
short molecular axis. Sbile the gradual decreasing of theo( 
parameter with the temperature decreasing below the clearing 

to 

• la.) -'SS 

• la, i 

la.) 
-PAP 

-•—•-

ats 0.W 

Fig. 34. Temperature dependence of the distribution parameters 
obtained for different neaatic liquid crystals (PAP 
and 7S5). Index "o" ret&ra to the measurements perfor¬ 

med on unoriented samples. 
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KLg. 35. Temperature dependence of the °(0 parameter for the I 
and H phases of 4«n-butyloxyphenyl-4-n-hexyl benzoate 
(C6/OC4) /73/. 

point is most probably connected with the molecular conformation 
changes /76/. 

On the other hand, the ̂ ' parameter is always equal to zero. 
Only the nematic mixtures exhibit /96,1O5/ a distribution of 
the dielectric relaxation times at low frequencies. In such 
cases most probable relaxation time lies between the values of 
the relaxation times for pure compounds of the mixture. Some 
authors believe /96/ that the effect observed for mixtures cle¬ 
arly shows that the dielectric relaxation is connected with a 
Bonomolecular response even in the case of highly polar nCB's. 
Bius the l.f.r. is a single-particle process with a well defined 
activation energy provided by the short range order. 

The question now is how the distribution of the relaxation 
times observed in many liquid crystalline systems at microwave 
frequencies could be explained. One can put forward a hypothe¬ 
sis that the molecules perform transitions - due to the collis¬ 
ions with phonons - between their conformations^, states. From 
oar dielectric investigations it follows that the life-time of 
such states is comparable with the correlation time connected 
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with the reorientation around the long axis (*tL
<w 10" fl 

low viscous nematlc like PAA). Ibis process has been detected 
quite recently by dispersion studies of the spin-lattice rela¬ 
xation time ^ in a wide Larmor frequency range (Vp » 10 kHz ~ 
200 MHz). Obis new process is called fluctuations of the order 
parameter s (in short i OPS), but the authors do not give any 
molecular interpretation to it /126/. 

If this hypothesis is true one can explain the dielectric 
spectra of alkoxyazoxybenzenes as followsj the low frequency 
relaxation spectrum does not exhibit any distribution of the re¬ 
laxation times because conformational changes occur so fast 
that they lead to an average conformation, seen at radio fre¬ 
quencies. So does the fast reorientation around the long axis. 
In other words at low frequencies the molecules are showing up 
as rigid rods. 

On the other hand at microwave frequencies one sees diffe¬ 
rent confoiroational states of the molecules because their life¬ 
times are comparable with the correlation time for the perpen¬ 
dicular component of the net dipole moment. If the fluctuations 
of the order parameter S (OPS'a) were caused by the conforma¬ 
tions changes, a clear interpretation of the dielectric and M R 
relaxation results could be obtained. It is so because the cor¬ 
relation time for OFS's is of the same order of magnitude as 
the microwave relaxation times (<C ortj_ ). 

As it has been shown (Pigs 34 and 35) the conformation chan¬ 
ges strongly influence the h.f.r. in the vicinity of the clear¬ 
ing point. At temperatures far btlow this point the molecules 
seem to reorient as rigid rods. The Increase of theo^ parame¬ 
ter with temperature was also observed for 3,5-lutidine /106/ 
in the liquid state. The effect observed was also explained as 
being connected with freezing out of the intramolecular motions 
upon temperature lowering. 

To prove the above assumptions a discussion of the principal 
relaxation processes is presented below on the basis of the 
Bauer model /86/. It has been assumed that the reorientations 
of the molecules take place around the principal axis of the 
inertia tensor. Its principal values as well as principal axes 



frames (p.a.f.) were found for the most stretched planar forms, 
assuming standard values for the bond lengths /31,107,108/ and 
angles. 

4.2.1. Principal moments of inertia 

Calculations of the inertia tensor I have been done for some 
members of alkoxyazoxybenzene homologous series, for 7S5 and 
7CB. The standard values of the bond lengths and angles used 
in calculations are given in Table 9 and 10, respectively. 
The principal values of the I tensor are gathered in Table 11. 
For the purpose of this work two components of (I), connected 
with the respective short axes ( | or h ) of the flat molecule, 
are averaged to one: 

1/2 (48) 

The values of the angle J (Figs 23 and 36), the L axis makes 
with the para axis of the molecule, are given in the last 
column of Table 11. 

Table 9* Bond lengths in the molecules of n.OAOB's and nS5's 
/31,107,108/ 

r Type of bond 

H « H 
H - 0 
H - C 
C - 0 
C - 0 
C - S 
C - C (benzene r ings) 
C - H ( " " ) 
C - C (chains) 
C - H ( " ) 

i Bond length^!] 

1.15 
1.25 
1.46 
1.42 
1.13 
1.63 
1.39 
1.09 
1.52 
1.07 
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Table 10. Bond angles in the molecules of n.OAOB'a and nS5's 
/31,107,108/. 

r type of angle Angle value L°3l 
C - 0 - C 
0 - C - C 
C - C - 0 
c - i - c 
C - H - 0 
F - H - 0 
H - H - C 
H - C - C 
C - 0 - C 
C - S - C 
C - C - C 
H - C - C 
C - C - C 
H - H - H 

(benzene r i n g s ) 
( " " ) 
( c h a i n s ) 

C • ) 

118.7 
125.2 
124.8 

i 1 1 1 . 8 
! 117.9 

130.3 
114.7 
130.6 
118.1 
120 
120 
120 
109 

60 I 
Table 11. The principal values of the inertia tensors for some 

liquid crystalline molecules 

| 
Substance tfc cm2} j U cm2) 

,36 1 

1.OAOB 
2.OAOB 
3.OAOB 
4.OAOB 

OAOB 
OAOB 
OAOB 
7 S 5 
7 CB 

4.64 
4.95 
6.37 
6.80 
8.42 
8.88 

10.63 
5.82 
6.37 

! 0.7243 
| 1.048 

1.43 

2.5Ś 
| 3.37 
1 4.27 

2.66 
1.22 

J0.7696 
{1.095 
i 1.49 
12.02 
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Fig. 36, 5Bie principal axes frame of 7CB molecule. 

As is seen for each molecule the lyy component of I is about 
one order of magnitude smaller than the I~ one. In such a case 
the conformation changes will greatly influence the IT compo¬ 
nent | IL - Icc. Due to this fact the reorientation around the 1 
axis is sensitive to the conformational changes inside the end 
chains, which lead to fluctuations of the principal axis frame. 
Maybe this molecular process is responsible for the QPS's seen 
by the proton BHR for many liquid crystals. It is worth noting 
that the conformations do not affect the I s component so much. 
They simply average molecular shape with respect to the L axis. 

Calculations of the 2 tensor for 7CB have been performed to 
compare our analysis with the literature date /59/. Qae cannot 
rely so much on the scarce literature data of the moments of 
inertia as the authors /109 ,110/ do not state the assumptions 
made in their calculations. In addition, there are large dis¬ 
crepancies in the values of 1 ^ as computed by different 
authors (Table 12). 

