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The pap er presents the results of measurements of the static and dy-
namic electric permitti vi ty , the shear viscosity , and the splay and b end elas-
tic constants for 4-n -hexyloxy- 4

0 -cyanobiphenyl (C 6 H 1 3 O{Ph{Ph{C ² N ) . On
the basis of the static values of the nematic principal permittiviti es, " k ( T )

and " ? ( T ) , the angle b etw een the dip ole moment vector and the long axis of
4-n - hexyloxy- 4

0 - cyanobiphenyl molecule, the apparent dip ole moment and
the nematic order parameter w ere determined. F rom the temp erature de-
p endences of the dielectric relaxation time (corresp ondi ng to the molecular
rotation around the short axis) and the shear viscosi ty , the strength of the
nematic potential and the e˜ective length of 4-n - hexyloxy- 4 0 -cyanobiphenyl
molecule (in isotropic phase) w ere estimated. T he K 11 and K 33 elastic con-
stants w ere determined from the voltage dependence of the capacitance of
the planar nematic cell w ith the metho d prop osed by Gruler et al. and
U chida et al.

PACS numb ers: 64.70.Md, 77.84.N h, 77.22.Gm, 66.20.+ d

1. I n t rod uct io n

A com binati on of anisot ropic pro perti es and Ûuidi t y of t he nemati c l iqui d
crysta ls makesthese m ateri als unusua l from both the basic research and the techni -
cal points of vi ew. The m ost importa nt resul t of the combina ti on is a possibi li ty of
contro l of the molecular orienta ti on in the who le nem ati c sampl e wi th an externa l
electri c or magneti c Ùeld of a relati vely low streng th. Thi s circum stance is im por-
ta nt f rom the m olecular physi cs point of vi ew, as al lows to study the m acroscopic
pro perti es of nem ati c l iqui d crysta ls in rel ati on to the di recti on of the pri ncipa l
axes of the nem ato genic m olecules [1{ 4]. In case of the stati c di electri c studi es, the
tem perature dependence of the pri nci pal perm i tti vi ti es, " k T and " ? T , leads to
such im porta nt m olecular quanti ty as the angle between the dipole m oment of the
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m esogenic m olecul e and i ts long axi s [5, 6]. It is a uni que exp erimenta l metho d
yi elding thi s quanti t y in the l iquid state.

The frequency dependence of the nem ati c com plex electri c perm i tti vi ty al -
lows to study the dyna mics of m esogenic molecules. The ro d-l ike shape of the
m olecules makes the interpreta ti on of the di electri c relaxa ti on spectra " Ê

k
( ! ) and

" Ê

?
( ! ) qui te perspicuous as the m olecular ro tati ons around the three axes of sym -

m etry (the long and short molecular axes and the di recto r n) m ani fest them selves
in the spectra as qui te well separated absorpti on bands. There is no doubt tha t the
analysis of the absorpti on band corresp ondi ng to the m olecular ro ta ti on around
the short axi s is the m ost inform ati ve since to gether wi th the vi scosity data , the
streng th of the nemati c potenti al and the ẽ ecti ve length of the rota ti ng m olecule
(i n the isotro pi c phase) can be estimated.

Num erous appl icati ons of the nem ati c l iquid crysta ls resul t from peculiar
elastic properti es of these m ateri als. D eterm inati on of the elasti c consta nts is based
on the m easurements of distorti on of the di recto r n caused by an externa l electri c or
m agneti c Ùeld. In pri ncipl e, the elasti c constants corresp ondi ng to the three basic
di storti ons of the nem ati c l iqui d crysta ls: splay (K 1 1 ), twi st (K 2 2 ), and bend (K 3 3 )
can be obta ined from three experim ents. In two of them , the electri c Ùeld induces
the di recto r di storti on in planar (K 1 1 ) or twi sted pl anar (K 2 2 ) cell and in the thi rd
exp eriment a magneti c Ùeld causes the distorti on in the hom eotro pic cell (K 3 3 ).
In case of a stro ng anchori ng of the nemati c m olecules at the cell surfaces, the
di storti ons have a thresho ld character (Freedericksz tra nsiti on). Then, the elastic
constants K i ; ; ) can be calcul ated on the basis of the thresho ld value of
the vol ta ge (U ) or magneti c Ùeld (B ), respectivel y, pro vi ded the dielectri c or
m agneti c anisotro py of the studi ed l iqui d crysta l is kno wn.

