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Phase transitions from the isotropic liquid to liquid crystalline mesophases studied by linear
and nonlinear static dielectric permittivity
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Results of studies of static dielectric permittivify) and nonlinear dielectric effe¢NDE) in the isotropic
phase of 4a-4'-isothiocyanatobiphenylnBT) homologous series from= 2 to n= 10 exhibiting the isotropic-
smecticE (I-SmE) transition, are presented. They are compared with results of similar studies in 4-cyano-4-
n-alkylbiphenyls 6CB) fromn=4 ton=12. In this homologous series isotropic-nematid\) and isotropic-
smecticA (I-Sm-A) transitions take place. Despite significant differences betwéeBm-A, and SmE
phases the same pretransitional behaviot ahd NDE in the isotropic phase, described by critical exponents
v=1 and a=0.5, was found. It has been shown that when the length of the alkyl chain of a compound
increases the discontinuity of the transition dropsiBTT and rises imCB. The influence of pressure on the
discontinuity is also discussed.

PACS numbse(s): 64.70.Md, 64.30t+t, 77.22.Ch

INTRODUCTION fluctuations was possible due to recent studies of 5CB and
MBBA by the transient grating Kerr effe¢82—34, isother-
Despite several decades of studies there is still a limitednal nonlinear dielectric effect studies in 7CB-benzene solu-
knowledge concerning properties of phase transitions frontion [35], and the NDE and dielectric permittivity fluidlike
the isotropic liquid to liquid crystalline mesophadds-9). analysis in several nematogenic and smectogeniCB)
Liquid crystalline phases are an intermediate state of mattdi36—42. For the latter it was shown that for the “static”
between the liquid and the solid crystal and hence the weaklgneasurement frequen¢$7,39
discontinuous character of this transition is not surprising.

The phenomenological, mean field Landau—de Gennes e(M)=e*+b(T-T*)+B(T-T*)1 3, 2
(LdG) model made a quantitative estimation of this discon-

tinuity possible[1-3]. It enabled the parameterization of Alpe 230 (Ae0)?

strong pretransitional anomalies of susceptibility related ENDE= O m x(AM?) y, 3

properties as the Kerr effe@KE), the Cotton-Mouton effect
(CME) and the intensity of the scattered light Y on ap-

proaching the isotropic-nemati¢-(N) transition[1—22: where Eype is the measure of NDEA\pe, b, B are ampli-

tudes,a is the constant amplitude of the second rank term in
the LdG expansion of the free energyzs° is the molecular
anisotropy of dielectric permittivity in the zero frequency
limit, (AM?), is the mean of the square of the order param-
where &, Eove, &, are experimental measures of KE, eter fluctuationsy o (T—T*) ' denotes the susceptibility,
CME, andl, respectivelyT* denotes the extrapolated, tem- is the critical exponent of the specific heat: in this case
perature of hypothetical continuous phase transitibn,is ~ ~0.5 was found. Relation$2) and (3) are valid for the
the clearing temperature. “static” conditions: f r<1 andf r,,<<1 wheref is the NDE
The obtained values of discontinuity of theN transition =~ measurement frequency,is the relaxation time of pretran-
range from 0.7-2 K1-3,9-22 whereas mean-field based sitional processes andl, is the molecular relaxation time of
models point to a much stronger discontinuity witiT ~ rodlike molecules.
=7.6—26K[3,9,23—25. The mean-field approximatiof6] These equations are similar to those applied in the isotro-
does not predict pretransitional anomalies of a specific heaﬁlC phase of critical solutiong37,39,43. The reciprocal of
and density which are weak but detectable in experiment§ype(T) was found to be linear up ®,~T+ 38K, with no
[6,26—28. Only recently, an essential breakthrough in thisdistortions in the immediate vicinity ofc [39]. The value of
long-standing puzzle due to the introduction of the fluidlike T, agrees with the temperature at which prenematic fluctua-
critical description was possible. Assuming that the nematit¢ions cease to exi$82—34. Concerning dielectric permittiv-
clearing point lies on a branch of a hypothetical coexistencéty equation(2) was found to be valid even 100 K froif
curve and applying the fluidlike scaling equation of state[39]. It is worth noticing that in KE, CME, ofl studies,
Mukherjeeet al. obtainedAT=1-3 K[9,29-31. experimental data describing relatigth) are valid in the
Significant insight into properties of the complex structurerange 5-10 K fromT only, with small distortions in its
of the isotropic liquid phase strongly penetrated by nematiémmediate vicinity{1-20]. Furthermore additional, empirical