4.2.2. d e energies and entropies of activation 

Table 13 contalnes the values of energies and entropies of 
activation obtained for the two principal molecular motions in 
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Table 12. Comparison of the principal values of inertia tensor 
with the literature data /109,110/ 

1 

S u b s t a n c e 

1 . OAOB 
2.OAOB 
3 . OAOB 

| 4.OAOB 

! 5.OAOB 
| 6.OAOB 
! 7.OAOB 

I , x1O 
r 21 

4.64X(7 
4.95 
6.37 
6.80 
8.42 
8.88 

10.63 

38 

• 71) 

i 

I L x1038 IB x1036 

4.1 
4.25 
5.3 
6.21 MIC 
6.21 
6.45 
7.30 

[g.cm2] 

(0.706) 
-

t 

I s x1O36 

oi 

0.73 
-

OSie value in brackets were taken from /109/ 

the isotropic and nematic phases. In most cases they were cal¬ 
culated by fitting the Bauer equation; 

1/2 
exp I £ I exp I S 

\ RT ) \ R 
(49) 

to the experimental dsta /61,68,71/ In eq. (49) T o i is the 
most probable relaxation time for the respective molecular re-
orientation, Ij^ is the appropriate principal value of the iner¬ 
tia tensor, connected wivh the ith axis of molecular reorienta¬ 
tion, k Q is Boltzmann constant, H is the gas constant, T is the 
absolute temperature, &Eg and As| are, respectively, the 
energy and entropy of activation for a given, ith molecular 
process. 

&£s 37, 38, 39, 40 and 41 present the Bauer plots obtained 
for the isotropic phase and liquid crystalline phases of PAP, 
HOAB, 7S5, 7CB /59/ and CjO/Cg /73/. As one can see in all the 
cases the Bauer plots are rather good straight lines. Only 
close to the clearing points there are some deviations from 
linearity. Olhey might also be caused by the conformation chan¬ 
ges of the molecules. 
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Wg. 37. Ihe Bauer plots for di-ethoxyazoxybenzene.Tu and tj 
are the relaxation times connected with the two prin¬ 
cipal molecular notions in the ]J phaae. 
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?ig. 38. Ih« Eautr plot* for th« I, H and Sr phases of di^itpty-loxyazoxybenzene (H(UB)* ^ 
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Fig. 39. The Bauer plots for th» I and H phases of 4-n-pentyl-
phenyl-4-n-h«ptyloxythiobflnzoate (7S5). 
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Pig.40. the Bauer plota for the I and I phases of 7CB /59 / . 
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Pig. 41. The Bauer plots for the I and H phases of 4-n-butylo-xyphenyl-42n-hexylbenzoate (Cg/OC4) /73/. 

Table 13 also contains activation energies obtained by diffe¬ 
rent groups for other liquid crystals. Although these values 
were obtained from the Arrheniua equation, the differences be¬ 
tween the values obtained by the two equation* fall within the 
experimental errors. It is worth noting that the barriers con¬ 
nected with the reorientatlon around the Ł axis agree fairly 
well with the values obtained theoretically by Baran /ill/. 

(to the basis of Table 13 as well as of the Bauer plots (Figs 
37, 38, 39, 40 and 41) the following conclusions can be drawn: 
1. The energies and entropies of activation obtained for the two 
principal molecular reorientations are very different and they 
strongly depend upon the molecular structure} 
2. Both quantities markedly depend on the number of carbon 
atoms in the side chains for alkoxyazoxybenzenes. At the moment 
it is difficult to say whether they show an odd-even effect or 
not | 
3. In most cases the Bauer plota deviate from the straight li¬ 
nes (Pigs 37-41) close to the clearing pointa. This may indicate 
that there is an influence if molecular conformations in the di¬ 
electric relaxation processes observed. As is known from earlier 
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Table 13. Activation energies and entropies connected with the 

two principal molecular motions in thennotropic liquid 

crystals 

Sub¬ 
stance 

s 
d 

Bcperimental values L ? 
[kj/molj [J/kmo| (j/kjnol) 

Theoretical 
values /111/ 

1.OAOB 
11.3 

9.2 

9O-* 

2.0A0B 11.6 J 8 ± 2 91 * 12 155 i 30 

15 ± 
7.CA0B N ] 24 i i"] 34 i"6"fi14 i 17 230 i 40 

27 JL T 
7S5 

15 ±3 8 i 2 I 76 - 11 ! 152 i 30 

25 - b T" 
c6/oc4 

/73/ 

K { 17 97 

28 i 28 

UBBA 

if 16 i i 
1/63.112/ 

120 i 20 

I { 19 - 1 
1/63.112/ 

21.8 

7CB 
/59/ 

N i 6 _ -30 t 6 60 i 8 

24 i 4 

OCB 
/90/ 

5 
mmtm 

S. 

- S „6446 ! Zm 

- • 44.4 
1 

discussion, in the vicinity of the clearing point there is a 

temperature dependent distribution of the relaxation times con¬ 

nected with the reorientation around the L axis. This distribu¬ 

tion is most probably caused by conformational changes, which 

lead to fluctuations of the p.a.f. Such fluctuations have been 

found recently /126/ by the proton spin lattice relaxation 

dispersion studies discussed below. 
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4.3. Influence of molecular conformations on dielectric spectra 

It is a very well established fact in the dielectric studies 
of condensed systems that molecular conformations cause a dis¬ 
tribution of the dielectric relaxation times /113,114/. Taking 
into acoount the dielectric results obtained for liquid crys¬ 
talline systems one can come to the conclusion that the confor¬ 
mation changes are very fast in comparison with the reorienta¬ 
tion around the S axis, ^•G'tTntra^'^ii" * ** *̂ ^a conc-'-usion 

is true the conformations do not introduce any distribution of 
the relaxation time <jv'. Additionally, due to the fast re orien¬ 
tation around the L axis, taking place even in highly ordered 
smectic phase /96,97/f the molecular shape is averaged out and 
the molecules show up as "rigid rods" on the radio frequency 
time scalet ~ 10"* 7 10 s. The end-over-end exchange of such 
molecules gives a Debye-type dielectric relaxation process at 
low frequencies. It is worth noting here that this molecular 
motion can be well related to the cut-off frequency mode seen 
in the proton spin relaxation studies /1O2,124,126/. 

On the other hand the molecular conformation takes place on 
the same time scale as the reorientations about the L axis, i.e., 
T.7 %i tintra* So* thia coul<i De tne reason for the distribution 
of the relaxation times. In other words at microwave frequencies 
(X * 10" 1 0 f 10"1ls) different molecular conformers give con¬ 
tributions to the electric polarization. It is worth noting 
that the dielectrically active conformational changes cannot be 
much faster than the reorientations around the long axis 

^'intra^ ^L '' as un'ti^ now nobody has clearly seen a sepa¬ 
rate high frequency relaxation process in perpendicular direct¬ 
ion. 

The discussion presented above is concerned the region just 
below the clearing point, in which the distribution parameter, 
Ot, , reaches its minimum value (ol^m 0, set K g . 34). As i.a 
very well known from the static and dynamic not investigations, 
the nematic order parameter, S z z /102,134-136/ aa well as the 
T^1 spin lattice relaxation rate /124,125/ exhibit a consider¬ 
able change in the region discussed. Brom the dielectric 
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standpoint both effects are of the same origin - i.e., they 
come from the changes of molecular conformation. Biey leadto 
the distribution oft. , and they are also partly responsible 
for the strong temperaturę dependence of Szz (Tig. 11b) and TlJ" 
(Tig. 49b) in the vicinity of the clearing point. 