The m ost studi es on the elasti city of the nemati csconcern the splay and bend
constants only, since these consta nts essential ly govern such swi tchi ng character-
isti cs as the threshold vo l ta ge or the response ti m e. Ma ny experim enta l metho ds
were elaborated for determ inati on of K and K elastic constants. The most
wi despread are based on the opti cal or capaciti ve observati ons of the di rector di s-
to rti on in a pre-ori ented nemati c cell [7{ 11]. In thi s paper the elastic consta nts
K and K were determ ined wi th the capacita nce metho d.

4-n -hexyl oxy- 0-cyanobiphenyl (C H O{ Ph{ Ph{ C N, 6OC B) was synthe-
sized and puri Ùed at the Insti tute of Chemistry , Mi l ita ry Uni versi ty of Technology,
W arsaw. The com pound has the fol lowi ng sequenceof the phasetra nsiti ons: crysta l
(Cr) £ C { nemati c (N) £ C { isotro pic (I).

The stati c electri c perm itti vi t y and conducti vi ty were m easured wi th a W ayne
Kerr 6425 Preci sion Com ponent Ana lyser at the frequency of 10 kHz. The nem ati c
sam ple, placed between two plane electro des of the capacito r, was ori ented wi th
a magneti c Ùeld of about 0.6 T. The components of perm i tti vi ty ( " k and " ? ) and
conducti vi ty (¥ k and ¥ ? ) were simulta neously measured for appro pri ate ori enta -
ti on of the measuri ng electri c Ùeld wi th respect to the orienti ng magneti c Ùeld

: and , respect ively.
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The dielectri c rel axati on spectra were recorded wi th a HP 4194A Im pedance/
Gain-Phase Ana lyser in the frequency range of 100 kHz{ 100 MHz. The m easuri ng
capacito r consisted of three plane electro des: one centra l ( \ hot " ) electro de and
two grounded electrodes on each side. The externa l bi asing d. c. electri c Ùeld was
used for orderi ng the nemati c sampl e. Of course, in such ci rcum stances only the
di electri c spectrum " Ê

k
( ! ) can be recorded.

The densi ty was m easured wi th an Anto n Paar D MA 60/ 602 vi brati on tub e
densim eter.

The vi scosity was measured wi th a Haake vi scom eter Roto vi sco RV20 wi th
the m easuri ng system CV 100. The system consi sts of the rotary beaker Ùlled wi th
the substance being studi ed and the cyl indri cal sensor of the Mo oney{ Ev art typ e
(ME1 5), pl aced in the center of the beaker. The l iqui d gap was 0.5 m m.

For the elasti c constants measurements, the nemati c 6OCB was pl aced in
the LINKAM cell consisti ng of two Ûat ITO coated glass pl ates wi th a spacing
of 5 ñ m . Due to the brushed polyi m ide trea tm ent of the electro de surfaces, the
nem ati c m olecules were oriented planar wi th respect to the electro des. The probe
sinusoidal vol tag e of the HP 4284A Preci sion LCR -meter up to 20 V r m s, at 1 kHz,
wa s appl ied and the cell capacita nce as a functi on of the appl ied vo ltag e was
recorded. The vol ta ge step was 20 m V in the vi cini ty of the Freedericksz tra nsi ti on
and 200 m V for the higher vol ta ge.

3. R esul t s an d d iscu ssio n

3.1. Static permi t tivi ties

The tem perature dependences of the stati c perm itti vi ti es m easured for the
nem ati c and isotro pic phasesof 6OCB are presented in Fi g. 1a. The results can be
interpreted wi th the use of the Ma ier{ Mei er theory [12], accordi ng to whi ch the
perm i tti vi ti es measured, respectivel y, para l lel ( "

k
) and perpendicul ar ( "

?
) to the

di rector n, are related to the m olecular quanti ti es by the fol lowing equati ons:

" k ( T
N h F

"
˜ ˜ S F

ñ

k T
cos Ù S ; (1)

" ? T
N hF

"
˜ ˜ S F

ñ

k T
cos Ù S ; (2)

where " : À F m À , h and F are the Onsager local Ùeld factors [13].
N i s the numb er of m oleculesper uni t volum ecalcul ated from the m easured density
of 6OCB (Fi g. 2).

