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Th e com plex dielect ric permitti vit y of 4- (2-hexyloxy- ethyloxy ) 4' -cyano-

biphenyl mea sured in the frequency ran ge from 0.03 H z to 10
9 H z is pre-

sented. Monotropic sequence of thermo dynami c phases was found w ith tw o
stable phases (isotropic and crystal) and three metastable states (sup erco oled
isotropic phase, its glass and a smectic phase observed only on heating the

sample Ùrst cooled rapidly to the liqui d nitrogen temp erature). In isotropic
and superco oled isotropic phases the temp erature dependence of the dielec-
tric relaxation time was describ ed by the same Vogel { Fulcher{T ammann for-

mula while in a smectic phase it w as of the A rrhenius typ e. In the transitio n
from a superco oled isotropic phase to a smectic phase the relaxatio n rate of
molecular motions around the short axes increases by tw o decades. C ompari-
son of the relaxation b ehaviour and polymorph ism of 4-(2- hexyloxy- ethyloxy)

4' - cyanobiphenyl of linear molecules with tw o chiral cyanobiphenyls is dis-
cussed.
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1. I n t rod uct io n

D erivati vesof the cyanobi pheny l form a class of l iqui d crysta l line com pounds
whi ch has been studi ed dielectri cal ly since the m iddle of seventi es due to the f act
tha t the strong di polar mom ent of molecules is situa ted almost paral lel to the
long axes [1]. In hi gher memb ers of the hom ologous series smecti c phases were
found [2]. Cya nobi phenyls havi ng l inear molecules indi cate the reversibl esystem of
phase tra nsiti ons and the Arrheni us typ e of relaxati on. Recentl y two derivati ves of
cyanobiphenyl s, nam ely opti cal ly acti ve pentyl (5* CB) and octyl oxycyano biphenyl
(8* OCB) were studi ed by several experim enta l m etho ds [3{ 5]. Both were found to
be fragi le g lass-f orm ers [6] havi ng monotro pi c sequence of phase tra nsiti ons. The
evi dence of non-Arrheni us evoluti on of the so-cal led ˜ - relaxati on on appro aching
glass tra nsi ti on has been given. It was special ly interesti ng tha t crysta l l izati on was
observed on heati ng the sampl e.

In the present paper the results of the dielectri c relaxa ti on studi es in the
4-(2-hexyl oxy- ethoxy) 4' -cyanobiphenyl CH 3 ( CH 2) 5O ( CH 2 ) 2O ( C6 H4 )2 CN, abbre-
vi a ted as 6O2OCB, are presented. The molecul es are non-chi ra l , however, thei r
hexyl oxy- ethoxy term inal chain (C 6 H13 OC 2H 4O À ) wi th two oxygen ato m s has a
compl icated shape simi larl y as chira l chains of the previ ously studi ed com pounds.
It seems interesti ng to Ùnd out whether the relaxa ti onal behavi our and the poly-
m orphi sm of 6O2OCB wi th l inear m olecules resembl e tho se of substances wi th
chi ra l m olecules of simi lar structure.

2. E x per i m ent a l d et ai ls

The sampl e wa s synthesi zed in Pro fessor R. D ¨ browski laborato ry at the
Mi l i ta ry Uni versi ty of T echnology, Warsaw. It is a l iqui d at room tem perature
and crysta l l izes at 292 K. The measurements of com plex dielectri c perm itti vi ty
" Ê ( ¡ ) = " 0 ( ¡ ) À i " 00 ( ¡ ) were perform ed in the frequency range ¡ from 0.03 Hz to
1 : 8 È 1 0 9 Hz. The value " 0 means the real perm i tti vi ty and " 00 i s the di electri c
loss. In m easurements the Solartro n FR A 1260 frequency response analyzer wi th
the No vo contro l acti ve sam ple cell BD C- S of 1 0 À resoluti on of " wa s used up to
1 0 Hz. In hi gher frequenci es, from 1 0 Hz to 1 : 8 1 0 Hz, the Hewl ett Packard
4291A im pedance analyzer wi th a resoluti on in ta n £ better tha n 1 0 was appl ied.
In both ranges of frequency the l iqui d sam ple wa s pl aced between two brass elec-
tro des of ẽ ecti ve diam eter 1 cm and 0.5 cm (f or hi gher frequenci es) wi th 0.05 m m
di stance between them kept constant using several teÛon stri ps. The studi es were
perform ed on heati ng the sam ple (after rapid cool ing to 100 K wi th cool ing rate of
100 K/ min) in the tem perature range from 200 K to room tem perature at 2.5 K
interv als wi th accura cy of 0.1 K. The sam ple tem perature was contro l led using a
No vo contro l Qua tro system wi th a l iquid ni tro gen cryostat. In chosen tem perature
ranges, the measurements on cool ing were also perform ed. The rate of tem perature
changes duri ng measurements was of about 0.3 K/ m in.