In the low temperature region of the nematio phase the mole¬ 
cules seem to have more stretched alkyl chains (all-trans-con-
fonnation). That is why the p.a.f. has been introduced to de¬ 
scribe the tiro principal reorientationa. Die strong temperature 
dependences of oL , S%1 and TT just below the clearing point 
can then be discussed in terms of fluctuations of the L axis 
of this frame. Even though there is a theory explaining quanti¬ 
tatively the T7 temperature dependence in terms of fluctuations 
of S z z a new theory should.be worked out to explain quantitati¬ 
vely the dielectric relaxation effects. Obis theory should in¬ 
corporate both the conformation changes and highly damped li¬ 
bra tory modes. 

As it is well known from literature /115/» in the isotropic 
phase the alkyl end chains have different trans and gauche con¬ 
formations, but the liquid crystalline ordering to a certain 
extent restricts the conformations^, freedom of the alkyl chains* 
So, this is consistent with the dielectric data /51,52,58,60, 
68,71»73/» where for all isotropic phases there is a pronounced 
distribution of the relaxation times t ia <Kis • 0.2 - 0.3). 
There also is an X-ray evidence of this effect. As it was men¬ 
tioned in Chapter II, by measuring the length of molecule In 
the I and liquid crystalline phases de Vrias has shown /24/ that 
the effective molecular length decreases with increasing tempe¬ 
rature above the clearing point. 3his indicates the existence 
of shorter conformers. 

In the case of nCB molecules the conformation changes cause 
the Ł axis to coincide with the para axis in the isotropic phase 
due to the complete disorder in the alkyl chains. In such a case 
only the reorientation around the S axis influence the dielec¬ 
tric spectrum. In tbe nematic phase both reorientations, about 
the L and short axis, affect the dielectric spectrum, because -
due to the ordering of the chaise - the 1 axis makes an angle 
with the para axis (Fig. 36). In this sense there is a change 
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of molecular conformation at the I-B transition point. In 
other words there is a change of molecular principal axes frame. 

It must be pointed out that quite recently a quantum che¬ 
mistry calculations concerning the isolated molecule /116/ have 
shown that the intramolecular reorlentation around the H-0 bond 
is easier than around fi-0 bond in such a molecule like FAA or 
FAP (see Fig. 18)j p stands for the benzene ring. Ibis model 
was applied to 1' terpret the proton and deuterium spectra of 
the H phase of FAA with a certain success /117/. However, the 
isolated molecule model cannot be used for explaining the di¬ 
electric spectra of FAA homologous series. Oiere are many rea¬ 
sons for thist 
1. If there were an almost free reorientation around the N - <̂  
bond in di-n-alkoxyazoxybenzene molecules of type (I), it 
would have a great impact on the dielectric spectra. In such a 
case the azoxy group would simply rotate almost freely giving 
a Debye-type relaxation process, the critical frequency of 
which would not depend on the number of carbon atoms in the 
side chains. As we know from this work both principal correla¬ 
tion times depend strongly on the length of the molecule i 
2. Free rotation in the center of the molecule would results 
in two well separated relaxation regions, connected with the 
-MgO- and - O C Q H ^ . J groups. This has not been fully observed 
as yet| 
3. The values of the activation energies and entropies are cha¬ 
racteristic for the reorientation of the molecule as a whole i 
4. Ibe log-log plots of the principal dielectric correlation 
times and the lliesowicz viscosity coefficients are good straigit 
lines (Figs 42-45). Shis is only possible when the dielectric 
relaxation is due to intarmolecular reorientation. 
Bevertheless,to get agraesaent between the Folay frequencies, 
obtained from the dielectric energy barriers (Table 13), and 
their experimental values /141-145/ one should presume that 
•ither the coordination number is greater than 6 or the inertia 
•oment of librating entity is 1/2 of the value of the whole mo¬ 
lecule. 

Further studies need to be undertaken to explain these di¬ 
screpancies. There are, for instance, liquid crystalline 
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substances having the net dipole moment perpendicular to the 
long molecular axis /169a/. Maybe their dielectric spectra are 
simpler to interpret. There Is also a call Xor a dielectric re¬ 
laxation theory Incorporating both the molecular reorientations 
and conformation changes. 

4.3. Principal relaxation times and the Hięsowicz viscosities 
She dielectric relaxation study is a good tool for investi¬ 

gating molecular size, molecular motions, and inter- as well 
as intramolecular forces in liquids, liquid crystals,and plas¬ 
tic crystals /118/ of polar compounds. The variation of the re¬ 
laxation time is helpful in understanding the visco-elastic pro¬ 
perties of the medium in which the reorienting molecule is im¬ 
bedded. Ibis section gives an account of the variation of the 
principal dielectric relaxation times (t)t andT^ ) with the Mię-
sowicz viscosities measured for first two numbers of PAA homo¬ 
logous series /119.12O/. 

numerous attempts have been made to correlate %*a and 
of which the most explored are: 

) « Cp + l o g u /86/ (50a) 
logt « Cg +Xlog n /121/ (50b) 
log(t T) - C ^ + log ą. /106/ (50c) 

where CD, Cg and C » M are constants of the models /86/. 
In this work Bq. (50b) will be used in which % is a parameter 
less than unity and which is dependent upon the shape and mo¬ 
lecular size. It has been found /121/ that intramolecular re¬ 
laxation times e relatively independent of n̂  and contribu¬ 
tions from such a process will diminish % . As it was shown 
experimentally for elongated molecules X V 0.8 /121/. 

In the case of nematic liquid crystals there are three tran-
slational viscosity coefficients defined and measured experi¬ 
mentally by Miceowicz /5-7,119,120a/. The main idea of the 
łtlęsowicz experiment was to study the flow properties of nema¬ 
tic with t'ne director parallel to one of the three principal 
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direction* defined in the following ways ̂ 7 , grad | v*|t 
7 z grad l?i], where v*ia the linear flow Telocity. inert are 
three main orientation* of the flowing neaatlo in the director 
fraae (see Kg* 8)x 
1. v*UZ(n*), grad|7Uz and 7xgrad|7|UT, 
2. grad iTUz, v*x grad lv*l|I, and 7 11 Y, 
3. T^x grad | "71|(2, 7 U i and grad I"71UT, 
oorreapondlngi respectively, to the three Mlesowios viscosities i 
l\^t l\2 *Bd l\,j. Scperiaental values of \\^, ft2 •

nd I 3 obtain* 
ed for PJU and PAP and MBBA are gathered la Sable 14* It ia worth 
noting that tig ia by a factor 4.5^6 HI greater than t\^^. Aa 
one oan see in Kg* 42 the temperature dependences of t\1 and 
\2 *** "uc* different. 

By the definition all three viscosities can be written as: 

/8a,b,o/ 

where t£, is the viscous stress tensor per unit area and 

(51) 

3/ is the velocity gradient. On the basis of the Leslie theory /23/ 
the principal translatiesal viscosities can be expressed in 
terms of six parameters fo^efj,^/^ and«<6), the so-called 

Sable 14. flie Wesowiez viscosities measured for PAA, PAP /6,7/ 
and MBBA/120d/ 

Substanc 

PAA (a t 

PAP (a t 

MBBA ( a t 
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Fig. 42. Temperature dependences of thel\1 and tg Miesowicz 
viacoeity coefficients obtained for PAA and PAP /120a/. 

