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The nonline ar spectra of 4,4 0 - n -hexylcyano biph enyl (C 6 H 1 3 -Ph- Ph- CN )
in benzene solution s w ere recorded in the frequency range of 300 kH z{
100 MH z in the presence of the strong static electric Ùeld E 0 =

1 :1 È 10 7 V /m, at 25 £ C . The dynamic pretransition al phenomena revealed
for p olar C 6 H 13 -Ph- Ph- C N were interpreted in the frame of the Landau{de
Gennes theory . T he identical concentration- depend ent b ehavior of nonlin ear
relaxation time in the vicini ty of the transition from the isotropic to the
nematic phase for polar and nonp olar comp ounds w as discussed .

PACS numb ers: 64.70.Md, 72.20.H t, 68. 35.Rh

1. I n t rod uct io n

T he isot ropic{ nem ati c phase tra nsi ti on in l iquid crysta ls is weakl y Ùrst or-
der. Pretra nsi ti onal behavi or observed in the pure isotro pi c m esogenic l iquids in
the vi cini ty of the tra nsiti on to the nemati c phase has an origin in exi sti ng of
short- range orienta ti onal order am ong the m olecules, whi ch leads to the form ati on
of pseudonemati c dom ains in the isotro pic phase. The size of the dom ains increases
as the tem perature of the l iquid appro aches to the nemati c phase tra nsiti on.

The Landau{ de Gennes theo ry [1] has been successful in expl aining the dy-
nam ics in isotro pi c liqui d crysta ls close to the nemati c phase tra nsiti ons [2{ 10] and
shows tha t the interm olecul ar correl ati on length ¿ depends on tem perature in the
fol lowi ng way:

¿( T ) = ¿0

˚
T Ê

T T Ê

Ç1 2

; (1)

where ¿0 i s of the order of the m olecular length, and T Ê denotes the tem perature
of the vi rtua l tra nsiti on of the second order.

(45)
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The val idi t y of the Landau{ de Gennes theo ry has been experim enta l ly con-
Ùrmed in the m easurements of the l ight scatteri ng [4], the opti cal Kerr ẽ ect
[5{ 9] and the tra nsient grati ng opti cal Kerr e˜ect [7, 8]. In our recent papers
[11, 12] the Landau{ de Gennes theo ry wa s also successful ly used f or interpreta -
ti on of the pretra nsiti onal behavi or of the nonl inear di electri c relaxati on measured
for pure polar nem ato genic 4-( t r a n s-4 0 -n -hexyl cyclohexyl )isothi ocyanato benzene,
C 6 H 1 3 -CyHx- Ph-NC S (6CHBT) [12], as wel l as for i ts soluti ons in nonpolar m edium
(b enzene) [11]. For pure nem ato genic 6CHBT [12] the tem perature dependence
of the relaxati on ti me § f or the reori entati on of pseudonemati c dom ains in the
m edium of the vi scosity ² , predi cted by the theory ,

§ ( T ) =
V Ê

e˜ ² ( T )

k ( T À T Ê )Û
(2)

repro duces the experim enta l data in a very good m anner wi th the cri ti cal exp onent
Û value close to the uni ty . V Ê

e˜ i s the e˜ecti ve vo lum e of the relaxi ng enti ty , and k

i s the Bol tzm ann constant.
It was shown [11] tha t nem ati c state coul d also be reached by increasing,

at constant tem perature, the num ber of m esogenic m olecules in the uni t volum e.
The increase can be realized by growi ng the concentra ti on of m esogenic m olecules
di ssolved in nonm esogenic solvent. In analogy to the studi es of the pretra nsi ti onal
e˜ects in pure m esogenic compounds, we found tha t the e˜ects studi ed in the
soluti ons (at constant tem perature) can be characteri zed by the vi rtua l concen-
tra ti on X Ê :

§ ( X ) =
V Ê

e˜ ² ( X )

k T ( X Ê À X ) ˜
: (3)

Here X i s the m olar fracti on of the m esogenic solute, and X Ê stands for the con-
centra ti on of the vi rtua l tra nsiti on of the second order, in analogy to T Ê in the
La ndau{ de Gennes theory , and ˜ i s the cri ti cal exp onent. It was found tha t for
the system studi ed, the value X Ê i s very close to 6CHBT concentra ti on f or whi ch
the tra nsi ti on to hom ogeneous nem ati c phase occurs [11]. These nonl inear dielec-
tri c relaxati on experim ents on 6CHBT soluti ons were extended to the benzene
soluti ons of the more polar 4,4 0 -n -hexyl cyanobiphenyl , C6 H 1 3 -Ph-Ph- CN (6CB)
in thi s paper; the dipole m oment values of the single 6CHBT and 6CB m olecules
are 3.5 D [13] and 4.9 D [14], respecti vely.