Dynami cs of 4- (2-hexyloxy-ethoxy) 4' -cyanobi phenyl Mol ecules . . . 529

3. R esul t s

Several tem perature runs were perf orm ed to check the sequence of phase
tra nsiti ons in 6O2OCB. On slow cooling the sam ple (0.3 K/ m in) the crysta ll izati on
wa s always observed at 292 K. W hen the sampl e was Ùrst cooled rapi dly to 100 K
(wi th the cool ing rate of about 100 K/ m in) a glass (G ) was obta ined. Then on
heati ng wi th a rate of 20 K/ m in a sof teni ng of the glassto the supercooled isotro pic
phase ( I sc ) occurs. On f urther heati ng wi th a rate of 0.3 K/ m in several phase
tra nsiti ons were found. They are shown in Fi g. 1 by the tem perature changes of

Fig. 1. Temp erature changes of real dielectri c permittivi ty observed at frequency

120 H z on heating the sample up to 253 K ( £ ) then on cooling to 210 K (ˆ ) and

on further heating up to 300 K ( £ ). T he experimental run illustrates the monotropic

sequence of phases for 6O2O C B. Measurements w ere perf ormed with the rate of tem-

p erature changes of 0.3 K .

electri c permi tti vi t y for a chosen frequency of 120 Hz. The pha se sequence seems
to be the fol lowi ng:

G À ! Isc
228 K

À ! S 260 K
À ! C 292 K

À ! I;

where S means a smecti c phase, C | a crysta l and Ùnal ly I | the stable isotro pic
phase. It was found tha t when heati ng wa s stopp ed at 253 K then on im medi ate
cool ing no phase tra nsiti on was detected at al l ti l l 200 K and on subsequent heati ng
the crysta l l izati on and then the m elti ng were found. It m eans tha t the tra nsi ti on
from Isc to S is irreversi ble and al ready at 253 K there are nucl ei of the crysta l l ine
phase in the sampl e.

Fi gure 2 presents the frequency changes of dielectri c absorpti on for 6O2OCB
in the frequency range from 0.03 Hz to 1 0 9 Hz on heati ng the sampl e, whi ch pre-
vi ously had been cooled rapidl y to 100 K, i .e. to glass. In Fi g. 3a and b addi -
ti onal ly the real and imaginary parts of permi tti vi t y are shown in a form of the
three- dim ensional plots in f requenci es below 3 MHz. Observi ng the tem perature
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Fig. 2. Dielectric losses vs. frequency observed for several temp eratures on heating

6O 2O C B sample w ith the heating rate of 0.3 K /min. T he data are presented in the

double logarithmi c scale. Meaning of the symb ols in superco oled liqui d: Â | 219 K ,

Î | 224 K and 2 | 226 K , in the smectic phase: ¯ | 234 K , ?6| 245 K and | 255

K , for the crystalli zati on pro cess: 5 | 257 K and ˆ | 260 K and in the isotropic phase:

+ | 296 K , È | 330 K and Û | 360 K . T he data w ere collected by two apparatuses

operating in two frequency ranges.

