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Dielectric spectroscopy was used in an investigation of equilibrium and kinetic properties of polar 
liquid crystals in micropores (with a pore radius up to 65 A)  and macropores ( 1000 A)  in silicate 
matrices. The thickness of a layer with polar ordering ( 1 ~  100 A),  the total surface energy of the 
interaction between molecules and the substrates (Po z lo2 erg/cm2), and the anisotropic part of 
this energy ( W.= 1 erg/cm2) representing the energy of adhesion of a nematic liquid crystal to the 
pore wall are calculated. A soft mode exhibiting critical slowing down (relaxation time r ) ,  absent 
in the case of a nematic liquid crystal in the free state, was observed for the first time in 
micropores. The critical exponent of the dependence r( T, - T )  was found to be unity. 

1. INTRODUCTION 

Physical properties of liquids and solids in small pores 
are attracting major attention of theoreticians and experi- 
mentalists. This is due to the fact that these properties can 
provide clear information on the surface and size effects in 
the condensed state of matter. 

Characteristics of physical properties of pores in var- 
ious sizes and shapes have already been investigated for 3He 
and 4He (Refs. 1-3), while 3He is the only material for 
which not only equilibrium but also relaxation properties 
have been studied. The influence of the pore surface gives 
rise to surface relaxation processes in solid and liquid phases 
of 3He (Refs. 2 and 3) of the kind absent in the free state. 

The differences between the surface and bulk properties 
as well as the size effects are manifested most strikingly in 
the case ofnematic liquid crystals. This is due to the fact that 
such liquid crystals are "soft" systems because the energy 
responsible for the long-range orientational order is fairly 
small.4 It follows that the substrates between which a layer 
of a nematic liquid crystal is confined can exert their influ- 
ence on the liquid crystal to distances Lo which may reach 
several thousands of angstroms.495 It is clear from the above 
discussion that investigations of nematic liquid crystals in 
pores of size less than Lo should, in principle, provide infor- 
mation on the surface properties of these liquid crystals. It is 
at distances of the order of Lo from the surface of the sub- 
strate that the equilibrium properties of nematic liquid crys- 
tals (for example, the order parameter5) differ from the bulk 
properties. However, the influence of the substrate on the 
orientational mobility of liquid crystal molecules and the 
distance at which such an influence is still manifested have 
not yet been investigated. 

There is a fundamental problem, which is also of practi- 
cal importance, of the energy Wof adhesion of a liquid crys- 
tal to a solid substrate. An estimate of W obtained on the 
basis of general physical principles4 gives 10 erg/cm2, 
whereas the experimental values of Wrange from lop5 erg/ 
cm2 to 1 erg/cm2 (see, for example, Refs. 4 and 6 and the 
literature cited there). There are also doubts about the shift 
of the temperature of the phase transition of a nematic liquid 
crystal to an isotropic phase inside a pore or in a thin film. 
The question arises whether this temperature is or 

than the corresponding bulk value and whether 
the shift of the transition temperature is a pure size effect or 

is affected by the energy of the interaction between the mole- 
cules and the substrate. Finally, in the case of polar liquid- 
crystal molecules the substrate surface may induce a polar 
order and give rise to the associated surface polarization ef- 
f e c t ~ ' ~ ~ ' ~  which can also be due to a gradient of the order 
parameter and inhomogeneity of the orientation. l 5  Clearly, 
the bent nature of the pore surface may induce these effects 
in porous matrices. 

All these aspects of the surface properties of liquid crys- 
tals are basically problematic or at best there is some doubt 
about them. 

We investigated these topics by the method of dielectric 
spectroscopy which in a single experiment provides informa- 
tion on the orientational mobility of molecules, formation of 
the structure, and phase transitions. We investigated strong- 
ly polar liquid crystals, characterized by different values of 
the angle B between the dipole and the long axis of a mole- 
cule, which were introduced into micropores and macro- 
pores in silicate matrices. 

2. SAMPLES AND MEASUREMENT METHOD 

We investigated the following liquid crystals. 
1) Pentylcyanobiphenyl (5CB) with the temperatures 

of the transitions to the nematic and isotropic phases 
TcN = 295 K and TN, = 308 K, respectively. The dipole 
moment ,u of the 5CB molecule is 5 D and it is parallel to the 
longitudinal axis of the molecule (B = 0).  Equilibrium and 
relaxation dielectric properties of 5CB, like those of other 
alkylcyanobiphenyls have been investigated thor~ughly . '~  
In the free state the dispersion of the principal values of the 
permittivity of the nematic phase of 5CB is related to rota- 
tion of the molecules about the short axis and precession of 
the long axis around the direction of the vector, whereas the 
mode associated with the rotation of the molecule about the 
long axis is not observed because the dipole moment of the 
molecule is directed along this axis. 