Leslie coefficients): 

(52a) 

(52b) 

(52c) 

The Leslie coefficients form a complete set of viscosities de¬ 
scribing both the translation*! and rotational viscous flows of 
a nematic liquid crystal. It must be pointed out that there are 
5 independent viscosity coefficients» 3 translations! and 2 ro¬ 
tational ones. In some papers /8b,105d/ instead of 0( g and o( , 
coefficients two other rotational (or twist) viscosities have 
been introduced i 

(53a) 

(53b) 

Porster, Lubensky-Martin, Swift and Perahan (PLMSP) /120c/ 
worked out another approach to hydrodynamics of liquid crystals, 
which seems to be more adequate for describing the B-S. transi¬ 
tion /120b/. In the flHSP notation the Eieaowicz viscosities 
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can be expressed as followst 
rvt - V 3 + J^/40-*) 2 (54a) 
II, - V , + ^ / 4 ( 1 + X ) 2 (54b) 
*l3 - V 2 (54c) 

where \^ is the twist viacosity given by (53a), Vg and y^ are 
the new viacosity ooefficients coming up in the FLHSF theory, 
and A • - y,/ Yi i8 a dimensionless 'parameter. As one can see 
there are a few theories of hydrodynamics of liquid crystals, 
introducing other friction ooefficients, but they all refer to 
the \<\% *\2 and H,3 viscosities as the latter can undoubtedly 
be measured experimentally. 

As it was shown in a few papers, the Miesowicz viscosities 
roughly obey the Arrhenius low /120b,e,f,g/. In this context we 
may ask what are the molecular motions affecting the viscosity 
coefficients. In a geometrical model /13/ the I") *, ty_ ftQli I 3 
coefficients are expressed by means of the two principal compo¬ 
nents of the translational diffusion tensor. Due to the coupling 
between the translational and rotational degrees of freedom /8b/ 
there should be a correlation between the two principal dielec¬ 
tric correlation times and the respective, viscosities. On the 
basis of the tr9B volume model /105d/ the relation between the 
^ twist viscosity and the correlation time is of the form: 

(55a) 

and temperature dependence of 0- is of a non-Arrhenius type: 
V- - g S2 exp (-£2 + -i£—) (55b) 

where ( is) is the height of the nematic potential, TQ is the 
temperature of motional freezing of the director, and v is the 
free volume each molecule must possess in order to reorient. 
All these non-lrrhenius approximations were criticized in /6b/. 

In this work it is taken into account that the ICŁęsowicz 
viscosities have the following molecular interpretation /7/t 



1. Porłli the moltcolta* long axes art parallel to th* direction 
of flowi 

2. Port 2 tht molecules" long axe* art perpendicular to th* di¬ 
rection of flowf 

3. In th* cast oftti th* long aol*oular axt« art perpendicular 
to tht flow and to th* velocity gradient, which disturbs the 
local director orientation. 

Taking into account this interpretation, as well as the faot 
that the Wesowiea viscosities obey the irrhenius low /12Ob,d, 
e»f,g/» one can come to tht conclusion that an the log-log plot 
there should be a linear dependene* between the dielectric cor¬ 
relation times and the adequate viscosities. Tor instance, tt| 
should depend linearly on tig •a* ̂ j. " o n 1 i (o* ^ 3 ) * 

It is really extremely interesting that th* plots of th* 
principal dielectric relaxation tlate (ith) versus the adequate 
viscosity *l± give a straight line for PAA (Pigs 43 and 44) and 

-no-
InT,,1 

-1&2 

-1M -

•m 

1.OAOB (MA) 
InT,; « const. *Xnlni\2 

•u 

Pig. 43. A Log-Log plot of thet,', relaxation tlae and th* Xl*s« 
wio* v i s o o s i t y ^ / 1 2 0 / for the I phase of PAi / 5 8 / . 
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- 38 "37 Inn., 

Wg. 44. A Log-Log plot ot the principal relaxation time tj, /53/ 
and the lUesowios viscosity ty 1 /120/ for the I phase 
of PAA. 

and PAP (Pigs 45 and 46). As it is seen fron llgs 44 and 46 the 
lines have almost the same slopes andXLm 1. Ohis means that 
both quantities are ot the same molecular origins, i.e. they 
are influenced by the reorientation around the long molecular 
axis. As the X parameter is olose to unity one can oonclude 
that the moleonle in the nematic phase reorients as ufaole about 
its long axis. 

Let us have a look at figs 43 and 45. 9ie plots (logt* ver-
sus log tt 2 **• 8ood straight lines, but their slo¬ 
pe* are perceptively highert %k * 4.7* A i s may mean that the 
^ 2 visoosity is affected not only by the reorientation around 
the short axle of the «oleoules, but that there is a great in-
fluenoe of the oooperatITC processes - such as director fluctu¬ 
ations (coherent nodes). 
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Fig. 45. A Log-Log plot of thet,', relaxation times and the Mie-
sowicz viscosity t^, /120/ for the S phase of PAP / 7 1 / . 
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Fig* 46. X Log-Log plot of the principal relaxation t imet• and 
the Miesovicz viscosity t^ /120/ for the H phase of PAP. 



4.4. Companion with other methods 

4.4*1. Static BUR Investigations 

In tht last 15 years BMR studies of the static and dynamic 
properties of liquid crystals have brought a great deal of use¬ 
ful information on the molecular structure as well as on mole¬ 
cular dynamios. Shere are many reasons for which the BUR me¬ 
thods are so powerful for studying structure and dynamics or 
liquid crystals. Bamely, 
1. Selectively deuterated molecules are very suitable for the 
measurements of the order parameters at different molecular 
sites. Quite recently selective deuteration has been used to 
study dynamics of different molecular groups /122,123/i 

2.this method is actually sensitive to all kind of molecular 
motions: translations! and rotational self-diffusion (SO), 
director fluctuations ( o m ) /124,125/ and,quite recently 
introduced,the fluctuations of the order parameter S (OPS) 
/126/, 

3.The HUB methods are very sensitive to phase transitions in 
their dynamics and static aspects /125/. 
Ihe dielectric relaxation method is a very good complemen¬ 

tary method to HMR, as the former gives information on the fast 
reorientation around the long axis. It is also sensitive to the 
end-over-end exchange of elongated molecules taking place in 
the aematic and smectic phases. This relaxation mode seems to 
be coupled with the cut-off mode seen very clearly by H-HMR 
for alkoxyazoxybenzenes /I26/ end TBBA /14O/. 

In thiB section some novel results on molecular conformation 
and BUR relaxation processes will be presented. By comparing 
the dielectric and BUR relaxation times we shall give an ao-
count on the time scale of Incoherent and coherent motions in 
liquid crystals. 

She intramolecular dipole-dipole interaction of the neighbo¬ 
uring protons leads to a characteristic (doublet) structure of 
1H-HMR spectra for nematic liquid crystals (Tig. 47a). Xhe Ha-
miltonian 6* for a pair of Interacting protons (i and j ) 
can be written in the director frame as follows /148b/i 
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T-393K 

T=399K 

10 kHz 

Pig. 47. a/ 1H-NME spectrum for the V phase of ftU /134/ . 

(56a) 
where i Hj. is the Zeenan Hamiltonian, Hd_d is the dipole Hamil¬ 
tonian, o*" is giromagnetic ratio for protons, B Q ia external 
magnetic field, I la the apin operator, "3?^ ia the diatance 
of interacting protons, Pg^008^!^^ is th* legandre Polynomial 
of the second rank, ©i;j ia the angle between the magnetic field 
BQ and the vector r^j joining the interacting nuclei. 

In the case of the iaotropic phase the second term in (56a) 
is being averaged out to zero (P2(co»©i;j) • 0) due to fast eto-
chastic molecular motion. As a result of this the ffltR spctrum 
for the I phase consists of one narrow line. Cii the other hand 
a monoorystalline sample would theoretically give a doublet 
for each pair of protona. In the caae of neaiatio liquid crys¬ 
tals the H-HMR apectrum generally consists of a doublet and a 
central line (Fig* 47a). She doublet originates from the dlpo-
le-dipole interaction of protona In the ortho position*, 
whereas the central line ia conneoted with the end chains. 



