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Reorientational dynamics of the pseudonematic domains studied
with nonlinear dielectric spectroscopy
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Nonlinear dielectric spectroscopy was used for studies of the reorientational dynamics of the pseudonematic
domains in the isotropic phase of the mesogenic substance in the vicinity of the isotropic to nematic phase
transition. The results were interpreted in the frame of the Landau—de Gennes theory.
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I. INTRODUCTION voted to the isotropic to nematic phase transition, the nature
of the critical behavior in the vicinity of the transition, is not
Critical-like behavior of many physical properties of iso- properly understoog9].

tropic mesogenic liquids in the vicinity of the nematic phase The validity of the Landau—de Gennes theory has been
transition shows that the transition is not a typical first orderexperimentally confirmed in the static measurements of mag-
As the transition is associated with a small volume changaetic [10] and electric[11] birefringence, light scattering
and the latent heat, the most often is classified as a weaklylL2], nonlinear dielectric effedt7], as well as in the dynamic
first order or close to second order. The pretransitional phestudies such as molecular spin-lattice relaxafib®,14], dy-
nomena are due to the existence of a short range orientationaémic light scattering15], and optical Kerr effecf16—20.
order of the mesogenic molecules, which leads to the formaHowever, the measurements of magnetic and electric bire-
tion of pseudonematic domains in the isotropic phase. Théringence[16,21] and transient grating optical Kerr effect
size of the domains increases as the temperature of the liquid8,19 performed in a large temperature range reveal the
comes up to the nematic phase transition. The phenomenateviations from the Landau—de Gennes theory for tempera-
can be quantitatively described in terms of the intermoleculatures sufficiently highefabout 20 K thanTy, .
correlation lengthé. The Landau theory of the second order  In this paper we present the results of the studies of the
phase transition applied by de Gennes to the isotropic tdynamics of pretransitional effects in the vicinity of the iso-
nematic phase transition, leads to the following temperaturéropic to nematic phase transition performed for the first time

dependence of the correlation lengf with the nonlinear dielectric spectroscopy. A nonlinearity in
the dielectric spectroscopy is caused by applying to the stud-
L 12 ied liquid an additional static electric field of a very high
strength.
T)= 1
EM)=6) —— (1)

II. ABACKGROUND OF THE NONLINEAR DIELECTRIC

. SPECTROSCOPY
where &, is on the order of the molecular length aid

denotes the temperature of virtual transition of the second The dielectric polarizationR) of isotropic liquids placed

order. Usually the value of* is a few degrees below the in a weak electric field is proportional to the field strength

nematic to isotropic phase transition temperatirg . Ac-  (E):

cording to Eq.(1), the correlation length becomes infinite at

T*. P=go(e —1)E, 2

The peculiarity of the isotropic to nematic phase transition

consists in the fact, that an access to the region closest to thghere s,==8.85< 10" F/m and ¢ is the (relative) electric

critical point (T*) is not possible in the experiment: the tran- permittivity of the liquid. This linear relation shows that the

sition of the first order in nature occurs at the temperaturdermittivity & of isotropic liquid, determined as

Tni» @ few degrees higher that*. As a consequence, the

determination of the critical exponents must be performed £

with the use of some extrapolations, which, as a rule, lead to JE

the diversity in final results obtained by different authors. It

is probably one of the reasons that, despite of the numerowboes not depend on the electric field stren@ig. 1). For the

papers both theoreticdk—4] and experimental5—8] de-  frequency-dependent fields, the polarization shows a relax-
ation in the frequency region depending on molecular dy-
namics of the system studied. The linear dielectric spectros-

*Electronic address: jadzyn@ifmpan.poznan.pl copy is one of the principal methods for investigation of the

=go(e—1), ()
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FIG. 1. Strong electric fieldE, causes a nonlinearity in the
dielectric polarization vs field strength dependence. The nonlinear-
ity can lead to an increadgpositive effect or to a decreasénega-
tive effecy of the permittivity measured by ac fieH(w) of low
intensity.