2) Two related liquid crystals 4n-hexoxy-4'-n-pentyl- 
a-cyanostilbene (ACS-1) with TcN = 302 K ,  T,, = 321.5 
K, ,u = 3.8 D, and@ = 64" differs in respect of the transition 
temperatures TcN = 309 K and TNI = 320.2 K from 4n- 
pentyl-4-n-hexoxy-a-cyanostilbene (ACS-2). The results of 
dielectric investigations of ACS-1 are reported in Ref. 17. 
Unusual relaxation phenomena in ACS due to the absence of 
dispersion of the permittivity along the director at frequen- 
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cies in the range lo3-lo6 Hz have been reported also for four 
similar a-cyanostilbene~.'~ 

3 )  Cyanophenyl ester of heptylbenzoic acid, i.e., cyano- 
phenyl heptylbenzoate (CPHB) has the transition tempera- 
tures Tm = 316.5 K and T,, = 328.1 K. The molecules of 
this substance have a record-high (for liquid crystals) dipole 
 moment:^ = 6.1 D,B= 16". 

All the investigated liquid crystals were synthesized at 
the Vilnius State University and kindly supplied to us by P. 
V. Adomenas. 

Porous matrices with through pores were prepared 
from the original sodium borosilicate glasses by a method 
described in Ref. 19: the sodium borate phase was removed 
by leaching and the matrix framework consisted of SiO,. We 
used two types of matrices with the properties (pore radius 
R, volume fraction of the phases w, and specific surface area 
S / V )  determined by the method of low-angle x-ray scatter- 
ingZ0:R, = 65A,w, = 0.27, (S/V), = 100m2percm3inthe 
case of microporous matrices and R,  = 1000 A, w, = 0.38, 
and (S/V), = 28 m2 per cm3 in the case of macroporous 
matrices. 

Our samples were porous glass plates, of 2 X 2 X 0.1 cm 
dimensions, heated to 150 "C and pumped out; this was fol- 
lowed by impregnation with the investigated liquid crystals 
from an isotropic melt. Measurements of the real part E' of 
the complex permittivity were made using an external elec- 
tric field of frequency v ranging from lo3 Hz to 7 x lo7 Hz, 
whereas the imaginary part E" was determined at frequen- 
cies from 5 X lo5 Hz to 7 X lo7 Hz employing apparatus used 
earlier'7'18 in a study of liquid crystals in the free state, which 
was supplemented by a semiautomatic impedance and trans- 
mission meter of the Tesla-BM538 type, which was calibra- 
ted between 0.5 and 70 MHz. A parallel-plate titanium ca- 
pacitor was used as a measuring cell: two investigated plates 
were located between one inner and two outer ground elec- 
trodes. The relative error in the determination of E' did not 
exceed 1 % in the range of v< 1.5 x lo6 HZ and not more than 
3% at higher frequencies; the dielectric losses were deter- 
mined to within 10%. The temperature of the cell was stabi- 
lized and measured to within + 0.1 "C. The permittivities of 
empty porous matrices were E, = 3.9 (microporous sam- 
ples) and E, = 3.5 (macroporous samples); in the investi- 
gated ranges of the temperature T and frequency v these 
permittivities were independent of T and v. The permittivi- 
ties E,. of the framework material in microporous and macro- 
porous matrices, determined for sintered samples after 
leaching out the sodium borate phase, were found-as ex- 
pected-to be identical and equal to &,- = 4.82; they were 
independent of the frequency and temperature. This obser- 
vation and the. practically negligible electrical conductivity 
of the matrices (disperse phase) simplified the interpreta- 
tion of the results and avoided a number of difficulties that 
have been encountered earlier in studies of dielectric proper- 
ties of heterogeneous  system^.^' 

The quantities measured directly were the permittivi- 
ties&: and the dielectric loss factors ~ f '  two-phase heterogen- 
eous systems comprising a matrix and a nematic liquid crys- 
tal. The permittivity E,, of the disperse phase (liquid 
crystal) calls for a theory allowing for the anisotropy and 
local inhomogeneity of a nematic liquid crystal dispersed in 
a matrix and valid at high concentrations of the liquid crys- 
tal. Such a theory is not known to the present authors so that 

we had to calculate the permittivity of the second phase (liq- 
uid crystal) using the following relationship2I valid in the 
case of isotropic spherical inclusions: 

'5: = E; + (E;, - &;)fw, (1 
wheref = (E :  + 2~;)/3~; and w is the volume fraction of the 
nematic liquid crystal. Application of Eq. ( 1 ) to empty ma- 
trices, bearing in mind that in this case the permittivity of the 
second phase (voids) is unity and using a, = 0.27 and 
w2 = 0.38, yielded the value E,. = 4.82 for the microporous 
and macroporous matrices, as found by direct experiments. 

The capacitance of a capacitor containing any of the 
investigated samples, measured in a magnetic field of 6 kG 
intensity sufficient to establish a uniform orientation in a 
free nematic liquid crystal, was always equal to the capaci- 
tance determined in the absence of a magnetic field. This was 
due to the fact that the distance Lo, in which the static prop- 
erties of a nematic liquid crystal, due to the orienting effect 
of the substrate, differed from the bulk values by at least 
R, = 1000 A. 