The broadening of the lines is caused by the intramolecular 
interaction of protons from different groups as well as by 
intermoleoular interactions. 

One of the great advantages of 1001 methods is that one can 
easily change th« spin probe from, for instance, H to H, In 
the latter case the dipole-dlpole coupling is reduced by almost 
two orders of magnitude, so the widths of HMR lines in this case 
should depend on the dipole-dipole interaction of dauterons from 
the same molecular group only* Fig* 47b presents the BUR spec¬ 
trum taken in the nematio phase of HOAB /102/. She doublets 
originate from deuterons at different molecular sites. Their 
appearance is due to the coupling between the quadrupole elec¬ 
tric moment of the % nucleous and the local electric field 
gradient. rJ 

The Bamiltonian describing the quadrupole interaction of deu-
teron with the electric field gradient can be written as follows 
/H8b/: 

• KM 

K g . 47. b/. 2H-HMR spectrum for the I phase of HOAB /I02/. 
(1,1*), (2,2') ... (7,7') denote doublets coming 
from deuterons (D) substituted at different sites 
of the moleculeistarting from the most mobile CQ3 
group and ending up with the first CD2 group in the 
alkozy chain. 
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HQ - - * D * H o Iz 

where: f-Q is the giromagnetic ratio for deuterons, Q is the 
quadrupole moment of 2H, q is the 2 component of the local e-
lectric field gradient, I is the spin operator, O is the angle 
between the symmetry axis of the electric field gradient and Ho» 
and Ro is strong magnetic field aligning the sample. 
For isotropio liquids very fast and isotropic reorientations of 
molecule average out ( P2(cos6) «0) the quadrupole contribution 
to the total energy. In the case of liquid crystals the second 
term of Eq. (56b) is only partly averaged out due to the fast 
reorientation about the long axis. 

There are two different hypotheses introduced to describe 
the 2H-H1JR spectra of liquid crystals t 
1. She model proposed by Bos and Doane /127/ introduces for 
uniaxial liquid crystals two order parameters: S 2 Z and 
s02 " Sn~s.vy and aasunes that each splitting can be expressed 
as linear combination of these parameters: 

&l ' fti SM + b i S02 ( 5 7 a > 

where a± and b 1 are the conformation order parameters for the 
i molecular site. Both order parameters (S z z and S o 2) are in 
general temperature dependent and describe the order of the 
whole molecule. Hie constants a^'s and b^'s depend on the Jocal 
symmetry of the i t n molecular site, so this modal assumes that 
liquid crystalline molecule has an average temperature indepen¬ 
dent conformation /128/ in the mesomorphic state. However, 
there are hints that this conformation may change at the phase 
transitions /I29/ for certain substances. It is worth pointing 
out that in the model discussed .the molecule has a planar sym¬ 
metry (lath-like molecult). Besides, the most favourable intra¬ 
molecular mechanism responsible for the strong variation of a's 
and b's along the chain is wiggling of the end chains. 
2. In contrast, other authors regard S to be axially symmetric 
/130-136/ and attribute the temperature dependence of the r&tioa 
of AVi *a to temperature variations of either the distribution 
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among different conformational states of molecules or their 
geometry. In these models for an uniaxial mesophase the quadru-
polar splitting, AV^i for a deuteration in a rigid sub-unit of 
mesogenic molecule is related to the oldering matrix, 
(4)), by /133/ 

AV, 

S (eq. 

(57b) 

«,b,c 

where qjn are elements of the deuterium quadrupolar coupling-
tensor, and a,b,c are the axes of the local frame fixed on the 
i molecular site. Eq. (57b) is based upon the idea that all 
mesophases are composed of non-rigid molecules and many of the 
recent papers have been concerned with the application of deu¬ 
terium NUR for studying the nature of molecular flexibility. 
Thus, the observation that the AV^ for CDg groups along an 
alkyl chain in a mesophase vary considerably from site to site 
may imply a distribution among the conformations generated by 
restricted rotation about the C-C bonds. A good example of 
such a dependence is seen In Fig. 48. 

Fig. 48. Deuterium quadrupole splittings as a function of chain 
segment position in fully deuterated HOAB /102/. 
T/Tc is the reduced temperature. 
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The author of this work has given aoma support for the modal 
under point 1. However, on the basis of the dielectric relaxa¬ 
tion data the molecular conformation ahould change at the phase 
transitions: starting from many oonformational states in the 
isotropio phase and ending up with one /3V or, at the very 
most, at two stable conformations in the stablo solid phase /32/» 

If the first model is true each splitting can be presented 
as a linear ooabination of two other, 

C) - cj 0 0 AVd + cJ(,j)AVk. (58) 

The coefficients Cj(k) depend only on a's and b's defined by Eq. 
(57e). The C matrix can be found either by making the so-called 
ratio plots /127,128/ or by the multiple linear regression /129/. 
However, there is only 2(n-2) independent coefficients in the 
C matrix. This means that one must know, for instance from the 
geometry of the molecule /156/, st least two pairs» (»-j»b-|) and 
(a^tb^) to get all other pairs i (a i,b i). This would be an ana-
litical solution to the problem of molecular conformation. 

Another important physical meaning of Eq. (57a) is that on 
going to low temperature smectic phases one should introduce a 
third order parameter SQ. with a "c" coefficient. Thus the sym¬ 
metry of a molecular site becomes lower upon lowering of tempe¬ 
rature. Still, the models presented above have many drawbacks. 
Recent developments of new experimental techniques /123/ as well 
as theoretical approaches /139/ should shed more light upon the 
molecular flexibility and conformation in liquid crystals. 

4.4*2. Dynamic BUR Investigations. Collective and monomoleoular 
motions 

IXiring the last 15 years a great number of NUR relaxation 
studies have been performed on thermotropic liquid crystals. 
Prom these studies a relatively clear picture appeared of what 
kind of coherent and incoherent model motions (director fluctu¬ 
ations, translational diffusion and molecular reorientation) 
affects the slj* spin lattice relaxation rate in liquid crystal¬ 
line phases. 
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Recently by using T^NMR dispersion measurements a few num¬ 
bers of 4,4'-di-n-alkoxyazoxybenzene homologous series (viz. 
1.OAOB, 5.OAOB and 6.OAOB) have been thoroughly studied /126/. 
A detailed analysis of the frequency, temperature and chain 
length dependences of T̂  allows the authors to conclude that in 
all the eases at least three types of molecular motions, with 
distinotly different dispersion relation, contribute to the ef¬ 
fective lj, vis. 
1. Order fluctuations of the director (OSH), 
2. Self-diffusion (SD), 
3. A third mechanism attributed to the order parameter fluctu¬ 

ations (OPS). 
The total relaxation rate Is then composed of three terms: 

According to the Pinous-Blinc model i.e., relaxation by the 
collective director fluctuations, 

* const. 

where: V p is the proton larmor frequency, Vj and V ^ are the 
low and high cut-offs for the collective modes, respectively* 
On the basis of the Pfeifer-Abragam self-diffusion model, i.e. 
relaxation by self-diffusion in the limit of small jumps, 

f 
where ^śs0 is the jumping time for translational reorientation, 
d - the closest proton-proton approach, p- - the proton spin 
density. 
The OPS relaxation rate is approximately given by: 

(6Oc) 
1-1,2 

where %s is a correlation tlae for the OPS motion. 
As it is seen in Tig. 49a the above-introduced three motion 

model describes quite well the frequency dependence of f^ for 
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Pig. 49. a/ The dispersion relation for the proton spin latt ice 
relaxation time Ti obtained for the N phase of PAA, 
5.OAOB and 6.QAOB. Experimental reaults are indi¬ 
cated by email squares. The solid line i s the f i t 
of the OFH-SD-OFS relaxation model discussed in the 
text /126/. 