Exe Eomp & o T=T*, T>Te=T*+AT, (1
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background terms had to be introduced into the analysis. = °
Studies of KE, |, and CME in smectogenic materials 0.026 .

yielded more ambiguous resulf§,12,14—17. The simple 06 | Rooz Te

behavior given by Eq(1l) was found here to be valid only 05 _;‘0'015 v e

remote from the smectic clearing point. In its vicinity pre- Nfc_‘ g ".‘.A IR AN 2BT
transitional effects exhibit small distortions strongly bend 5 o, L2 %[ &7 *ee

down, bend up or remain constant. To the best of the author®y

knowledge there is no suscessfull theoretical description ol= o3
pretransitional effect beyond the-N transition. For the ~.2
[-SmA some attempts were made by applying the perturba- 02}
tion theory to the Landau—de Gennes mofdgl However,

the obtained relation only portraye”x,iLl(T) experimental re- o1 ;
sults where the mentioned discrepancies from relgtipare 0.0 LL2 N ST S T
relatively small[6]. It should be noted that such an analysis 40 50 60 70 80 90 100

significantly increases the number of fitted parameters. Re- T (C)
fr?gltlz,slr\r/l]ljﬂl\(rtlgjrlesﬁf)gl.;Eift]ici?gme?ergs\te?;ﬁ‘;;:acg{fes gg F_IG. 1. Reciprocals of_ measured static I\!DE_ values in t_he iso-
. L ! . 2 ; tropic phase of 2BT. The inset shows the derivative of experimental
discontinuity can b?_ obtained W'th'_n a sm_1p|§ L_dG mOdel'data from the main part of the figure. The solid arrows point to the
When phase transitions from the isotropic liquid t0 moregiscontinuous —Sm-E phase transition. The dashed arrow shows
complex mesophases are considered worth mentioning ipe extrapolated temperature of a hypothetical continuous phase
also recent analysis of the topology of thé\ transitions in  transition. The value of the discontinuity is given in the figure.
biaxial nematicqd45]. Particularly noteworthy is recent re-
analyses of the LdG model by Naneli al. [46]. Paying at-  measurement involves application of two electric fields: the
tention to the identification of the order parameter for theweak, measuring field f 400 kHz andU pea peaic 1.5 V)
|-Sm-A transition and to the proper renormalization of and a strong steady field in the form of pulses of duration
terms in the LdG series they obtained a simple Curie-Weisat,=8 ms with voltage from 200 to 1200 V. At each mea-
type relation dependence: surement point the conditionsF«E? was fulfilled. For the
chosen frequency of the measuring field the mentioned
Y= ——, (4) ~ above "static” condition was always satisfied, manifested in
T-T* the lack of discrepancies from relati@8) in the vicinity of
. Tc [36—42. The strong electric field changed the capaci-
"tance of the measurement capacitor of the samplélbyL0
fF). These changes were registered with three-digit resolu-
tion. Dielectric permittivity was measured usisSQLARTRON
1260impedance analyzer with 1000 periods averaging giving
a five-digit accuracy. The measurement frequencies

the renormalized free energy expansion.