We shall use (E) to denote the volume-averaged real 
part of the permittivity of a given liquid crystal in the pores, 
calculated from Eq. ( 1 ) . A satisfactory theory may first of 
all alter the absolute values of (E), but it should have less 
effect on the nature of the temperature and frequency depen- 
dences which are discussed below. 

In the investigation of the frequency dependences of E: 

of heterogeneous systems we must bear in mind that al- 
though one component of the system is conducting and has a 
high electrical conductivity a ,  the separate components of 
the system can exhibit, even in the absence of dispersion of 
the permittivity, a dielectric dispersion which is due to the 
Maxwell-Wagner polarization mechanism." In the case of 
spherical inclusions in a nonconducting medium (af = 0) 
the relaxation time governed by the Maxwell-Wagner dis- 
persion is2 

where E~ = 8.854X lo-'* F/m and u is traditionally mea- 
sured in units of R-l.m-'. All the quantities on the right- 
hand side of Eq. (2)  are known: &,. = 4.82, &,, =: 10-15, 
w = 0.27 (micropores) or o = 0.38 (macropores). The val- 
ue of u,, for liquid crystals subjected to careful purification 
should not be more than 1 0  l o  W 1 . m - '  and at worse it 
should be a,, = lop6 fl- ' .m-'. These are the limits and the 
use of them gives values T > 3 x 10W4 S, i.e., in the case of the 
investigated samples the dispersion associated with the in- 
homogeneity and heterogeneity of the system and due to the 
Maxwell-Wagner polarization mechanism should be mani- 
fested at frequencies v < lo3 Hz. This is the reason why the 
relaxation times obtained at frequencies v > lo4 Hz should 
be regarded as the dipole properties of the investigated liquid 
crystals in porous matrices. 

3.5CB IN MICROPORES AND MACROPORES 

I .  The E = E(T) dependence. The temperature depen- 
dence of (E) determined at a frequency of 1 kHz in micro- 
pores exhibits a clear hysteresis (curves 1 and 1' in Fig. 1). 
We also determined the temperature dependences of (E) for 
5CB in macropores (curves 2 and 3 ) .  We found that there 
was a pronounced change in the permittivity at temperatures 
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347-35 1 K (curve 1 ) . Similar singularities were exhibited 
also by curve 2: the first at T ~ 3 1 0 . 5  K and the second at 
T=: 298 K. If the temperatures 348 K for curve 1 and 3 10.5 K 
for curve 2 are interpreted as the phase transition tempera- 
tures TL?) from the nematic to the isotropic phase, we may 
draw the conclusion that the pores tend to create an orienta- 
tional order and increase TM in pores compared with the 
corresponding value for 5CB in the free state. The second 
singularity (at Ti? = 228 K )  observed on curve 2 is atypi- 
cal, observed in dielectric measurements, feature of a transi- 
tion from the solid to the nematic phase. In other words, as in 
all the cases discussed before, the melting point of the liquid 
phase in pores is lowered.1° A quantitative interpretation of 
the shift of the phase transition temperatures is given in Sec. 
6. 

Thermal hysteresis of& observed for 5CB in micropores 
was accompanied also by an optical hysteresis when light 
transmission was plotted as a function of temperature (Fig. 
2). Hence, the optical hysteresis observed earlier in a study 
of a cholesteric liquid crystal in microporesZ2 and all the 
characteristics of this effect are shared by other liquid crys- 
tals. The temperature at which our sample became com- 
pletely transparent ( T =  347.5 K)  could be regarded as 
T h?) in the pores and it is close to the corresponding tem- 
perature in the case of curve 1 in Fig. 1. 

As in the case of a cholesteric filling micro pore^,^^ a 
strong turbidity (with a transmission coefficient A < IS%), 
observed at temperatures T <  310 Kin  the system with 5CB 
in a microporous matrix, could not be explained by an opti- 
cal inhomogeneity (due to the difference between the refrac- 
tive indices of the matrix material and of 5CB) or by molecu- 
lar scattering of light. This turbidity could be due to the 
formation of fractal clusters as a result of cooling, which is a 
macroscopic effect and should be accompanied by strong 
scattering of light on the fractal structure. 