1.OAOB, 5.OAOB and 6.OAOB. The fitting parameters obtained for 
the nenatic phase of 1.OAOB are listed in Table 15 together with 

the principal dielectric relaxation times (t| andt,). This table 
presents the whole spectrum of correlation times observed for 
the nematic phase of PAA. The increase of t s with the 

Table 15. The spectrum of correlation times for the N phase of 
1.OAOB (PAA), 5.OAOB (PAB), 6.OAOB (HAB) 

.! H 

4 
it OPS SD i *a •QNS 

| PAA I 19.6 ps J 4.3 ns 229 ps 

!PAB I 24. 8 ps { 2 8 us 

99.7 ps J 20 ps 

1640 ps { 155 ps I 90 ps 

4 ps 
i 

i 
-•i 

I 
I 

I 
JHAB i 144.7 ps ! 24.7 us 1320 ps i 156 ps S 86.1 ps 

i i 
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increasing length of tha molecule clearly reflects the fact 
that the whole molecule undergoes the fastest OH? fluctuations. 
It oust be pointed out that the Stuttgart Group for the first 
time did the dispersion measurements in such a wide frequency 
range (7 UHz{V D ^200 MHz) and this is why the OFS mode could 
be detected. 

She OFN-SD-OFS relaxation model very well describes tempera¬ 
tura dependence of T., (Fig. 49b). It is worth pointing out that 
the OFS mode plays an important role in the vicinity of the 
clearing point. 

d e T.j dispersion studies done for TBBA /HO/ seem to be 
even more interesting but the results cannot be compared with 
any dielectric data because TBBA. is a non-polar substance. 
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Fig. 49* b/ Temperature dependences of the proton spin lat t ice 
relaxation time Tj obtained at different Larmor fre¬ 
quencies (Vn 'a) for the N phase of PAA / a / and 
PAA-dfi / b / . fhe solid lines are the f i t s of the 
OFN-SB-OFS relaxation model /126/, A« • I - tjj j * 
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As it nas shown above, detailed studies of the frequency and 
temperature dependences of I. make possible the determination 
of the mechanisms responsible for relaxation, and this in turn 
provides specific information about the molecular dynamics* 
However, one must be vrry cautious, because such an interpreta¬ 
tion of the T., measurements is based on the application of theo¬ 
retical models and cannot be quite unambiguous. 

For instance, to explain the T1 spectrum in the smectic 
phases of TBBA, Blinc et al. /124/ have used another set of the 
relaxation modes, 

where T ^ is the rate connected with the molecular reorienta¬ 
tion. The samo model was applied by Onrers-Bradley et al./125/ 
in their studies of temperature and frequency dependences of 
T.j for the isotropic, nematic, S A and Sg phases of p-butoxy-
-benzylidene-p-octylaniline (4.08). However, the authors were 
unable to draw conclusions concerning the molecular dynamics, 
as the T., dispersion measurements had been done at frequencies 
between 2.5 MHz and 25 HHz. In such a case even the highest 
frequency is in the OFH region. The most ourious result obtained 
for 4.08 is the temperature dependence of t^ (Fig. 50). Oils 
shows how sensitive Tj - HME could be when applied to phase 
transitions from the dynamic standpoint. 

4.4.3. Librational modes in liquid crystals. 

Application of the far infra-red (FIR) spectroscopy to liq¬ 
uid crystals has introduced some new ideas to molecular dyna¬ 
mics of these systems, 5toe FIR spectrum of a liquid crystal is 
dominated by a strong band at about 100 cm" , which is of 
higher frequency than the poley absorption characteristic of 
most polar liquids ( \T £ 50 cm )• In Fig. 51 one can see such 
bands for the first seven members of alkoxy-azoxybenzene ho¬ 
mologous series /110/. Up to now such spectra have been taken 
for many a liquid crystal, e.g.for MBBA /141.142/, EBBA /142/ 
and nCB'a /I43/. It must be pointed out, however, that the 
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Hg. 50. Temperature dependence of the spin lattice relaxation 
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Pig. 51. PIR spectrum for the N phase of di-alkoayazoxybenze-
nca (chemical formula (I), O> - n » 1, C2 - n a 2 and 
so on). 
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very first piece of information concerning the low frequency IB 
absorption In the solid and nematic phases of PAP was published 
in 1968 by Lvova et al. /144/. 2ht authors described this low 
frequency band in terms of the torsional motion about the long 
molecular axis. 

All these studies have established that the microwave and 
FIR absorption (in the region from O.O1 cm to 200 cm" ) of 
polar liquid crystals are composed of two broad bands: 
1. The low frequency one connected with the reorientatlon of mo¬ 
lecules about their long axes leading to a Debye-type relaxation 

— I < 
-1 

mode (centered at ca. 0,1 - 1 cm ) , and 
2. ftie higher frequency one (at ca. 100 cm", see Pig. 51), due 
to librational oscillation of each polar molecule within the 
cage formed by i t s neighbours /141/ . 

Cfae two characteristic peaks, obtained i:* our group for PAA 
and HOAB /I45/» are presented by means of two different scales 
(£"andC<) in pigs 52 and 53, respectively. The experimental 

0.1 

Pig. 52. Dielectric loss factor (£u) and absorption coefficient 
(ot) as functions of wave number v for the I and ff 
phases of PAA. Squares ( O ) are experimental points of 
6." measured at microwave frequencies, open circles (o) 
denote the data obtained by submilimeter spectroscopy 
and heavy lines - FIR data. Full squares and circles 
are respective values ofot. Dotted lines as well as 
light lines are model fits discussed in /145/. 
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Pig. 53. Dielectric lose factor (£**) and absorption coefficient 
(c<) as functions of the wave number V" for the I and 
S phases of E0AB /145/. Check to see comment under 
Fig. 52. 

resulte show that the Joley absorption is a high frequency 
adjunct to the microwave dielectric spectrum. 

Another characteristic feature of the FIR band ia that its 
position shifts down by ca. 10 cm on passing from the nematic 
to isotropic phase /141,146/» It disappears in solutions in 
C & 4 /147/. This may mean that the short range order in both 
phases does not differ appreciably and the mode observed is ot 
a rather intermolecular origin. However, some authors think 
/147/ of a possibility of intramolecular conformation changes, 
which may have a great impact upon the final interpretation. 

By making use of the energy barriers gathered in Table 13 as 
well as the principal values of the inertia tensor (Table 11) 
one can calculate frequencies of the low frequency modes,which 
should show up between the microwave end FIR regions. The fre¬ 
quency of torsional oscillation (Vo) is connected with the 
barrier height and respective moment of inertia by: 

'oi /148a/ (62) 
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where -ft « 5.3074 • 10~12[cm "1 
and "n" is the number of equi-

llibrium positions of the molecule. 
As X-ray evidence implies /28,31/ each molecule in the N 

phase is usually surrounded by six nearest molecules which re¬ 
sembles a hexagonal arrary (fig. 9) with coordination number 
n n 6. This means that th- packing in the B phase is only a lo¬ 
osened ami irregular version of the hexagonal close packing of 
the crystalline lattice /31/. So, one can assume that the mul¬ 
tiplicity of the potential well, in which the molecules reo¬ 
rient around the long axis, is equal to 6, On the other hand 
it is very well known that the multiplicity of the nematic po¬ 
tential is equal to 2. 2he latter is important in the case of 
reorientation about the short axis. 