Particularly interesting in Refl46] is the possibility of
calculating the value oAT for the |-Sm-A transition. For
12CB AT=6.78 K was obtained which is in a very good

agreement withAT~6.4K obtained from statidlow fre- —1-10KH . e
| L, =1- z was placed on the out of dispersion “static pla-
quency NDE tests[36]. The models mentioned above did teau” [5] frequency increase the dispersion processes were

not pred_ict an gnomaly of the specific hgat related prOpertieaetectable fof >300 kHz. On the other hand low frequency
in the isotropic phase of smectogenic compounds. Th?’onic polarization was significant below 200 Hz. The sample
Was placed in specially designed capacitors, with gap
=0.3mm andC,=6.6 pF, made from Invar. The capacitor
contained 0.3 crhof the sample. In pressure studies the
pressure was transmitted to the sample by deformation of 50
mm Teflon film, so the sample was always isolated from the
medium exerting pressurgilicon oil). The pressure cham-

g . ber and the capacitor for tests under atmospheric pressure
phase takes plag¢@]. Apart from the pretransitional behavior was surroundedpby a special jacket fed from FI):P 45 FI)-|D Ju-

in the isotropic phasfe the de.pendenmeé'b(n), AT_(n) In labo thermostat with external circulation. It made the stabi-
the homologous series are discussed. In 5BT the |nfluence<ﬁ tion and changes in temperatute 0.01 K in a wide

pressure on mentioned parameters was tested. The obtain ge of temperatures possible. Temperature was measured

results are compared with those for theN and I -Sm-A by a means a miniature platinum resistdiN 43 260 using

transitions inf 4'Syjno'm'_"’“1k2y Ibiprlme(;l_y Is 0CB) hom:)Io- Keithley 195 multimeter. Data were analyzed by means of
gous series, fon=4 to n=12, including recent results on 5 5 oeiG software.

pressure studigs86-42,48.

but it was too weak for a numerical analy$g.

This paper shows results of studies of “linea¢®) and
“nonlinear” (NDE) static dielectric permittivity in the ho-
mologous series of #-4'-isothiocyanatobiphenyl nBT)
[47] for n=2-10. For all compounds only the transition
from the isotropic liquid to the “soft crystal” smecti&

EXPERIMENT RESULTS AND DISCUSSION

Figure 1 and 2 show inverses of measured NDE values for
The measurement set up applied in these studies is thwo “boundary” compounds in the testetBT homologous
same as in the author’s previous wofB§—42. The detailed series: 2BT and 10BT. It can be seen that dependeii2jes
description of the NDE apparatus is given in HéR]. NDE  and(3) portray the NDE behavior in the large range of tem-
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TABLE I. Values of parameters determined in NDE measure-
6 o1 . ments in the isotropic phase of compounds froBIT homologous
iﬁmz o, . series. The temperature of the hypothetical continuous transition is
Brlonf *ty . equal toT* =T.—AT.
N 5 0.10 o <
aQ o 0.10f A
£ al ¢ . n AT (K T.(°C Alpe (1078m2yv 2
£ T oo T 0BT (K) ¢ (°0) noe ( )
'-9 sl 70 80 - ggc)mo 110 2 41 83.8 90
~ 3 33 88.5 7
T 4 29 81.3 64
W 5 25 73.1 55
AT=55K
L 6 21.5 73.2 42
7 16 69.5 30
0 1 L ) 8 12 69.5 27
60 70 80 90 100 110 9 9.2 66.8 14
T (C) 10 5.5 65.0 10
FIG. 2. Reciprocals of measured static NDE values on ap-
roachin h in the isotropic ph f 10BT. The in
proaching Sr& phase in the isotropic phase of 10 e inset AT(n)=51.1-5.91n(1—0.0231) °C (5)

shows the derivative of experimental data from the main part of the

figure. The bottom inset shows that the NDE amplitude changes in a

peratures fromTe=T,_gmg to T,~T*+60K. The latter Similar way asAT(n):

temperature, which may be identified as the limit of exis- T _ 16212

tence of pretransitional fluctuations, is clearly visible for the Anpe(N)=119-15.5(1-0.03n) X 10" "m=V=  (6)