2. The E = ~ ( v )  dependence. It is clear from Fig. 3 
(curves 1 and 2)  that the dependences ( ~ ( v )  ) obtained for 
5CB in micropores and macropores were clearly of relaxa- 
tional nature and exhibited three regions of the permittivity 
dispersion. Figure 4 shows the results of measurements of 

FIG. 1. Temperature dependences of the permittivity of 
5CB: I),  1') in micropores ( 1 kHz); 2),  3 )  in macropores (1 
and 150 kHz, respectively). 

the frequency dependences E: (curves 1' and 2') and, for the 
second region of dispersion, of E: (curves l a  and 2a) ob- 
served at various temperatures for 5CB in a macroporus ma- 
trix and the permittivities (E) (curves 1 and 2) of this liquid 
crystal deduced from curves 1' and 2' using Eq. ( 1 ). Clearly, 
the points of inflection of curves 1 and 2 coincide with the 
positions of the maxima of the dependences E;(Y). The 
Cole-Cole diagrams E" (E') are plotted (Fig. 5, curves 1 and 
2)  and they corresponded to the E: (v)  and E:(Y) depen- 
dences in Fig. 4. The Cole-Cole diagrams indicate that the 
parameters a, representing empirically the spectrum of the 
relaxation times, are a = 0.21 at T = 293 K and a = 0.3 at 
T = 301 K. 

Plotting of the E" (E') enabled us to separate the disper- 
sion regions and to determine the values of the permittivities 
which in the second dispersion region were static and at the 
same time corresponded to the "high-frequency" plateau for 

FIG. 2. Temperature dependences of the optical transmission coefficient 
A of 5CB in mic5opores: 1 )  during heating; 1') during cooling. Wave- 
length A =  5600 A. 
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FIG. 3. Frequency dependences of the permittivity at 
T = 290 K: 1 ) 5CB in micropores; 2) 5CB in macro- 
pores; 3) CPHB in micropores. The dashed horizontal 
lines are the values of E ,  for the second dispersion re- 
gion. 

FIG. 4. Frequency dependences of the permittivi- 

E;  
ty and the dielectric loss factors of 5CB in macro- 
pores: I ) ,  2) ( E )  at 298and 301 K (respectively); 

0.7 I ,) ,  2') E ; ;  l a ) ,  2a) E:. 

FIG. 5. Cole-Cole diagrams: 1 ), 2) 5CB in macropores at 
293 and 301 K, respectively; 3 ), 4),  5) CPHB in micropores 
at 318.5, 343, and 383 K, respectively. 
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the first dispersion region. These values, calculated from Eq. 
( 1 ), are identified by dashed curves in Fig. 3. This procedure 
was applied to all the investigated samples; this made it pos- 
sible to determine the relaxation times describing the first 
and second dispersion regions from the Debye equation 
modified by Cole and Cole: 

r f  I I 
81, - 8 l h f  + 8%. -8zhf 

8' (v) = d h f  + ( 3  
1+4n2vZ~,2 (1+4n2v2~2)  ' 

where E ; ,  and E;, are the quasistatic values of E' for the first 
and second dispersion regions; E ; , ~  and are the corre- 
sponding "high-frequency" plateaus ( E ; , ~  = E;,  ); T ,  and T ,  

are the relaxation times; a, is the Cole-Cole parameter for 
the second dispersion region; a, is assumed to be zero. 

The relaxation times T ,  and T ,  were determined by fit- 
ting the calculated ~ ' ( v )  dependences to the experimental 
results by the least-squares method. An analysis of the re- 
sults employing a DVK-3M personal computer made it pos- 
sible to include large amounts of experimental data in the 
calculations and to fit the experimental and calculated 
curves within the limits set by the experimental error. Clear- 
ly, the relaxation times found in this way for the second dis- 
persion region were identical with those determined directly 
from measurements O ~ E '  ( Y )  and this made it possible to plot 
the E" ( E ' )  dependence. 

The relaxation times found using Eq. (3)  for the first 
two dispersion regions are plotted in Fig. 6 as a function of 
the reciprocal of temperature. The dashed lines in Fig. 6 
represent the relaxation times T I ,  for 5CB and CPHB, as well 
as rL for ACS-1, corresponding to the rotation of the mole- 
cules around the short ( rI1  ) and long ( T ,  ) axes. 

In the third dispersion region we were able to find only 
the order of magnitude of the relaxation time r,, on the as- 
sumption that E ,  = 2.3, since in the case of 5CB in the free 
state the corresponding relaxation time was T ,  - 5 X 10W9 3, 

which was close to 7 corresponding to a precession mecha- 
nism of dispersion of a free nematic liquid crystal. 

3. Characteristics of the polarization and relaxation, and 
the thickness of a layer with polar ordering. The main differ- 

FIG. 6. Dependence of the dielectric relaxa- 
tion on the reciprocal temperature: a) 5CB; b)  
CPHB; c )  ACS-1 in the freestate. Vertical seg- 
ments define the range of existence of the ne- 
matic phase. Relaxation time: la)  T,; 2a) r,, 
(both obtained for 5CB in micropores); 3a) 
r,, 4a) T, (5CB in macropores); 5b), 6b), T, 

(CPHB in micropores); 7c) T, (ACS-1 in mi- 
cropores). 

ence between the behavior of the permittivity of 5CB in pores 
and the behavior in the free state was the existence of a low- 
frequency dispersion region, absent in the case of 5CB in the 
free state and characterized by relaxation times T ,  - s, 
which could not be attributed to the orientational motion of 
the molecules, but represented a collective process. The val- 
ue of r, for micropores depended weakly on temperature and 
in the case of macropores there was no temperature depen- 
dence of T , .  