R ecent perform ed nonl inear dielectri c relaxati on studi es of soluti on of nonpo-
lar m olecules 4-n -butyl cycl ohexanecarb oxyli c acid, C4 H9 -CyHx- COOH (BCH A)
in cycl ohexane [15] create opportuni ty for thei r compari son wi th resul ts for the
soluti ons of polar molecules of 6CB. Comparati ve inv estigati ons of the pretra nsi-
ti onal e˜ects in the isotro pic phase of mesogens consi sting of the polar and non-
polar m olecules are attra cti ve for m any reasons. Fi rst of all i t should be veri Ùed
whether in both cases the interm olecular intera cti ons lead to the nem ati c phase
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thro ugh the pseudonemati c dom ains, and whether are dependent on polari ty of
the mesogenic m olecules. Besides, i t should be exam ined whether cri ti cal -l ike be-
havi ors of the nonl inear di electri c relaxati on ti me in vi cini ty of isotro pi c-nem ati c
phase tra nsiti on coul d be interpreted wi thi n the same theory . The com pari son of
the dyna m ics of the nonl inear dielectri c pro perti es occurri ng for these two ki nds
of mesogenic molecules (p olar and nonpolar) dissolved in nonpolar m edium is the
centra l goal of the present paper.

2 . E x per i m en t a l

6CB (the tra nsiti on from the nemati c to isotro pi c phase at T N I = 29 :8£ C)
wa s synthesi zed and puri Ùed at the Insti tute of Chemistry , Mi l i ta ry Uni versi ty of
T echnology, Warsaw. The puri ty of the com pound, checked by the chro mato graphy,
wa s 99.5%. Benzene wa s disti l led and stored over m olecular sievesof 4 ¡A. Fi gure 1
presents the phase diagram for the 6CB + benzene mixture.

Fig. 1. Phase diagram for 6C B + benzene mixtures. X denotes the molar fraction of

6C B. The nonlinear dielectri c spectra w ere recorded at 25
£ C . T he hatched area denotes

the isotropi c + nematic (I + N ) two- phase region.

The nonl inear di electri c m easurements were perform ed at 25£ C. In the m etho d
we used the electri c Ùeld of hi gh streng th E 0 = 1 : 1 È 1 0 7 V / m and low frequency
(85 Hz) perturb ed periodi cal ly the system and the perm itti vi t y change

Â " = " E 0
" (4)

was measured wi th a weak Ùeld E ( ! ) of high frequency. The nonl inear di electri c
data were obta ined by moni to ring the m odul ati on of the param eters of a resonant
ci rcui t induced by the appl icati on of a high Ùeld to the capacito r of the ci rcui t,
Ùlled wi th the l iqui d studi ed. An LC resonance circui t wi th exchangeable coi ls
covers the frequency range from 300 kHz to 100 MHz. The deta i ls of the metho d
and the setup used are described in [11, 16].
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3. R esul t s an d d iscu ssio n

Fi gure 2 presents the nonl inear di electri c spectra recorded for soluti ons of
6CB in benzene, at 25£ C. The dielectri c nonl ineari ty can be caused, in general, by
two m olecular phenom ena occurri ng in isotro pi c l iquids. Fi rst of al l, the Langevin
satura ti on of the di poles orienta ti on in stro ng electri c Ùelds. Thi s e˜ect leads to a
decrease in the perm i tti vi t y of l iquids. The nonl inear di electri c increm ent Â " (4)
is negati ve and is pro porti onal to the square of the Ùeld streng th E 0 . The relax-
ati on of the increment occurs in the sam e frequency region as the l inear di electri c
relaxa ti on [17]. Thi s negati ve e˜ect was observed for di luted soluti on of 6CHBT in
benzene [17, 18]. The second main phenom enon, whi ch can also cause a nonl inear-
i ty in the dependence of the polari zati on on the Ùeld streng th, occurs for system s
in whi ch the interm olecul ar intera cti ons (e.g., dipole-di pole or hydro gen bonds)

Fig. 2. Frequency dependence of the real (a) and imaginar y (b) parts of the nonlin ear

dielectri c increment measured for di ˜erent molar fractions of polar 6CB in b enzene