In the Ma ier{ Mei er theo ry the m esogenic molecules are considered as spher-
ical, however thei r polari zabi l i t y is anisotro pic. In Eqs. (1) and (2) the ˜ and " are
the mean values of the polari zabi li t y and the perm i tti vi ty, respectivel y

˜ ˜ ˜ ; " "
k

" ? ; (3)

and
˜ ˜ ˜ (4)
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Fig. 1. T he solid lines in (a) are the b est Ùtting of the Maier{Mei er E qs. (1) and (2)

to the experimental values of static permittivi ties (p oints) of 6O CB for Ù = 1 7 £ and

z = 0 : 20 8: ñ 2
ap p ( T ) resultin g from the Ùtting is presented in (b).

Fig. 2. Temp erature dependence of the density of 6O C B in the isotropic and nematic

phases.

denotes the ani sotro py of polari zabi l i t y. The ˜ l and ˜ t are respectivel y, the longi -
tudi na l and tra nsversal components of the m olecular polari zabi l i t y. Ù in Eqs. (1)
and (2) is the angle between the to tal di pole mom ent vecto r ñ of the nemato genic
m olecule and i ts long axi s and S i s the order param eter deÙned as

S =
1

2
h 3 cos2 È À i ; (5)

where È i s the angle between the long m olecul ar axi s and the di rector .
For isotro pi c phase ( " " " , S ), Eqs. (1) and (2) tra nsform into

Onsager equati on [13]:

" À " " "

" "

N

"

ñ

k T
; (6)

where " denotes the high frequency value of the perm i tti vi ty (o ften ta ken as the
ref racti on index square n ).

There are three unkno wn quanti ti es in Eqs. (1) and (2). Two of them con-
cern the nem ato gen m olecule and they are: (i ) the angle Ù between the resul tant
di po le mom ent ñ of the molecule and i ts long axi s and (i i ) the square of the
apparent dipole m oment ñ of the m olecule; the thi rd one is the m acroscopic
order param eter S T . These three quanti ti es can be obta ined from the Ùtti ng
of the Ma ier{ Mei er equati ons to the experim enta l data [5]. The Ùtti ng procedure
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becomes qui te e˜ecti ve when the S (T ) dependence is expressed in an empiri cal
form ula [14]:

S ( T ) =

˚
1 À

T

T N I

Ç z

; (7)

where T N I denotes the nemati c to isotro pic phase tra nsiti on tem perature. The
tem perature dependence of the nemati c order parameter is then determ ined by
one param eter (z ) onl y.

The values of ˜ = 3 5 : È cm and ˜ : È cm for 6OCB
were ta ken f rom [15].

The solid l ines in Fi g. 1a represent the best Ùtti ng of Eqs. (1) and (2) to
the measured perm i tti vi ti es. The postul ated in [5] requi rement of the equal ity of
ñ T resulti ng from " T and " T dependences is f ulÙlled, as shows Fi g. 1b.
The Ùtti ng leads to the fol lowi ng values of the parameters: Ù and z : .
The value obta ined for Ù i s expected and corresponds to Ù obta ined f or other
nem ato genic molecules of sim i lar structure [5, 16] and is close to Ù value resulti ng
from the quantum -chemical calcul ati ons ( ).

The sol id l ine in Fi g. 3 represents the S T functi on pl otted for z :

(Eq. (7)). The S T dependence obta ined is qui te close to tha t resulti ng from the
opti cal studi es [15, 17].