differential analysis shown on insets. The valudgin nBT _ ) )

is approximately the same for all testeBT. It is notewor-  Taking relation(3) into account one may suppose tigye

thy that in thenCB seriesT* — T,~38 K [39]. reflects the change of the susceptibility amplitude. The upper
In 10 BT the discontinuity is equal to aboafT~5.4K  inset shows the experimental dependenceTe{n) and

whereas in 2BTAT=41K. To the best of the authors T°(n). The SmE clearing temperature exhibits a well-

knowledge the latter value is the largest valueAdt ever ~known odd-even effedB,5,7,8. Itis also clearly visible for

detected in studies of liquid crystalline materials. Values ofT * (n) estimated in NDE studies. This effect definitely does

AT(n) for all testednBT compounds determined from NDE Not appear foAT. Result of fitting for data from Fig. 3 are

studies are shown in Fig. 3. A systematic decrease of thigollected in Table I.

parameter with the rise of the number of carbon atoms in the Figure 4 shows that the static dielectric permittivity ex-

alkyl chain can be approximated by an almost linear funchibits a pretransitional behavior analogous to that discussed

tion: in the introductionrelation (2)]:

i) 7% &(T)=6.565.0,03~0.018. 9,001 T—60.16. 1)

40 | 40

I ] +0.11, o 0d T—60.16%42=093  for 10BT, (7)
35 -35

1 60 70 80 90 100
30| 30 T T T T — T T T
< 5| ’ 25 o 10BT
~ 20 F - 20 6.7 A 9BT
< [ 100 4 =
15 |80 415 hed
-eE 60 = 9 ‘E‘
10 240 <10 =
S20 T £ 66}
51, e @
L 2 83 45 6 7 8 91011 4 (=%
n-BT
0 1 1 1 1 1 1 ) ! 1 1 0 0
1 2 3 4 5 6 7 8 9 10 1 12 5
nBT 3B o5k
s |
FIG. 3. Values of discontinuities df-Sm-E transition in the i T T T
nBT homologous series obtained from the NDE studies. The bot- i N . . .
tom inset shows the experimental dependence of the NDE ampli- 60 70 80 90 100
tude in thenBT series. Solid line portrays relatios) and(6). The T (0

upper inset presents the evolution of clearing temperatufes (

circles and temperatures of hypothetical continuous phase transi- FIG. 4. The temperature dependence of dielectric permittivity in
tions (T*, squares Solid points and open point are for even and the isotropic phase of 10BTAT~5.5K) and 9BT AT~9.2K).
oddnBT compounds, respectively. Solid and dotted lines are only ar'he inset shows results of differential of experimental data from the
guide for the eyes. main part of the figure.
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FIG. 5. Isothermal, pressure behavior of the inverse of measured FIG. 6. The scaling behavior of NDE pretransitional effect for

NDE values in the isotropic phase of 5BT. The inset shows theyressure and temperature paths of approaching the line of virtual
pretransitional behavior for temperature studies under atmospherigitical points (T*,P*) in 5BT for data from Fig. 5. The

pressure. The solid arrows show positions ofESnlearing points  inset shows the behaviof.(P) and T*(P) obtained in NDE
(T¢.Pc). The intersection of solid lines with the abscissa determinestydies. Solid lines parametrize equation&(P)=(73.25.,
the parameters ofR*, T*). +0.232. 0019 P and T* (P) = (56.1. 1 ,+0.295, 4 50 P.