The relaxation time T" for the second region was close to 
rI1 for the free state, but the temperature dependence of 7, 

was weaker both in micropores and macropores. The values 
of r, and their temperature dependences in macropores were 
closer to the bulk behavior than the behavior observed in 
micropores, in agreement with expectations. 

All these properties and the thermal hysteresis in mi- 
cropores can be explained by postulating the appearance of a 
smectic order next to the wall of a pore.4 In fact, it is known 
that the E'(T)  dependence for free liquid crystals in the 
smectic A and C phases exhibits a hy~teresis,~ and the tem- 
perature dependence of the relaxation times governing the 
rotational mobility of molecules around the short axis be- 
comes weaker24 than in the nematic phase. 

The Cole-Cole parameter for the free state of the nema- 
tic phase 5CB is a = 0. Inside the pores we have a, # O  and 
there is then a spectrum of relaxation times. This is due to the 
fact that the properties of the surface layers begin to vary at 
distances of the order of molecular dimensions and, depend- 
ing on the distance from the surface of a pore, the various 
layers of a liquid crystal can h a v ~  different relaxation times. 

The main argument in support of the existence of polar 
ordering at the wall is the low-frequency dispersion. It is 
natural to assume that the rat o of the low-frequency incre- 
ments and AE, correspondii~g to curves 2 and 1 in Fig. 3 
is proportional to the volume fraction g of the surface layer 
of thickness I with polar ordering and located in macropores, 
if all the molecules in micropores belong to this layer. Then, 
if a macropore is modeled by a sphere or a cylinder of radius 
R,, we find that 
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Ae,lhe,=g=l- (R,-1)S/R23 (sphere), (4a) 

Ae2/Ael=g=l- (R,-1) 2/R22 (cylinder). (4b) 

Using the experimental values Ae, = 3.5 and Ae2 = 1 deter- 
mined at the same temperature and assuming that 
R2 = 1000 A, we find from Eq. (4a) that I = 110 di, whereas 
Eq. (4b) yields I = 155 di. It therefore follows that the thick- 
ness of the polar-ordered layer can be - lo2 di, which is close 
to the estimate I = 60-70 di deduced from the expression 
I = 2 0  I, 71, obtained in Ref. 4; here, D is the diffusion coeffi- 
cient along the director. 

The polar order was observed in Ref. 13 for a monolayer 
of octylcyanobiphenyl at the interface between liquid crystal 
phase and glass in experiments involving second harmonic 
generation. The surface polarization reported in Ref. 13 was 
independent of temperature, which was to be expected for a 
monolayer. 

In the other limiting case, when the thickness of a sam- 
ple is h B I= 100 di (for example, if h -- 4-20 pm, as in Ref. 
14) the surface polarization is in principle detectable, but its 
temperature dependence is not manifested experimentally 
since when heating reduces I even severalfold, the changes 
are still negligible compared with the macroscopic thickness 
of the sample. This is possibly the reason for the absence of 
the temperature dependence of the surface polarization re- 
ported in Ref. 14 and for the absence of the dependence 
T, (T) in the case of macropores. In fact, even for a typical 
macropore size R2 = 1000 di, we have I < R2 and the tem- 
perature dependences of the effects due to the surface polar 
order can be detected provided we use objects with the char- 
actistic size - I, which occurs in micropores. This circum- 
stance was manifested particularly clearly in the case of 
CPHB. 

4. ACS AND CPHB IN MICROPORES AND MACROPORES 

in micropores (curve 3) and ACS-2 in macropores (curve 
4). Curves 1 and 3 (micropores) show no singularities typi- 
cal ofa transition to the isotropic phase. In the case of CPHP 
(curve 1) at T >  350 K, when the liquid crystal in the free 
state is isotropic, a steep rise ofe is observed, as in the case of 
substances with the spontaneous polarization as T ap- 
proaches the critical point. We shall show below that the rise 
of e is accompanied by critical slowing down of relaxation. 
In the case of ACS the quasistatic values of e was not reached 
at the frequencies employed and, in contrast to CPHB, the 
rise of e at T> 305 K could not be interpreted unambiguous- 
ly. 

Transitions to the solid phase in micropores were ob- 
served at the following temperatures: Tk?z257 K 
(CPHB), TL%)z252 K (ACS-l), and Tk? ~ 2 5 5  K (ACS- 
2). In the case of CPHB in macropores there were two tran- 
sitions (curve 2). At T <  3 13 K it was found that the behav- 
ior was typical of solids and that e-n2, corresponding to 
freezing of the dipole contribution to the polarization. A 
similar behavior was also observed for ACS-2 (curve 4) and 
the temperature T=: 306 K could be attributed to the transi- 
tion to the solid phase, but dielectric measurements showed 
no transition to the isotropic phase for ACS in macropores 
and micropores. In the case of CBHP the temperature 
T = 332 K on curve 2 could be attributed to the transition to 
the isotropic phase, i.e., TM increased compared with the 
free state. The shifts of TcN and TNI are discussed in Sec. 6 
together with the data on 5CB. 