Fig. 3. (a) Real dielectri c permittivity vs. frequency and vs. temp erature observed on

heating previous ly rapidly cooled 6O 2O CB sample (cooling rate 200 K /min) is presented

for clarity at temp eratures b elow 300 K and in the frequency range up to 3 MH z. Three

disp ersi on ranges are show n: Ùrst in the superco oled isotropic phase (b elow 228 K ),

second in the smectic phase (b etw een 228 K and 260 K ) and the third in the isotropic

phases (af ter melting at 292 K ). A t about 260 K the crystalli zati on is presented. Mea-

surements were performed with the rate of temp erature changes of 0.3 K . A part of the

electric conductiv ity at high temp eratures and low frequencies is cut- o˜. (b) Dielectri c

loss vs. frequency and vs. temp erature is presented. T he thermal treatment of the sam-

ple and the temp erature and frequency ranges are the same as for the corresp ondin g

real dielectric permittivity results in Fig. 3a. A part of the absorption connected w ith

the electric conductivi ty at high temp eratures and low frequencies is cut- o˜.
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changes of " 0 and the dielectri c absorpti on strength one can Ùnd the evi dence of
three phase tra nsiti ons. A signiÙcant dro p of " 0 0 and a shift of positi on ¡ m ax of
absorpti on peak towa rds lower frequenci es found duri ng tra nsiti on at about 228 K
are presented in doubl e logari thm ic scale in Fi g. 4. These results support the hy-
pothesi s tha t the sampl e tra nsform s from the sup ercooled isotro pi c phase ( I sc ) to
the smecti c phase (S). Mo st l ikel y arrangement of m olecules in smectic layers di -

Fig. 4. Temp erature changes of dielectri c absorption in the vicini ty of the isotropic

to the smectic transition observed on heating of 6O 2O C B sample (Û | 223 K in the

isotropic phase, È | 228 K for the mixture of the isotropic and smectic phases and

Â | 233 K in the smectic phase). Data are presented in the double logarith mic scale.

T he results of Ùtting Eq. (1) are presented by the solid lines.

m inishes the e˜ecti ve dipolar m oment of reorienti ng molecules ( " 00

ma x decreases by
facto r 6) and slows m olecul ar moti ons by factor 100 (when appro xi mati ng to the
sam e temperature) y . On further heati ng the sampl e in a tem perature range f rom
257 K to 261 K the decay of " 00 ( ¡ ) absorpti on curves characteri stic of the crys-
ta l l izati on can be seen; at 260 K the strength of absorpti on is very smal l and the
electri c conducti vi ty below 100 Hz was observed mainl y. In a temperature range
between 261 K and 290 K there is no dielectri c relaxati on at all whi ch m eans tha t
al l m olecules have lost thei r m obi li ty. The m elti ng of the crysta l starts at 290 K
whi ch is shown in Fi g. 5. One can see tha t both processes, i.e., the crysta ll izati on
and the mel ti ng are not instanta neous and each lasts of about 50 m inutes (b e-
tween points measured at the successive tem peratures there is about 20 minutes

y

00
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Fig. 5. Dielectri c losses observed for several temp eratures on heating the crystallin e

6O 2O C B sample | data are from two apparatuses operating in di˜erent frequency

ranges. Fille d symb ols illu strate " 00 ( ¡ ) for crystal ( | 290 K ) and for crystal during

melting ( ¯ | 291 K , ? | 292 K ) w hile open symb ols show the dielectri c absorption

in the isotropic phase (2 | 295 K , £ | 330 K and 5 | 370 K ). Lines are the guides

to the eyes only . T he solid lines w ithout symb ols w ere calcula ted using the symmetrical

reÛection of the suitable experimental points w ith respect to ¡ m ax .

for temperature stabi l izati on). Long lasting recovery of the m olecul ar m obi l it y of
the isotro pic phase suggests tha t the melti ng pro cess is compl ex.

T aki ng into account the structure of the 6O2OCB m olecules the di electri c
relaxa ti on observed in isotro pi c l iquid and in smecti c phase can be related wi th
reorienta ti ons of CN dipoles around the short axes. The experim enta l resul ts of
" ¡ are divi ded into electri c conducti vi ty and dielectri c relaxati on accordi ng to
the Ha vri liak{ Negami equati on [8]

" ¡
¥

" ¤ ¡
Im " 2i¤ ¡ § ; (1)

where ¥ means the electri c conducti vi ty , " | dielectri c constant of vacuum and
§ = ¤ ¡ i s the average relaxa ti on ti me. The di electri c increm ent " " " ;

where " and " denote the stati c and high frequency l imi ts of electri c perm i tti vi ty ,
respect ively. R elaxati on ti me di stri buti on param eters b and bg fulÙll the relati ons

b and bg and they are deÙned by the fol lowi ng equati ons
(see [8, 9]):

for ¡ ¡ b
d log "

d log ¤ ¡
and for ¡ ¡ b g

d log "

d log ¤ ¡
:

The relati ons between the Ha vri l iak{ Negami di stri buti on param eters and tho se of
the Co le{ Cole and Co le{ D avi dson form ulae are the f ollowi ng: ˜ b for g

and Ù g for b . For the Debye typ e of relaxati on both b and g .
The "; b; g , the hal f-wi dth ¡ and the respecti ve values of relaxati on ti m e
were obta ined by Ùtti ng the form ula (1) to the exp erimenta l data | two of the
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exam ples of the Ùtti ng results are presented in Fi g. 4. In the isotro pi c phase there
is b = 1 , whi le bg grows wi th tem perature from 0.4 to 0.8. Thus, the relaxa ti on is
of the Cole{D avi dson typ e. The values of the hal f-wi dth Â ¡ 1 = 2 decrease from 1.6
to 1.3 wi th increasing tem perature so they are larger tha n Â ¡ 1 = 2 = 1 : 1 4 typi cal of
the D ebye relaxati on. In the smectic pha se the di stri buti on parameters are b ¿ 0 : 4

and bg ¿ 0 : 5 , and the hal f-wi dth is over 3 whi ch suggests a large devi ati on f rom
the D ebye pro cess.Tha t fact can be ascribed to the strong hi ndrance of molecular
m oti ons around the short axes in the smecti c typ e arra ngement of m olecules.
One can see tha t for proper descripti on of the dielectri c relaxati on both b and g

parameters are needed especial ly in the smectic phase.
The di electri c increm ent, Â " ( T ) = f N ñ 2 =( 3 k T ) , is proporti onal to the num -

ber of reori enti ng di poles N , to ñ 2 , where ñ ¿ 4 D is the dipolar mom ent of
m olecule, to the so-cal led Ki rkwo od correl ati on factor f and i t is recipro cal to the
tem perature [10]. Â " equals nearl y 6 in the isotro pic phase and nearl y 2 in the
smectic phase. In case when in the isotro pi c-smectic phase tra nsi ti on the N value
does not change one can say tha t f in the smectic phase is 3 ti m es smal ler tha n in
the isotro pic phase close to the temperature of phase tra nsiti on. Assum ing further
weak mutua l correl ati ons between m olecules in the isotro pic phase, i .e. f is ¤ 1, one
obta ins f ani z 0:33. The estimati on of the correl ati on facto r in the smectic phase
wi th help of the Ki rkwo od{ Fr�ohl ich relati onshi p ta ki ng into account addi ti onal ly
the local Ùeld factor gives exactl y the sam e resul t [10]. Tha t means the stro ng
anti para l lel correl ati ons between molecules arranged in the smectic phase. One
can see tha t the Â " dim inishes in the smectic phase wi th decreasing tem perature
whi ch supp orts the above statem ent.

Fi gure 6 presents the tem perature dependence of the positi on of the di electri c
absorpti on m axi mum observed on heati ng f or the sam ple cooled at Ùrst rapidl y
to 100 K. Unusua l pattern of the log( 2 ¤ ¡ ma x ) vs. 1 0 0 0 = T results conÙrm s tha t on
cool ing the sampl e to 100 K a glass of the isotro pic phase was obta ined: One can
see tha t the relaxati on in the supercooled isotro pic pha se (f our points) and in the
isotro pic phase can be com monl y described by the sam e Vogel{ Fulcher{ T ammann
equati on [11] typi cal f or glass-form ers

§ = § exp
D T

(T T )
: (2)

It is especial ly interesti ng because between the sup ercooled isotro pic l iquid and the
isotro pic phase there are two other therm odyna m ic phases,smectic and crysta l l ine.
At 228 K the maxi mum absorpti on frequency dim inishes abruptl y due to the
tra nsiti on to the smecti c pha se. At 260 K the crysta ll izati on occurs and there are
no experim enta l points up to the m elti ng at about 292 K. The best Ùt of (2) to the
exp erimenta l data (solid l ine) was obta ined for the f ol lowing Ùtti ng param eters:
D = 3 :6 and T = 1 6 7 K, where T denotes the lowest tem perature at whi ch a
glass can be obta ined. The value of § has been Ùxed as 1 0 : s in order to
relate the D param eter wi th the fragi l i t y intro duced by Ang ell for descripti on of
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Fig. 6. T he temp erature changes of dielectric relaxation for 6O2O C B sample presented

by log( 2¤ ¡ m ax ) vs. 1000 = T for the temp erature run are show n. Data w ere collected on

heating ( ) then on cooling ( Â ) and on further heating ( 2 ). T he result of Ùtting the

formula (2) to the data for the isotropic and supercooled isotropi c phase is show n by

the solid line. T he lack of p oints in the temp erature range from 260 K to 292 K means

the app earance of the crystalli ne phase. Straight lines show the Ùtting of the A rrhenius

formula.