(Ùlled p oints) and nonp olar BC H A in cyclohexan e (op en points) [15 ] at 25
£ C, E 0 =

1 : 1 È 10
7 V /m. The solid lines corresp ond to the Debye- typ e function (5) w ith a single

relaxation time.
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lead to form ati on of aggregates wi th a compensated dipole mom ent. The stro ng
electri c Ùeld shi fts the equi l ibri um between the aggregates and the m onomers (or
other aggregates) in favor of m ore polar species. Thi s e˜ect causes an increase in
the perm i tti vi ty of the l iqui d; i .e. the increment Â " (4) is positi ve and shows the
relaxa ti on in the f requency range correspondi ng to the ki neti cs of the aggregati on
pro cess [19]. In the case of di polar m esogenic m olecul es dissolved in a nonpolar
m edium , the positi ve nonl inear increment of perm itti vi t y can be related to the ori -
enta ti onal e˜ects, forced by the stro ng electri c Ùeld upon the m olecular aggregates
| the pseudonemati c dom ains | exi sting in the isotro pi c soluti ons.

The strong electri c Ùeld appl ied to the soluti ons of polar 6CB induces an
increase in the electri c perm i tti vi ty i.e. the increm ent (4) is positi ve. The positi ve
nonl inear e˜ect increaseswhen the concentra ti on of 6CB ri sesand at the sam eti m e
the La ngevi n di electri c absorpti on becom es so signi Ùcant tha t our exp erimenta l
setup was no longer abl e to detect the nonl inear dielectri c e˜ects wi th a reasonable
preci sion for the frequenci es > 3 0 MHz. In contra ry to the soluti ons of polar
6CB, the Langevi n dielectri c absorpti on is no signiÙcant for soluti ons of nonpolar
BCHA and the com plete nonl inear dielectri c absorpti on spectra could be recorded
(Fi g. 2) [15].

As shows Fi g. 2, the values of the increment is above three orders of magni -
tude greater tha n m easured f or nonpolar BCHA. Carb oxyl ic acids have long been
kno wn to exhi bi t l iqui d crysta l l ini ty as a result of dim erizati on, where the link age
of two polar molecules by tw o hydro gen bonds leads to the cycl ic dim ers wi th
an excepti onal ly com pensated dipole m oment. The smal l strength of nonl inear
di electri c e˜ect (ND E) is caused by very small polari ty of BCHA di mers.

The exp erimenta l nonl inear di electri c spectra presented in Fi g. 2 can be
repro duced in a very good m anner by the D ebye-t yp e functi on wi th a sing le re-
laxa ti on ti me (§ ):

Â " Ê = Â " 0
À iÂ " 00 =

Â " 0

1 + i ! §
; (5)

where Â " 0 i s the streng th of the positi ve nonl inear di electri c e˜ect and ! denotes
the angul ar frequency of the m easuri ng electri c Ùeld of low intensi ty . The sol id l ines
in Fi g. 2 correspond to the best Ùt of the functi on (5). The relaxa ti on ti me shows
a cri ti cal -l ike behavi or as the concentra ti on of 6CB appro aches to the two-phase
(i sotro pic + nem ati c) region (Fi g. 3). As for the soluti ons of previ ously studi ed
6CHBT [11], one can use Eq. (3) for determ inati on of the concentra ti on X Ê of the
vi rtua l tra nsiti on of the second order. For the concentra ti on X Ê , the vi scosity to
the relaxa ti on ti me rati o is equal to zero, i rresp ective of the value of the exp onent
˜ . As seen in Fi g. 4, the dependence of ² =§ vs. m olar fracti on is qui te good l inear
and the value of X Ê obta ined from the extra polati on of ² =§ to zero, is equal
to 0.96. Thi s value of molar fracti on corresp onds to the two -phase (isotro pic +
nem ati c) reg ion of the mixture 6CB + benzene. Fi gure 5 shows tha t l inear rela ti on
of ln( ² =§ ) vs. ln( X Ê

À X ), predi cted by Eq. (3), is fulÙlled in qui te good m anner
for soluti ons of both, polar and nonpolar, compounds. The both slopes of the l ines
give for exponent ˜ the same, wi thi n the experim enta l errors, values equal to the
uni ty .

The Ùt to the La ndau{ de Gennes theo ry is good over a surpri singly wi de
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Fig. 3. Concentration dependence of the relaxation time for solutio ns of 6CB in b enzene

(Ùlled circles) and BC H A in cyclohexane (op en circles) [15] at 25
£ C . The solid lines

through the points are the Landau{de Gennes theoretical curves.