2. Thee = e(v)dependence. Figure 8 shows the disper- 
sion curves obtained for ACS-1 at various temperatures. 
Clearly, the quasistatic value e, was not reached so that r ,  
gave ambiguous results and the first dispersion region ap- 
peared at v- lo3 Hz, which could be due to the Maxwell- 
Wagner polarization mechanism, and it was not possible to 
suggest an interpretation ofe(v) in the range s < lo5 Hz in a 
reasoned manner. 

1. The e = e(T) dependence. Figure 7 shows the tem- The dependence of r, on T- '  is plotted for ACS-1 in 
ture dependence of (e) for CPHB in micropores (curve 1 ) Fig. 6 (line 7c). The results of measurements of e' and e" for 
and in macropores (curve 2). Typical dependencese(T) ob- CPHB are plotted in Fig. 9a. The inset shows the results of 
tained for ACS are given in this figure for the case of ACS-1 direct measurements of EL as a function of temperature and 

FIG. 7. Temperature dependences of the permittivity: 1 )  
CPHB in micropores at 1 kHz; 2 )  CPHB in macropores at 1 
kHz; 3 )  ACS-1 in micropores at 10 kHz; 4) ACS-2 in macro- 
pores at 10 kHz. 
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FIG. 8. Frequency dependences of the permittivity of 
.ACS-1 in micropores at various temperatures: 1 ) T = 297 
K ;  2) 318 K ;  3) 341 K .  

log v 

3 r/ 5 6 log v 
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FIG. 9. a )  Frequency dependences of the permit- 
tivity and of the dielectric loss factor of CPHB in 
micropores at various temperatures: 1 ) T = 363 K ;  
2 )  383 K ;  3 )  343 K ;  4 )  328 K ;  5)  318.5 K ;  all these 
five curves represent ( E ) ;  2a), 3a) ,  4a) ,  5a), E:'. 
The inset shows E:.  b) Frequency dependence of 
the permittivity in the first dispersion region at dif- 
ferent temperatures: 1) T = 363 K ;  2 )  343 K ;  3) 
318.5 K .  The vertical arrows identify the frequen- 
cies corresponding to 7,. 
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the corresponding Cole-Cole diagrams are shown in Fig. 5 
(curves 3,4, and 5). The Cole-Cole parameters correspond- 
ing to these curves have the values a, = 0.1 ( T  = 3 18.5 K),  
a,=0 .14(T=343K) ,a5=O.17(T=383K) , i . e . , there  
is a common relationship: the relaxation times have a spec- 
trum in the second dispersion region. In the free state the 
Cole-Cole parameter for T of CPHB is zero.25 The tempera- 
ture dependence of 7, splits into two regions and at T <  345 
K it is represented by line 5b, whereas at T >  345 R it is 
represented by line 6b. It therefore follows that at tempera- 
tures T>  350 K there is not only the quasistatic growth o (&) 
but also a change in the dynamics of orientational motion of 
the molecules responsible for the second dispersion region. 
The r2(T)  dependence for CPHB is weaker, as in all the 
other investigated cases, than the TI, ( T) dependence in the 
free state. 

The ratio of the lf increment A&, (Fig. 3) to AE, is 1.65. 
On the other hand, we know that (Ac3/A&,) z,u:/,u: = 1.5, 
which is in good agreement with the experimental value. An 
estimate of the thickness of the polar-ordered layer in CPHB 
gives 1 z  120 A. 

3. Soft mode and critical reduction in T, for CPHB in 
micropores. Figure 9a shows that the dispersion curves cor- 
responding to the first region, which is associated with the 
surface polar order, are shifted toward lower frequencies on 
increase in T. This is illustrated clearly in Fig. 9b, where 
typical dependences E' ( v )  are plotted for the first dispersion 
region and the vertical arrows identify the frequencies corre- 
sponding to T,. The dependence of T, on T is presented in 
Fig. 10 and the experimental points exhibit a trend typical of 
the critical relaxation retardation describing the soft mode 
in ferroelectric liquid  crystal^.^' As is known,26 in the case of 
the C smectics a soft mode may be in the form of in-phase 
fluctuations of the amplitude of the angle of tilt of the mole- 
cules (between the axis of a molecule and the normal to the 
smectic layer) and of the polarization, which are order pa- 

FIG. 10. a)  Temperature dependences of the 
relaxation time T, and of its reciprocal T;  ' 
for CPHB in micropores. b) Dependence of 
 log(^, ' ) on log( T, - T) for CPHB in mi- 
cropores. 

of 5CB it is found that n,uz/kB T = 0.94. The electrostatic 
interaction of dipole molecules in liquid crystals is insuffi- 
cient to overcome the disordering effect of the thermal mo- 
tion and creation of a polar order, but near the solid surface 
of pores the polarization state is dependent on at least two 
factors: a very strong dipole-dipole (static) interaction and 
the interaction with the wall of a pore, which stabilizes the 
orientational order and suppresses the thermal fluctuations. 
The curvature of the surface of a pore may be another impor- 
tant factor in the establishment of a polar order. 