Table 16 contains the frequencies of two torsional oscilla¬ 
tions calculated by using £q. (62). As it is seen the higher 

Table 16. Frequencies of librational modes found on the basis 
of dielectric investigations of liquid crystals as 
compared with experimental data /172/ 

i Substance 

j 1.0A0B 

! 2.0A0B 
i 

j 7.0A0B 

! 7S5 

j 7CB 

10. 

8 . 

5. 

4 . 

6 . 

[cm-3 
6 

9 

1 

i 

9 

7 

rje. 

14 
17 

14 

xpi rcm-i] 

71517 
/109/ 

7151/ 

-

-

VLL-"1J 
45.29 

! (90.6) 

44.5 
(88.9) 

(67.8) 

46.4 
(92.8) 

28.16 j 
(56.3) J 

105t 2 
/H6/ 

-100 j 
7145/ 

,.100 
/H5/ 

I 

1 

59.5 
/H3/ 
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frequency mode shows up at a frequency smaller by a factor of 2 
than the respective experimental value. 

If one assumes, however, that the molecule performes intra¬ 
molecular reorientation about the U-(p bond /162/ one can get 
fairly good agreements between the theoretical and experimental 
values, Torsional oscillation frequencies for non-rigid molecu¬ 
les can be calculated from the formulae: 

/148/ (63a) 

ŁI-where is the so-called reduced moment of inertia. 
In I- and I2 there are the moments of inertia of oscillating 
molecular fragments. In the case of almost free reorientation 
in the central bridging group we haves Lj • » I2 ° *r !• Kaking 
use of this assumption one arrives at 

(63b) 

The last equation givos the values for the librational frequen¬ 
cies indicated in parentheses in Table 16. As it is seen these 
frequencies agree quite well with the experimental values. 

Up to now there has been no experimental evidence of the low 
frequency librational mode in the FIR region. This mode should 
show up for the nematic and smectic phases only, as it is con¬ 
nected with the ordering potential. Within the alkoxyazoxyben-
zene homologous series the V„ frequency of this mode strongly 
depends on the side chain length (Table 16): changing from 
10.6 cm"1 for PAA to 5.1 cm"1 for HOAB. 

However, some low frequency librational modes have been de¬ 
tected by Raman spectroscopy for the N phase of PAA /109/, TBBA 
/149/ and also for the solid and S, phases of two other liquid 
crystals /150/. In the last case the authors observed a low fre¬ 
quency intermolecular Raman mode at a frequency of about 24cm" 
in the solid phases of the two compoundst diethoxyazoxybenzo-
ate (DEAB) and diethoxyazoxyoinnamate (DEAC). At the Cr. - S A 
transition this mode shifts abruptly to lower frequencies and 
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decreases in intensity to vanish at the clearing point. In the 
transition from the Cr. to the S. phase the mode shifts to 

1 14 CE for both compounds. This is a good Indication that the 
mode observed is connected with the nematic-like potential lea¬ 
ding to parallel alignment of molecules in SA phase. OSie strong¬ 
er interaction in the crystalline phase shifts this mode to 
higher frequencies. 

In the case of PAA the characteristic Raman mode was detected 
at the frequency of 17 cm /109/, which is in fairly good agre¬ 
ement with the value calculated in this work (Table 16). For PAA 
and HOAB such a low frequency mode has also been observed by INS 
at the frequency of 15 cm , and the authors attributed it to 
strongly damped torsional oscillations of the molecule /151/. 

It must be added that both librational modes should give con¬ 
tributions to the principal dielectric permittivities: 

and they are responsible for the pronounced difference between 
the refractive index squared (n ) and the high frequency limit 
of the dielectric permittivity (£<—)! see Pigs 20 and 24. 

It is worth noting that quite recently the Raman spectrosco-
py has been applied to investigate the molecular conformations 
as well as their changes at the phase transitions /159/. Such 
a study may shed more light upon the molecular flexibility 
which - as has been pointed out in this work - depends on "the 
time window" of the method applied. 

In the recent work3 by Janik et al. /145.152/ better agree¬ 
ment between the results of the three complementary methods 
(DR, QNS and FIR) has been obtained. On the other hand- very re¬ 
cently, a new tempting idea of molecular flexibility in the 
bridging group came up /117,155/ and it may drastically change 
the hitherto existing interpretation. A3 it will be shown below 
this model also gives quite good consistency between the CR and 
QHS spectra. 
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4.4.4. Quasielastic Neutron Scattering (QNS) 

QNS seems to be one of the most powerful methods for detec¬ 
ting both translational self-diffusion and reorientational mo¬ 
tions of molecules /44,108,154/. The QNS measurements can be 
interpreted in terma of the so-called scattering law (or scat¬ 
tering function), S(-x«,cJ), which is connected with the double 
differential cross-section in the following way: 

du) dSl | JcQ|
 lno 

where K Q and k are, respectively, the wave vectors of the 
incident and outgoing neutrons, X? a k - k, and 

_*> 1 J ^ t f . t j d , (65b) 

where in turn ?_(f^t) is a self-correlation function /44/. In 
the case of organic compounds the incoherent scattering crose-
section of hydrogen atoms predominates in Eq. (65a), and the 
contributions from the other nuclei, in particular from deute-
rons, are less than a few per cent. One of the advantages of 
QNS method is that deuteration of a particular molecular group 
(e.g. CH,, CH2»

 C6H4 or CNH and 80 °n) drastically diminishes 
the contribution from this group to the scattering function 
(65b). 

In Pis. 54 one can see how deuteration of the CH-, group in 
FAA molecule changes the QNS and IIHS parts of the spectrum 
obtained for solid PJU. /103/« Fast reorientation of the CBU 
group about the 3-fold axis in the solid FAA gives rise to the 
quasi-elastic component. On the other hand torsional oscilla¬ 
tions of the CH-j group lead to the HITS giving a broad feature 
seen on the left-hand side of the rear part of Pig. 54. As it 
is seen deuteration of the CH, groups diminishes the IINS com¬ 
ponent and causes the QNS quasi-elastic peak to disappear. 

The so far analyzed stochastic molecular motions that could 
occur in thermotropic liquid crystals are the following: 
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•31/S and I1HS spectra taken for the solid of PAA-dg 
(deuteration of the benzene rings) and PAA-dg (deute-
ration of the methoxy groups). As it is seen deutera¬ 
tion of the mobile methoxy groups diminishes both the 
quasielastic component as well as the inelastic broad 
peak originating most probably from the torsional mo¬ 
tion of the end groups (n w „ 31 meV 8f 248 cm"

1) /103/ 

i. Translational diffusion, 
?.. Past reorientation about the long molecular axis (spinning 

/167,168/), 
?. Intramolecular reorientation about the para axia (see, for 

instance, Fig. 23) or B»q> reorientation /162,117,152/, 
-', Roorientation of the end groups - for example, the GH3 croup 

in PAA molecule can easily reorient about the 3»fold axis, 
->. conformation changes, 
c Tumbling about the short axis. 