10° A¢",

molecular dynamics in liquids and liquid crystals. The mo-
lecular interpretation of the experimental results is based on
the Smoluchowski-Debye model of rotational diffusion of 10° A¢'
the dipoles in liquidg22,23. -

Electric fields of high intensity (10V/m, or highej ap- FIG. 2. Nonlinear dielectric relaxation spectra and nonlin-
plied to polar liquids cause a deviation from the linear de-ear Cole-Cole plotb) for the Langevin dipolar saturation effect in
pendencgl), as sketched in Fig. 1. In the experiment onestrong electric field Eq=1.1X 10’ V/m) recorded for a diluted so-
determines the nonlinear dielectric incremeént, which is  lution of 6CHBT in benzen€l% mol. fr) at 25°C[29]. Solid lines
defined as a difference between the permittivity measured bepresent the Coffey-Kielich theof$1,32.
an a.c. electric field of small amplitudg w) in the presence

(SEO) and in the absences] of a biasing fieldE, of high hydrogen bondslead to the formation of aggregates suscep-

tible to the electric field. The susceptibility may denote here
strength: many effects, but the most important for nonmesogenic, iso-
tropic liquids is the shift of the equilibrium between the ag-
Ae=eg —e. (4) gregates and the free molecules. Of course, the shift can be
induced by an electric field in case of the different polarity of
The dielectric nonlinearity can be caused, in general, bythe both side partners of the equilibrium. A classical example
two molecular phenomena occurring in isotropic liquids. of such a kind of equilibrium is the cyclic dimerization of the
First of all, it is the LangevirL) saturation of the orientation carboxylic acids or lactams leading to practically nonpolar
of the dipoles forced by the strong electric field. The effectdimers. Then a strong electric field shifts the equilibrium
leads to a decrease of the permittivity of polar liquid, i.e., thehetween monomers and dimersj2=A,), in favor of more
incrementA e is negative. The value afe is proportional  polar speciesmonomers It gives an increase of the permit-
to the square of,. The increment shows the relaxation tivity, i.e., the field induced incremeri®) is positive. The
(nonlinear orientational dielectric relaxatioin the same fre- increment measured with an ac electric fi@lflw) of low
quency region as for the linear dielectric relaxatjanleast  strength shows the relaxation in the frequency region corre-
for small values of the dipolar energy.E) to the thermal  sponding to the kinetics of the “chemical reactions” occur-
energy KT) ratio[24]], and can be presented in the complexring in the system studied. Up to now, the nonlinear dielec-

form tric spectroscopy was mainly used for studies of the kinetics
_ of the reactions of type of dimerizatiq@5,26| or the multi-
Aef(w)=Ag|(w)—iAe](w), (5  molecular aggregationi27,28 due to the hydrogen bonds
formation.
whereAe| andAe| stand for the real and imaginary parts of ~ The Langevin saturation phenomenon can be investigated
the nonlinear dielectric increment, respectively. for the noninteracting dipolar systems. Only one efficient

The Langevin dielectric saturation occurs always when avay for the reduction of dipole-dipole interactions in liquids
dipolar liquid is placed in a strong electric field. However, is known: it is the dilution of a dipolar substance in nonpolar
the studies of the effect or even its recording in a neat-state imedium. Unfortunately, a decrease of the dipole number in
hard to perform because of the second molecular phenomhe unit volume leads simultaneously to a decrease of the
enon causing a nonlinearity of the dielectric properties ofmeasured signal amplitude.
dipolar liquids. The phenomenon concerns the liquids in Figure 2 presents the nonlinear dielectric relaxation spec-
which the intermolecular interactioris.g., dipole-dipole or trum obtained for diluted solutioi1% in molar fraction
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of  4-(trans4'-n-hexylcyclohexyl isothiocyanatobenzene 2
(6CHBT) in benzene[29]. It is a mesogenic compound
which is the subject of our studies in a pyreotropig state
presented in the next parts of the paper. The concentration of
dipoles in the experiment presented in Fig. 2 was the com-
promise between the effectiveness of the dipole-dipole inter-
action reduction and the limit of the measuring apparatus
sensitivity. The results presented in Fig. 2 and those pre-
sented in our papel®9,30 have shown that the nonlinear
dielectric spectra recorded for sufficiently diluted dipolar so-
lutions are well reproduced by the theory of Coffeyal.