Thus, if we select the order parameter in the form of the 
angle 0, we can use the familiar expression for T, which de- 
scribes a soft mode due to relaxation of the molecular tilt 
angle26: 

where in the case of pores we have the effective viscosity y, 
and the coefficient a' is in front of the quadratic term in the 
expansion of tht free energy in powers of the order para- 
meter. The critical exponent in Eq. (5 )  is unity (mean-field 
theory). 

It is clear from Fig. 10a that the dependence of the reci- 
procal of the relaxation time T; ' on T is linear. Extrapola- 
tion to the value T ;  = 0 makes it possible to determine the 
amplitude T, = 426.5 K which in this case can be regarded 
as a fitting parameter, which is of considerable importance 
to the critical temperature. Measurements at temperatures 
closer to T, than those used by us are impossible because 
further heating results in a thermal oxidation and destruc- 
tion of the investigated material. Figure lob shows the de- 
pendence of  log(^, I )  on log( T, - T) showing clearly 
that the relevant critical exponent should be 1 0.15 
and a1/y1 = 800 s- ' .K-' .  A ~ s u m i n g ~ ~  that a'= lo3 
erg.crnp3.K-I, we estimate y ,  to have the value y, = 1.25 P, 
which is a reasonable value for the viscosity coefficient. 

rameters. In the case of CPHB the nature of the polar contri- 
bution is quite different in micropores, but one of the order 5. ~ ~ ( 7 )  DEPENDENCE AND SURFACE ENERGY OF NEMATIC 

LIQUID CRYSTALS 
parameters can be the angle 6 between the dipole and the 
normal to the surface of a pore. It is clear from Fig. 6 that the dependence of l n ~ ,  on T - ' 

The molecules of CPHB have, unlike those investigated WaS linear for all the investigated crystals. It ~ O ~ ~ O W S  that the 
earlier, a large d i~o l e  moment. This has the effect that the dependence r2 ( T) can be described by the linear relation- - - 
dimensionless parameter n,u2/kB T (n is the number of mole- 
cules in 1 cm3 and kB is the Boltzman constant), represent- T =  r,exp(U/k,T), 
ing the ratio of the energy of the dopole-dipole interaction to 
the energy of thermal motion, is 1.4, whereas even in the case where Uis the activation energy which in the barrier theories 
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U A a with polar ordering, we estimated Uo to be 4.6 X 10- l3 erg, in 
agreement with the above estimate. 

Bearing in mind that the number of molecules of the 
investigated substances was n, =. (2-3) X lOI4 ~ m - ~ ,  we 
found that the surface energy of the nematic liquid crystal 
Fo = U,n, should be Fo- lo2 erg/cm2. This value was in 
agreement with the estimate of Ref. 4, where Fo-pc2a - lo2 

0 x 8 erg/cm2 was obtained; here, the density p of the nematic 
liquid crystal, the velocity of sound in this liquid crystal c, 

FIG. 11. Dependence of the potential on the angle 8: a)  nematic liquid and is the molecular size a are all typical of nematics. 
crystal in the free state; b)  nematic liquid crystal in pores. 

is equal to the difference between the potential energy of one 
of the stable orientations 8 = 0 or a ( 8  is the angle between 
the director and the dipole) and the highest potential energy 
of intermediate orientation (8 = a/2).  There is no polar or- 
der in the free state and, therefore, the orientations 0 = 0 and 
8 = a are equiprobable (Fig. 1 1, curve a) .  The values of the 
activation energies of the investigated nematic liquid crys- 
tals in the free state were found to be UIf = 8.8 X 10- l3  erg 
for 5CB; U2/ = 8.3 x 10-l3 erg for ACS-1, and Ujf 
= 14X 10-l3 erg for CPHB. 

The interaction of nematic liquid crystal molecules 
with the surface (characterized by the interaction energy 
U,) is equilvalent to the interaction with an external field 
which ensures a polar order near the surface and this polar 
order stabilizes one orientation (8 = 0)  and the correspond- 
ing change of Uf to Uf + U,. If 8 = a ,  the potential becomes 
U = Uf - Uo (curve b in Fig. 1 1 ) and it represents the acti- 
vation energy. The potential energy for the 8 = a/2 orienta- 
tion does not change in the linear approximation. 