&(T)=6.53.0,0870.018.0,00A T—56.6+0.12. ¢ havior may be related to the fact that the increase of pressure
X (T—56.6%4*0  for 9 BT, ®) will mainly shift molecules along the direction of the local
director, showing the preferred orientational ordering of rod-
For thenBT compounds with smaller number of carbon at- like molecule. This may finally destroy the wstructure
oms of the alkyl chairin) this anomaly disappears due to the @nd cause the appearance of a “well packed” and strongly
increase of the discontinuity of the transition. Even for 9BTOrdered nematic structure. Such an evolution narrows the
the fit was possible only if the value @™ was taken from distance between symmetries of the mesophase and the iso-
the fit of the NDE measurements. Noteworthy is the fact thatropic liquid which should initially decrease the discontinuity
experimental data are portrayed by relati@hin the whole  ©f the transition. The resulting appearance of the pressure-
tested range of temperatures. The inset in Fig. 4 presentgduced nematic phase and the isotropic—nematic—smactic-
results of differential analysis of(T) experimental data, {riple point has been yet reporting for smectogenic com-
which do not reveal any distortions from relatio(® and ~ Pounds(52]. . _
(9). The result of this analysis is plotted in the inset in theFigure 5 show inverses of measured NDE for isothermic,
form which clearly confirms the validity of these equationsPressure studies in the isotropic phase of 5BT. The tempera-
with exponenta~0.5. It should be noted that the depen-_ture b.eha.vlor undgr atmosph.e.rlc pressure is presentg—:-d in the
dence ofde/dTeccpe (T—T*) ™2, wherec, is the specific inset in Fig. 6. It is cIearIy_ V|S|_ble th_at pressure studies the
heat, was first proposed by Mistura for the anomaly of di-Pressure analogue of relati¢g) is valid:
electric permittivity in the homogeneous phase of critical,
binary solutiond50]. As mentioned before the same behav- AEIDE
ior of dielectric permittivity was found for the static dielec- Enpe(P)= P_p P<Pc+AP. (9)
tric permittivity in the isotropic phase on approaching the
nematic phase. It can be related to the cancellation of perma-
nent dipole moments, positioned along rodlike moleculesThe inset in Fig. 7 shows that on approaching theESiear-
which are contained in prenematic fluctuations. The fact thaing point in 5BT pressure initially reduces the discontinuity
the same pretransitional behavior was obtained on approachf the transition as in the case of tthe Sm-A transition
ing the nematid36—41,48 and the SmA phase[43] and  [41,42. Similarly to the case adf-N andl—Sm-A transitions
now the SmE phase may mean that the same mechanisnTc andT* increases with rising pressure. The main part of
may be valid in all these cases. Fig. 7 shows that temperature and pressure NDE pretransi-
When discussing the properties of the discontinuity of thetional effects can be superposed into a one scaling curve due
transition the influence of pressure is worth noticing. For thego the transformation of temperature scale into the pressure
I-N transition an increase af T(P) with rising pressure was scale via
found[39,41], in agreement with theoretical predictiofisl].
Only recently first studies of this type were conducted for the dT*\ 1
|-Sm-A transition[41,42. It has been found thah T(P) T—T*—>P*—P=(F) (T—=T%). (10
first  decreases from AT(0.1MPaFE6.4MPa to
AT(125MPa}=3.2K in 12 CB and fromAT(0.1 MPa)
=42KtoAT(54MPa)=2 K in 10 CB[42]. Next a strong The appearance of the single, scaling line may be treated as
increase ofAT(P) with rising pressure was found. This be- the consequence of the Ehrenfest-type relation
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TABLE Il. Values of parameters determined in NDE measure-
T eor I-SmA ments in the isotropic phase of compounds fre@B homologous
ol &% series. The temperature of the hypothetical continuous transition is
| - a0 equal toT*=T.—AT. For 10CB and 12CB the upper value 5T
sk a0 is for temperature studies under atmospheric pressure. The lower
] wol value of AT is the minimum one found in pressure studies.
4}
S ST g n ATK)  Te(O  Alpe (107 °m?v-?)
aer 4 05 16.5 180
2t 5 0.8 35.3 150
6 11 29.0 130
1 1-N nCB I 7 1.3 42.8 113
[ 8 1.6 40.5 92
0 1 ] 1 1 1 1 1 1 [ 1
2 3 4 5 6 7 8 9 10 1 12 9 2.7 49.5 81
nCB 10 4.2 50.5 69
FIG. 7. The evolution of the discontinuity of theN and 2
I-Sm-A transitions innCB homologous series obtained in static, 56 575 60
low-frequency, NDE studies. Open points are for temperature stud- 12 6.4 58.5 52
ies under atmospheric press(iB6—41,48 and solid points denote 3.1
the smallestAT values obtained in pressure studies of 10CB and
12CB[42].
CONCLUSIONS
_AEDEz X_gz (dVIdP)r_7x _ ar _ dT* (11) The main difference between results obtained rf&T
Awbe Xo (dVIdT)p_p« dP*  dP’ and nCB series is the behavior of the discontinuity of the