[31], Kielich et al. [32], and Dejardin and Kalmyko{33—

35], which were formulated for noninteracting dipolar sys-
tems.

As a number of dipolar molecules in the unit volume in-
creases, the intermolecular interactions in a larger and larger
extent determine the structure and dynamic properties of lig-
uids. In pure mesogenic liquids the interactions are so effec-
tive that even in the isotropic phase can lead to a high degree
of local order, which persists for an extended time period.
The effect manifests itself most of all in the vicinity of the
transition to the nematic phase in the form of the pseudone-
matic domains. The dynamics of these entities is the subject Frequency (MHz)
of the present paper.

10° A¢'

10° Ag"

FIG. 3. Frequency dependence of the ri@gland imaginary(b)
parts of the nonlinear dielectric increment measured in the isotropic
11l. EXPERIMENT phase of 6CHBT in the vicinity of the isotropic to nematic phase

) ] transition. The solid lines correspond to the Debye-type func¢son
4 -(trans4’ - n - hexylcyclohexylisothiocyanatobenzene, with a single relaxation time.

CgH13 CyHx Ph NCS, 6CHBTmelting point=285.6 K, the
transition from the nematic to isotropic phase &,  ecules. Secondly, the frequency dependence of the increment
=316.X) was synthesized and purified at the Institute ofcan be perfectly described by a simple Debye-type function
Chemistry, Military University of Technology, Warsaw. The with a single relaxation time):
purity of the compound, checked by the chromatography,
was 99.5%. Agl

The measurements of the nonlinear dielectric effect in the Ae*=Ae'—ide"= 15—, (6)
frequency domain were performed with the precise equip-
ment designed at the University of Leuven, Belgi{25].

In the method used the electric field of high strenBth
and low frequency85 Hz) perturbs periodically the system

and the permittivity is measured with a weak fi&fw) of increment Qs”) vs the real part&s') has a form of the
high frequency. The nonlinear dielectric data are obtained b%emicircle with the center placed on the”=0 axis. Figure

monitoring the modulation .Of t_he parameters of a resonarj presents the plots for two temperatures: close to the tran-
circuit induced by the application of a high field to the ca-

pacitor of the circuit, filled with the liquid studied. An LC
resonance circuit with exchangeable coils covers the fre-
guency range from 1 to 100 MHz. The details of the method
and the set up used are described in R25).

The viscosity was measured with a Haake RV20 rota-
tional viscometer. The details were described in Ref].

where Ae? is the strength of the nonlinear dielectric effect
and w is the angular frequency of the probing fididw).
Consequently, the Cole-Cole plot of the imaginary part of the

IV. RESULTS AND DISCUSSION

Figure 3 presents the nonlinear dielectric spectra recorded 0.0 05 1.0 15
in the isotropic phase of 6CHBT within the temperature 3.,
range of about 15 K from the transition to the nematic phase. 10" A¢
Two features of the spectra seem to be important. First of all, FIG. 4. Cole-Cole plots for the complex nonlinear dielectric
the field-induced dielectric incremei) is positive and it  increment recorded in the isotropic phase of 6CHBT at the tempera-
relaxes in the frequency range essentially lower than thaire close(317 K) and far (329.5 K) from the transition to the
corresponding to the reorientational motions of 6CHBT mol-nematic phase.
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FIG. 5. Temperature dependence of the relaxation time corre- f|G. 7. An extrapolation procedure for the determination of the
sponding to the best fitting of E¢6) to the experimental nonlinear ;ryyal temperaturd™* for mesogenic 6CHBT.
dielectric spectra.