In the isotropic phase translatlonaJ diffusion is usually 
characterised by a self-diffusion ooefficient Z>, flie scattering 
law is a single Lorentzian /1O3/; 

+ UJ C) 5 tf (66a) 



with the full width at half maximum equal to 2D*.. For uniaxial 
liquid crystalline phases, which are characterized on a micro¬ 
scopic level by D„ and D^ the scattering law is still a Loren-
tzian function: 

(66b) 

values (Pig. 55) gives translational 
0. and D,. For FAA the results are as 

QHS experiment at low T 
diffusion coefficients: 
follows: 

0. D,. 

3.4 10"%m2/sec] and D(| =» 5.5 10~6[cm2/sec) (154) 

QNS method is mostly explored for studies of the jreorien-
tational motions of molecules about their long axes. There are 
two opposite models frequently used for describing the reorien-
tational motions about the long molecular axis, viz. 1, Bie 
protons perform instantenous 180° - jumps or 2. the protons un¬ 
dergo rotational uniaxial diffusion. She neutron incoherent 
scattering laws of the above models are, respectively, as 

150 

- 6 - 4 - 2 0 2 4 6 

ScaH»r*d neutron »n«rqy transfer 

Fig. 55. Comparison of the quasi-elastic peak obtained for so¬ 
l id (a) and nematic (b) phases of FAA at low momentum 
transfer, which allows one to measure the diffusion 
coeffcients /154/. 
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followsj 

Sinc " w "' ' 11HtA 
(67b) 

where tlU and fiX> are respectively the energy and no: .ntum 
trcrsfers, r is a radius of reorientation, f" and P.. are the 
half widths at half maximum (HWHM) of the Lorentaians. Jn is the 
n-th Bessel function, and K...7 means the average over all o-
rientations of 1C with respect to r . 
The residence time (mean time between jumps) in the jump model 
i a related to the H U M by the equation: 

X - ~ (68a) 

In the diffusion model the correlation time is given by: 

tA« ~ (68b) 

However, there are two problems to be solved while studying mo¬ 
lecular dynamics by the QNS method. Firstly, one should analyze 
the ratio of the elastic and quasi-elastic form factors- the 
quantities in brackets of Eqs. (67a) and (67b). !Hiis ratio is 
called the elastic scattering form factor (ESPP). By plotting 
the ESFF versus Oc*) one can distinguish, for instance, betwe¬ 
en the jump-wise reorientation and the uniaxial rotational dif¬ 
fusion. Secondly, after finding the geometry of motion one can 
fit Eq. (67a) or (67b) or other models /164/ to seek the values 
of correlation times. In Pig. 56 several model fits for the ne-
inatic and smectic C phases of HOAB are shown. 

The QNS studies are cumbersome and give only a rough estima¬ 
te of the correlation time /152,153/, which is of the order of 
10" see for PAA homologous series. It is worth pointing out 
that quite recently QNS studies have shown that there is a pos¬ 
sible intramolecular reorientation of the two moieties for the 
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Fig. 56. The QNS spectra of the nematic and smectic C phase o£ 
7.0A0B-d30 and 7.0A0B-d0. Solid lines are model fits 
discussed in /155/. 

molecules of PAA series /162,152/ and for the subs-teance with a 
cubic phase /165/. 

To discuss the problem of molecular dynamics of liquid crys¬ 
tals on the short time scale the dielectric and QNS correlation 
times are gathered in Table 17 for some members of ithe PAA se¬ 
ries. One order of magnitude disagreement between 13he dielectric 
Table 17. The dielectric and QNS correlation times as a func¬ 

tion of the number of carbon atoms in the side chairs 
of n-OAOB series (chemical formula (I)) 

T- 1 

1 
2 
3 
5 
7 

22 
26 
50 
100 
110 

•QNS 

4 
6 
9 
5 
12 

•915 



and QNS correlation times cannot be explained by the experimen¬ 
tal errors /152,153/ or local field factors, As it vas shown in 
this work the fp_G function of the mid polar liquid crystals is 
equal to 0.9. The Deutron experimenters /162,152,153/ and theo¬ 
rists /116,117/ were the first who realized the existenoe of a 
faster motion /162,152,153/, i.e. of the reorientation of the 
two moieties about the para axis. The correlation time of the 
last motion is in the ps - time scale. There is also a belief 
that the QNS studies and Raman correlation speotroscory /166, 
167,168/ see the same fast motion. 
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V. CONCLUSIONS 

To sum up one should point out the following: 

A. Ihe dielectric spectra of thermotropic liquid crystals stron¬ 
gly depend on the molecular structure. Due to the anisotropy 
of molecules the dielectric spectrum of the isotropic phase 
is influenced by two principal molecular motions, that is by 
reorientations about the long and short molecular axes. 
Intramolecular reorientations, especially around the ppra-
azis of the benzene ring, may also influence the spectrum. 
In the nematic and smectic phases the dielectric spectrum 
consists of two well separated dispersion regions characte-

A 11 

rized by relaxation times of the order of 1C s and 10 e, 
respectively. Values of relaxation times of the both regions 
strongly depend on the number of carbon atoms in the side 
chains within the alkozyazoxybenezenes homologous seriest 

B. Ihe ffordio-Blgatti-Segre model of dielectric relaxation can 
only be used for qualitative analysis of the dielectric 
spectra for many a liquid crystal. This model suggests a 
clear physical interpretation of the dielectric dispersions 
observed in the nematic structure in terms of molecular mo¬ 
tions. These motions are: 1° ahe reorientation about the 
short molecular axis. 2° file fast molecular motion of de¬ 
flected molecule about its long axis, 3° 3be stochastic 
precession, 4° lhe reorientation about the long axis modu¬ 
lated by precession. However, a more advanced theory should 
also incorporate conformation changes as well as libratory 
motions of molecules as rigid entities and/or intramolecu¬ 
lar oscillations| 

C. Low frequency relaxation region does not exhibit any signi¬ 
ficant distribution of relaxation times, what has been pro¬ 
ved experimentally for numerous nematogena, whereas the high 
frequency relaxation is characterized by the temperature de¬ 
pendent distribution of relaxation times. It is suggested 
in this work that the distribution originates from fluctu¬ 
ations ©X the long molecular axis, most probably due to sosw 
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intramolecular conformation Changes. Xhese fluctuations are 
observed dielectrically at the isotropic-nematic transition 
for alkoxyazoxybenzenes, pentylphenyl-hexyloaythiobenzoate, 
and butyloxyphenyl-hexylbenzoate. Further studies of tempe¬ 
rature dependences of correlation times as well as of dis¬ 
tribution parameters should be undertaken to solve the pro¬ 
blem of molecular conformation changes influence upon the 
dielectric speotra of liquid crystals| 

D. The two principal molecular reorientations observed for li¬ 
quid crystals are well described by the Bauer equation. 
Energies and entropies of activation calculated on the basis 
of this equation strongly depend on the molecular structure. 
The correlation times, found for the two principal molecular 
motions, as well as the energies and entropies, do not clear¬ 
ly show any odd-even effects 

£. The difference between the high frequency limit of the di¬ 
electric permittivity and the refractive index squared comes 
from the two principal librational modes observed for liquid 
crystals by many methods. Critical frequencies, calculated 
from the energy barriers of dieleotric processes, the prin¬ 
cipal values of inertia tensor and the multiplicity of po¬ 
tential, are in fairly good agreement with frequencies found 
experimentally by IIHS method, Raman scattering and infra¬ 
red absorption. There .mightalso be contributions from intra¬ 
molecular oscillations on the high frequency dielectric 
spectrum. 

F. Theory of molecular dynamics of liquid crystals should in¬ 
corporate both the coherent and incoherent motions. 
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