transition in the homologous series. It seems that im@GB

Its validity was previously shown for theN transition[39].  series the orientational ordering of the nematic phase in-

In the opinion of the authors it would be interesting to creases with the rise of the total length of the rodlike mol-
compare the above results with similar results for other hoecule. Hence, the distance between symmetries of the isotro-
mologous series. This is possible ful€B homologous series pic liquid and the following mesophase also increases giving
basing on static NDE studies. Figure 7 shows thg(n) the AT(n) dependence presented in Fig. 7.
dependence for all compounds fram=4 to n=12, collect- The SmE phase, appearing inBT, is often called “soft
ing results from refs[36—44, [48]. For n=4 there is a smectic crystal” and is located between the solid crystal
monotropicl -N transition and the sample crystallized before state and the “ordinary” liquid crystalline mesophag&s$.
reachingT¢ [48] and its value was taken from catalog dataApart from the smectic layer structure, the Srphase ad-
[53]. The discontinuity of isotropic-mesophase transitionsgitionally exhibits a strong herringbone arrgg8j. The well-
(AT) increases with the rise of parameter This depen- packed structure may cause that the only flexible part of the
dence follows two different straight lines for smectogenicglecyle is the alkyl chain. Hence, the increase of the length
and nematogeniaCB. Noteworthy is the decrease &T o this chain may decrease the level of the Snarrange-
whose extrapolated value reaches approximately zero fQfont  consequently, the distance between symmetries of
2CB. Unfortune}tely, n Z*CB the sample crystallizes 60 KSm-E and| phases increases giving the obtained evolution
above hypothetical (~T~). For 10CB and 12CB there are of AT(n). It is interesting that despite the different depen-

two values for e.acmT' The smaller vqlues are_the mini- dence ofAT(n) in nCB andnBT series the hydrostatic pres-
mum ones obtained in pressure studies mentioned above

[42]. Within the limit of experimental error they are located sure seerr;s to |Influence th'(‘;‘ pgramete(; 'R a s]imllar \Zay' Ex-
on the extrapolated line describing the nematogenic co perimental results presente. above an t ato FE%S- 3
pounds. This behavior supports the mentioned hypothes 48] show that the pretransitional behavior of “linear” and

formulated in Ref.[42] that pressure destroys the Shn- “nonlinear” dielectric permit_tiyity Is anglogous to theN,
phase and the transition from the isotropic liquid to We”!—Sm-A, and|—SmE transitions. Particularly noteworthy

- _1
packed, high pressure nematic appears. The inset in Fig. ' the evidence for exponent=1 anda =3 for thel -Sm+£

shows the well-known odd-even dependenceTg(n) and t.ra.nsition. It poses the qqe;tion cpn_cerning the.range of va-
the similar evolution off* (n) from NDE studies. The odd- lIdity_of the mentioned critical, fluidlike descriptiof8,29—
even effect does not appear £ (n) dependence. Al data 31,37,'39 also for phase transitions from the isotropic to
shown in Fig. 7 are collected in Table Il. The table alsoSMmectic mesophases.

contains values of the NDE pretransitional amplitudes. Its

evolution is similar to that found imBT, i.e., Alpe de-

creases with the rise of the parameter ACKNOWLEDGMENTS
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