In Fi g. 1b the values of the ñ T are expressed in the dim ensionlessKi rk-
wo od correlati on factor g ñ =ñ , wi th the di pole mom ent of a sing le 6OCB
m olecule ñ equal to 5.0 D [18]. The g -values smal ler tha n the uni ty indi cate
the anti para l lel dipolar correl ati ons. Fi gure 1b shows tha t the tra nsiti on from the
isotro pic phase to the nemati c phase of 6OCB mani fests i tsel f by an essential
increase in degree of the anti para l lel dipolar associati on.
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Fi gure 4 presents the tem perature dependence of the ioni c conducti vi ty of
6OCB in the isotro pi c and nem ati c phases.As usual f or the nemati c l iqui d crysta ls,
the conducti vi ty in the di recti on of macroscopic molecular orderi ng (¥

k
) is higher

tha n in the perpendicul ar di recti on (¥ ? ) wi th the acti vati on energy som ewhat
hi gher for ¥ ? . In the isotro pi c pha se of 6OCB the conducti vi ty acti vati on energy
is essential ly smal ler as com pared wi th tha t in the nem ati c phase.

3.2. Di elect r ic relaxat ion

Fi gure 5 presents the di electri c relaxa ti on spectra recorded in the isotro pic
and nemati c phases of 6OCB. In the latter phase the permi tti vi ty wa s measured
for E k n . The analysis of the di electri c relaxa ti on spectra of 6OCB can be carri ed

Fig. 5. F requency and temp erature dep endence of the real ("
0 ) and the imaginary ("

00 )
parts of the electric p ermittivi ty of 6O CB in the isotropic and nematic phases. In nematic

phase the permittivi ty " Ê

k

( ! ; T ) w as measured.

Fig. 6. A n example of the dielectri c absorption spectrum recorded in the (a) isotropic

and (b) nematic phases of 6O C B. Solid lines corresp ond to the Debye- t yp e curves.
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out in the framework of the m olecular m odel presented in [19]. Accordi ng to the
m odel , in ori ented nemati c sampl e, the nemato gen m olecule rota tes around the
three axes of sym metry: two of them concern the m olecule i tsel f (the long and
short molecular axes) and the thi rd axi s is the di rector n . For a typi cal nemato gen
substa nces (l ike 6OCB), the electrom agneti c energy absorpti on due to these three
m odes of rota ti on can be expected in the frequency region from several m egahertz
to several gigahertz [20, 21].

As shows Fi g. 6, in the studi ed frequency range one dielectri c absorpti on
band stro ngly dom inates both in the isotro pi c and nemati c pha sesof 6OCB. The
band corresponds to the molecular ro ta ti on around the short axi s and, as seen in
Fi g. 6, can be perf ectly described wi th the sim ple D ebye form ul a

" Ê ( ! ) = " 0( ! ) À j " 00 ( ! ) = " 1 +
A

1 + j ! §
; (8)

where A and § denote the dielectri c strength and the rel axati on ti me, respectively.
The tem perature dependences of the di electri c streng th A and the relaxa ti on

ti m e § are presented in Fi g. 7. At the tem perature of the phase tra nsiti on f rom
the isotro pic to nemati c phase one observes a stro ng increase in the values of A
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and § . The tem perature dependence of the relaxati on ti m e § can be interpreted i f
the vi scosity of the m edium is kno wn.

Fi gure 8 shows the temperature dependence of the vi scosity of 6OCB mea-
sured in the isotro pic and nemati c phases. At the isotro pic to nemati c tra nsi ti on
tem perature a sharp decrease in the vi scosity is observed. It is due to the Ûow
al ignm ent e˜ect occurri ng in the nem ati c phase [1]. The e˜ect leads to the situa -
ti on where the macroscopic orderi ng of the Ûowi ng nemati c l iquid crysta l becomes
(ro ughly) para l lel to the velocity v and perpendicul ar to the vel ocity gradient.
Then, the nem ati c vi scosity has the least possibl e value. In term s of the Mi ²sowi cz
vi scosity coe£ cients [22], the vi scosity m easured in our experim ent is close to ² 2 .