Fig. 4. Determination of the virtual molar fraction X Ê of polar 6CB + b enzene mixture

(Ùlled circles) and nonp olar BC HA + cyclohexan e mixture (op en circles) [15] .

concentra ti on range of 6CB soluti ons up to the smal lest 6CB concentra ti on, for
whi ch the positi ve nonl inear increment can be detected (0.1 m ole fracti on). The
correl ati on length, estimated sim ilarl y l ike in our recent paper [11], is about
¿ = 3 ¿0 , the value consistent wi th tha t resulti ng from Kerr measurements [7, 9].
For BCHA soluti ons the very low values of the nonl inear di electri c increment
of order of 1 0 À 6 to uch the lim it of the sensibi li ty of the experim enta l metho d
used, and m ade i t im possible for m easurem ents of BCHA concentra ti on lower tha n
0.55 m olar fracti on. The values of the Ùtti ng param eters (Â " 0 ; § ), concentra ti ons
X Ê and cri ti cal exp onents for m ost concentra ted soluti ons of 6CB, 6CHBT, and
BCHA in nonpolar solvents, are gathered in T able.

The data presented in T able leads to the fo llowing concl usions: (i ) accordi ng
to the expectati on the streng th of the positi ve nonl inear di electri c e˜ect strongly
depends on the polari ty of mesogen m olecules, (i i) the values of the concentra ti on
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Fig. 5. Determinati on of the critical exponent ˜ for the nonlinea r relaxation time de-

p endence on the 6CB concentration in benzene (Ùlled circles) and the BC H A concentra-

tion in cyclohexan e (op en circles) [15] in vicini ty of the transition isotropic{tw o-phase

(I + N ) regions.

T ABLE

V alues of the nonli near dielectric strength, nonlinear relaxation time, concen-
tration X

Ê of the virtual transition of the second order and critical exponent
˜ for solution s of 6C B, 6CH BT , and BC H A in nonp olar medium at 25£ C .

Soluti on ñ a Â " 0 § [ns] X Ê ˜

[10À 3 0 C m ]

6CB + benzene 16.3 [14] 4 3 È 1 0 À 3 24.5 0.96 1.05Ï 0 : 0 5

X = 0 : 7 9 4 b

6CHBT + benzene [11] 11.6 [13] 2 1 È 1 0 À 3 18 0.86 0 : 9 2 Ï 0 : 1 3

X = 0 : 7 6 2

BCHA + cycl ohexane [15] 0 1 9 1 0 À 6 36 0.81 1 : 0 0 0 : 1 0

X = 0 : 7 0 8

value of the dipole m oment of indi vi dual m olecule;

molar fracti on of m esogenic compound

X Ê of the vi rtua l tra nsi ti on of the second order are the concentra ti on for whi ch
hom ogeneous nemati c phase (6CHBT and BCHA) or the isotro pic and nem ati c
two -phase region (6CB) occurs, and (i i i ) the values of the cri ti cal exponent are,
wi thi n the experim ental errors, close to the uni ty , whi ch supp orts the appl icabi l it y
of m ean Ùeld theo ry [1] to the soluti ons of these three mesogenic com pounds of
di ˜erent polari ty .

W e have inv estigated the pretra nsi ti onal dyna m ics of the soluti ons of meso-
genic com pound (6CB) in nonpolar solvent (b enzene) in i ts isotro pic phase using
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the nonl inear dielectri c spectro scopy. The m ost rem ark able observati on is the iden-
ti cal concentra ti on-dependent behavi or of nonl inear relaxati on ti m e in vi cini ty of
the tra nsiti on to the nemati c phase for soluti ons of polar (6CB, 6CHBT) and non-
polar (BCHA) mesogenic com pounds. Al l three l iqui d crysta ls m ani fest the pre-
tra nsiti onal dyna m ic e˜ects, whi ch can be interpreted wi thi n the sam e Landau{ de
Gennes theo ry. In parti cular, the cri ti cal exp onent, correspondi ng to the nonl in-
ear relaxa ti on ti m e dependence on mesogen concentra ti on, has the sam e value
for al l three compounds. The m echanism of form ati on of pseudonemati c dom ains
and i ts conv ersion into nem ati c phase is independent of the polari ty of m esogenic
m olecules.These observati ons lead to the concl usion tha t the cri ti cal -l ike behavi or
of the nonl inear dielectri c relaxati on should be com mon to m any l iquid crysta ls in
the isotro pic phase near the isotro pic to nemati c phase tra nsiti on.
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