- ) tively interpreted in the frame of the Landau—de Gennes
sition to the nematic phase of 6CHBT and far from the tranheory, which predicts the following temperature dependence

sition. o . of the relaxation time for the reorientation of the pseudone-
The values of the relaxation time resulting from the bestyatic domains in the medium of the viscosify

fitting of Eq. (6) to the experimental nonlinear dielectric

spectra are depicted in Fig. 5 as a function of temperature. VE (T)

Both the values of the relaxation tingeens of nanosecongs (T)= e“—,

and the temperature dependence suggest that the nonlinear kK(T-T*)”

dielectric spectra recorded in the mesogenic 6CHBT reflect

the dynamics of the pseudonematic domains as a whole. ThehereVg, denotes the constant connected with the effective

suggestion is based on the results obtained up to now witkolume of the rotating entity37,3§ andk is the Boltzmann

the different experimental methods used for studies of th€onstant. The mean field thedry] predicts for the exponent

dynamics of the prenematic effects in isotropic liquidsy the value close to the unity.

[16,11,18. Figure 6 present the temperature dependence of the shear
The local order in the isotropic phase of mesogenic lig-viscosity measured in the isotropic and nematic phase of

uids is a consequence of the substantial anisotropy in theCHBT. A sharp decrease of the viscosity observed at the

intermolecular interactions leading to the molecular self-isotropic to nematic phase transition is due to the flow align-

organization in the nematic phase and still existing in thement effect occurring in a flow of the nematic liquid crystals

isotropic phase. The molecular ordering within the pseudonewithout external ordering forcd$6].

matic domains can be expressed by the local order parameter According to Eq.(7), at the virtual temperaturé*, the

S =(3 cog0®—1)/2, where® is the angle between the long Viscosity to the relaxation time ratio is equal to zero, irre-

molecular axis and the local director. However, due to a ranspective of the value of the exponent As shown in Fig. 7,

dom distribution of the domains directors, the resultant macT* found in this way is equal to 313.5 K. The difference

roscopic order paramet&in the isotropic phase is equal to Ty,—T* is equal to 2.7 K for 6CHBT, which is a typical

zero. The static electric field of a high intensify moves the  value obtained for other mesogenic compounds with the use

macroscopic system away from the st&te0, what gives a  of different experimental method46,11,1§.

positive change in the electric permittivity. The return of the  Finally, with the known value off* one can determine

system to the random state, measured with a weak electritie exponenty in Eq. (7). Figure 8 shows that predicted in

field of high frequencyE(w), provides the data on the dy- the Landau—de Gennes theory linear relation oflr) vs

namics of the phenomenon.

Y

The results obtained in our experiment can be quantita- 1.0
y=0.98 £ 0.02
] 0.5
144 N
7 5 S
s oy E 0.0
1 '®,
T 12 o ., £
IS 10 N : . -0.54
CRTT I ° 1.0 . - -
8- : 1.0 15 2.0 2.5 3.0
: — In(T-T*)

310 315 320 325 330
T (K) FIG. 8. According to Eq(7) the In(/7) vs In(T—T*) depen-
dence should be linear; the slope of the line is equal to the critical
FIG. 6. Shear viscosity of 6CHBT as a function of temperature.exponenty value.
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In(T—T*) is very good fulfilled in our nonlinear dielectric lar, the critical exponeny, the value of which is very close
experiment. The slope of the line gives for the expongnt to the unity, independently on the experimental method used.
the value 0.9&0.02, which, as mentioned above, is pre-
dicted by the mean field theory.

In conclusion, it should be stressed that the picture of the
dynamics of the orientational randomization of the pseud- . ) )
onematic domains in the isotropic liquids, which results from  This work was supported by the Polish Research Project
the analysis of the nonlinear dielectric spectra of 6CHBT, isN0. 2PO3B 032 18 coordinated by the Committee for Scien-
in a good agreement with that resulting from the experimentific Research(KBN) and by the Fonds voor Wetenschap-
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