Fi gure 9 presents the Arrheni us pl ots for the dielectri c relaxati on ti m e and
the vi scosity in the isotro pic and nem ati c phases of 6OCB. In the isotro pi c phase
the acti vati on energy for the molecular ro tati on around the short axi s and tha t
of the vi scous Ûow, are qui te close to each other. It m eans tha t the vi scosity is
the main factor, whi ch determ ines the molecular dyna mics in the isotro pi c phase
of 6OCB. If so, one can use the D ebye m odel [23] for evaluatio n of the e˜ecti ve
length of the 6OCB m olecule. In the m odel , the rotati ng di polar, rigid, and axi al ly
sym m etri c m olecul e is represented by the sphere of a diam eter ‘ . The rela ti on
between the di electri c relaxati on ti me, correspondi ng to the m olecular ro ta ti on
around i ts short axi s (§ ) and the vi scosity ( ² ) of the isotro pi c medium in whi ch
the sphere is movi ng, has the fol lowing form :

§ iso =
¤ ‘ 3 ² iso

2 k T
; (9)

where T i s the absolute tem perature, and k | the Bol tzm ann consta nt. The
l inear dependence of the relaxa ti on ti m e to vi scosity rati o on T À 1 , predi cted by
thi s very simpl iÙed m odel , is qui te well f ulÙlled here (Fi g. 10). The slope of the
dependence gives a reasonable value ‘ ¤ 1 7 ¡A f or the length of 6OCB m olecule.

Fig. 9. A rrhenius plots for the relaxatio n time corresp onding to the molecular rotation

around the short axis and for the shear viscosity of the freely Ûowing 6O CB. T he values

of the activ ation energy are given in the Ùgure.

Fig. 10. Debye plot (Eq. (9)) for 6O CB in the isotropic phase.
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The quantum -chemical estimati on leads to qui te close value ‘ ¤ 1 9 ¡A. Fi gure 9
shows tha t the value of the vi scosity acti vati on energy is practi cal ly the sam ein the
isotro pic and nemati c phases of 6OCB. In case of the dielectri c relaxa ti on ti m e,
the tra nsi ti on to the nem ati c phase mani fests i tsel f by a stro ng increase in the
acti vati on energy for the m olecular ro ta ti on around the short axi s. On the basis of
these two experim enta l data the strength of the nemati c potenti al can be estim ated
as a di ˜erence between the acti vati on energy for the molecular reorienta ti on and
tha t for the vi scosity of the m edium [4].

3.3. Elast ic constant s

The capacita nce m etho d of determ inati on of splay (K 1 1 ) and bend (K 3 3 )
elastic constants consists in the analysis of the vol ta ge dependence of the capacity
of the pl anar nem ati c cell . In case of nemati c l iqui d crysta ls wi th a positi ve di -
electri c anisotro py (Â " = "

k
À "

?
> 0 ), the probi ng electri c Ùeld E of a su£ cient

intensi ty causesa di storti on of the di rector (Fi g. 11). W i th the increase in the Ùeld
intensi ty , the capacity of the cell increasesf rom the ini ti al value C ? | corresp ond-
ing to n ? E , to the Ùnal value C

k
| corresp ondi ng to n k (Fi gs. 12 and 13).

The phenom enon has the thresho ld, i .e. the capacity is on the vo l tage dependent
when the vol ta gereachescharacteri sti c of a given nem ati c liqui d crysta l value U .
Thi s value is the basic quanti t y for calcul ati on of the splay elastic consta nt

K " "U =¤ ; (10)

where " : pF/ m. Fi gure 12 shows an exam ple of Freedericksz tra nsiti on in
pl anar 6OCB nemati c cell at £ C.
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Fig. 13. C vs. U in the whole range of the applied voltage at di˜erent temp eratures

(step 2
£ C ).

Fig. 14. Temp erature dependence of the threshold voltage for F reedericksz transitio n

in the planar 6O CB nematic cell.

Fi gure 14 presents the tem perature dependence of the vol ta ge threshold value
U t h for the Freedericksz tra nsiti on in 6OCB pl anar cell and Fi g. 15 shows the
dependence for the spl ay elastic constant K 1 1 calculated from Eq. (10). The values
of the di electri c ani sotro py Â " of 6OCB were calculated from the data presented
in Fi g. 1a. As seen in Fi g. 15, the values obta ined f or K 1 1 elasti c constant agree
very wel l wi th the resul ts of Bra dshaw et al . [24].