the ˜ - relaxati on [12, 13]. D value is not far from D = 3 whi ch is the l imi t value
for the m ost fragi le glassesz . It seems worth to note tha t at 228 K the relaxa ti on
ti m e in the smectic phase is 2 decades longer tha n in the sup ercooled isotro pic
phase. W ithi n the smecti c phase the relaxa ti on wa s observed also on cool ing the
sam ple. The log [2 ¤ ¡ ma x (1 =T ) ] points obta ined on cool ing and on heati ng are in
good agreement. One can see tha t the tem perature behavi our of the molecular
dyna mic in the isotro pi c phase and in the smectic phase is di ˜erent: in the smectic
phase the l inear Arrheni us tem perature dependence of relaxati on is observed givi ng
acti vati on energy Â H = 8 7 : 7 kJ/ mol .

4 . Fi nal r em ar ks

Our dielectri c relaxa ti on observati ons show tha t there are essential di ˜er-
encesbetween 6O2OCB and two chira l substa nceswi th a sim i lar shape of m olecules
in respect to the crysta l l izati on phenom enon. Co ntra ry to 5* CB and 8* OCB the
6O2OCB is not a glass-form er: For 6O2OCB the crysta ll izati on is observed on cool-
ing whi le 5* CB and 8* OCB have crysta l l ized only on heati ng the sam ple because
on cool ing a glass wa s always obta ined [3{ 5].

In the case when 6O2OCB sam ple was cooled rapidl y ( ¿ 1 0 0 K/ min) to glass
a polym orphi sm of 6O2OCB and tha t of the chi ra l compounds have had com m on

z
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features: The phase tra nsiti ons are i rreversi ble and form m onotro pic sequence of
phases. Non-chi ra li t y of 6O2OCB m olecules seems to be the factor whi ch helps
a creati on of the smectic orderi ng whi ch was unobserved for chi ra l sam ples. The
observed texture of thi s ani sotro pi c phase is simi lar to tha t of ordered smectic
phases. T o determ ine the f ul l structure of thi s smecti c phase m ore detai led studi es
m ust be underta ken. Due to the fact tha t the crysta l l izati on observed for 6O2OCB
sam ple is a long lasti ng pro cess, one can speculate tha t after i t m elts at about
292 K, im medi atel y the second crysta l l ine phase is being form ed whi ch m elts at a
slightl y higher temperature [4, 5]. D etai led studi es by polari zing microscopy and
calorim etry were underta ken to search the second crysta l l ine phase in 6O2OCB [14]
as it was found for 5* CB and 8* OCB [3{ 5].

In three substa nces whi ch have been com pared the dielectri c relaxa ti on in
the l iqui d phase fulÙls the Vogel{ Fulcher{ Tam mann equati on in a very wi de tem -
perature range. It is interesti ng tha t nearly 200 K above T 0 the rate of molecular
m oti ons behaves in isotro pic l iquid l ike in a glass-form er even for 6O2OCB whi ch
in fact is the substance where glass can be obta ined only when the rate of cool ing is
hi gh. The 6O2OCB sam ple havi ng D = 3 : 6 occurs to be a m ore fragi leglass-form er
tha n 5* CB and 8* OCB for whi ch D ¿= 5 : 5 [3]. Ana lyzi ng the tem perature depen-
dence of relaxati on rate careful ly one can see tha t simi larly as for 5* CB [4] the
crysta l l izati on seems to be pro ceeded by the m elti ng of the smectic phase to the
isotro pic phase. Thi s can be deduced f rom the devi ati on of the exp erimenta l points
in Fi g. 6 in the vi cini ty of the crysta ll izati on from the acti vati on behavi our (see
two points above the strei ght line).
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