The K 3 3 elastic constant can be determ ined in the same experim ent from the
analysis of the dependence of the cell capacita nce on the vol ta geabove the t hreshold
val ue. The exact equati on describing the C ( U ) dependence was obta ined Ùrst by
Grul er et al . [25]. Next, Uchi da and T akahashi [26] proposed a pro cedure for the
K 3 3 determ inati on, whi ch eliminates the need of a mul tipa rameter least squares
Ùtti ng of Grul er et al . equati on to the exp erimenta l data . The Ùnal equati on for
C U dependence has the fol lowi ng form [27, 28]:

C U C

C
Û

Û

¤

U

U
Û sin '

â sin ' sin '

Û sin ' sin ' sin '
cos ' d'; (11)

where â K =K ; Û " =" ; ¢ i s the ti l t angle between the di recto r
and the cell wa l ls and ' i s the ti l t angle at the center of the cell.

For the vo l tage much hi gher tha n the thresho ld value, the di rector at the
center of the cell becom es perpendicul ar to the cell wal ls and ' ¤ = . Then,
Eq. (11) reduces to

C U C

C
Û

Û

¤

U

U
Û

â sin '

Û sin '
cos ' d': (12)
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Thi s equati on predi cts tha t for U ƒ U th the dependence (C À C ? ) =C ? on U À 1

should be l inear. The extra polati on of the dependence to U À 1 = 0 leads di rectl y
to the value of Û = Â "= " ? and the slope

˜ =
2 Û

¤
(1 + Û)1 U

â sin '

Û sin '
cos ' d ' (13)

conta ins onl y one unkno wn quanti t y â K =K À . Theref ore, the K constant
can be easily obta ined since the K constant is kno wn from Eq. (10).

The results of measurements of the C U dependence for planar 6OCB ne-
m ati c cell in the whole range of the appl ied vol ta ge are depicted in Fi g. 13. In the
used range of vo l ta ge, the capacity of the cell changes from C ? (f or U < U ) to
cl ose to C

k
(f or U ƒ U ).

Accordi ng to Eq. (12), the theo ry predi cts tha t for the vo l tages m uch higher
tha n U , the change of the cell capacity should be proporti onal to the reci procal
of U . The results presented in Fi g. 16 show tha t thi s predi cti on is well fulÙlled: for
U higher tha n about 4 V the dependences C U À ) are l inear. The extra polati on
of these l inear dependences to U À , leads to the value of C

k
À C ? =C ? , i .e. to

( "
k

À " ? =" ? , the quanti ty whi ch can be di rectl y determ ined in the stati c di electri c
m easurements of the nem ati c sam ple oriented wi th a m agneti c Ùeld, for exampl e.
In Fi g. 17 the values of (" k À " ? =" ? obta ined for 6OCB from the extra polati on
pro cedure are com pared wi th tho se obta ined in di rect sta ti c di electri c m easure-
m ents presented in Fi g. 1a. Perf ect agreement of these two results is a good test
for consistency of the experim ental pro cedure and the theo ry.

As was menti oned above, the slope ˜ of the C À C ? =C ? on U À l inear
dependence, as shows Eq. (13), leads to the value of â K =K À and hence
to the K elasti c constant, because the K constant is kno wn.
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Fig. 17. Temp erature dependence of ( " k À " ? ) =" ? for 6O CB determined from the
extrap olati on of ( C À C ? ) =C ? to U À 1 = 0 (Eq. (12)) (f ull points) and measured in the

sample oriented w ith magnetic Ùeld (op en points are the results from Fig. 1a).

Fig. 18. T emp erature dependence of the b end elastic constant of 6O C B calculated w ith

Eq. (13) (f ull p oints) and the results of Bradshaw (op en points) [24].

Fi gure 18 presents the tem perature dependence of the bend elastic constant
of 6OCB obta ined wi th the capacita nce m etho d. The resul ts are qui te close to tha t
obta ined by Bra dshaw et a l. [24] wi th the use of the cell wi th the homeotro pi c
m olecular orderi ng and the m agneti c Ùeld as an externa l force for the di recto r
n distorti on. The results presented in thi s paper show tha t the rel iable data for
K 3 3 elasti c consta nt can be obta ined wi th the sim ple capacita nce m etho d in the
sam e experim ent in whi ch the K 1 1 consta nt is determ ined f rom the Freedericksz
tra nsiti on in pl anar nem ati c cell.
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