The activation energies U, corresponding to the depen- 
dences ( T - I )  in micropores were found to be as follows: 
U, = 1.7X 10-l3 erg for 5CB, U2 = 4 . 9 ~  lo-" erg for 
ACS-1, and u, = 8.5 X 10-l3 erg for CPHB at T< 345 K. 
The changes in the activation energy observed for CPHB in 
the range T> 345 K (line 66 in Fig. 6) was primarily due to a 
reduction in Uf. A comparison of Uf and U, gave the energy 
of the interaction of molecules with the surfaces of the pores 
U ,  = Uf - U, and thesevalues were Uol = 7.1 x 10-l3 erg, 
Uo2 = 3.4X 10-l3 erg, and Uo3 = 5.5 x 19-l3 erg. Bearing 
in mind that these estimates were only qualitative, it would 
be reasonable to assume that U,=. 5 x 10- l 3  erg. 

The value of U,, for macropores (line 4a in Fig. 6) was 
less than Uol and amounted to Uo = 1 . 3 ~  lo-" erg. This 
was due to the fact that not all the molecules exhibited sur- 
face behavior and an estimate based on Eq. (4)  indicated 
that only the fraction of molecules located in a layer of thick- 
ness /=. 100 A exhibited such behavior. Allowing for the 
bulk fraction of the moleculesg = 0.285 in the surface layer 

TABLE I. Interphase (crystal-liquid crystal) surface energies u,, and enel 
Wof adhesion of liquid crystals to substrates. 

6. SHIFTS OF T,, AND T,, REGARDED ASTHE SIZE EFFECT 
AND THE RESULTS OF INTERACTION OF MOLECULES WITH 
THE SUBSTRATE 

A reduction in the temperature of the appearance of a 
solid phase in the pores, irrespective of whether melting of a 
liquid crystal occurs or whether it forms an isotropic phase, 
has been established for a large number of samples in differ- 
ent matrices." Melting in pores does not differ fundamental- 
ly from melting of free particles in a strongly disperse state 
and in both cases the process can be regarded as the size 
effect (we are talking here of the size of the particles which 
melt and not the dimensions of space). The presence of a 
curved pore surface may only facilitate breakdown of the 
long-range positional order and in the limiting case of a mon- 
olayer it can result in complete absence of such order. The 
shift of the melting point ATcN = Tc, - T & !  is described 
by the Thomson expression: 

where q,, is the heat of melting per gram of substance; in the 
case of the investigated nematic liquid crystals we found that 
q ,  =. 50X lo7 erg/g,p, =: 1 g/cm3, and a,, is the interface 
(crystal-liquid crystal) surface energy. Determination of 
the melting point of the substance in the pores is a task which 
is relatively simpler to carry out experimentally than corre- 
sponding investigations of free tiny particles, because the 
size of the pores is fixed and known in advance. All the quan- 
tities in Eq. (6)  were determined from independent experi- 
ments, with the exception of a,,, so that measurement of 
the shift in the pores can be regarded as an experimental 
method for the determination of a,, which would be of 
interest on its own. The values of a, determined for the 
first time for the investigated substances are listed in Table I 
and are close to the value of a, (for the crystal-liquid tran- 
sition) in the case of organic substances, for example, in the 
case of naphthalene it is known" that a, = 30 erg/cm2. 

The size effect applies also to the transition from the 

rgies 

Liquid crystal 
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Macropores, R = 1000 A 
I 

Micropores, R = 65 

I 

5 1 
36 
25 
24 

0.8 
1.2 
- 
- 

45 
3 1 
27 
28 

0.85 
- 
- 
- 



liquid state to the isotropic liquid, but in this case we have 
aNI = a;, - nI - lo-' erg/cm2, i.e., this quantity is three 
orders of magnitude less than a,  and the lowering of TNI 
responsible for this effect does not exceed lo-' K to the 
nearest order of magnitude. The observed rise of TNI in the 
pores cannot be attributed to the size effect. The increase in 
TNI can be explained qualitatively by the orienting influence 
of the surface on the field, thus stabilizing the orientational 
order. In a quantitative description of this effect we must 
allow for the contribution made to the bulk density of the 
free energy by the anisotropic part of the surface energy, 
which is due to the polar order and is given by4 

where v is the normal to the surface, n is the director, and W 
is the anisotropic part of the surface energy of the liquid- 
crystal phase (representing the energy of adhesion of a liquid 
crystal to its substrate), which vanishes for the isotropic 
phase. 

The condition of equilibrium of the phases subject to 
Eq. (7)  is of the form 

S S S 
FNv+aN - - w (nv) - = Pw+al 7. v v 

where FNv and F,, are the bulk terms of the free energy in 
the nematic and isotropic phases, and a, and a, are the 
corresponding surface tension coefficients. Bearing in mind 
that FIv - FNv = q,p( 1 - T'i' / T N I  ) and S / V  = 2 / R  
for a cylindrical pore and that u,, = a, - uI and also as- 
suming that under equilibrium conditions we have nDv = 1 
ensuring the minimum of For, we find that the shift of the 
temperature of the transition to the isotropic phase is 

where q, is the heat of the transition from the nematic to 
the isotropic phase, which has the value 2 X 10' erg/g typical 
of nematic liquid crystals. The values of W calculated using 
Eq. ( 9 )  are listed in Table I and are close to 1 erg/cm2. 

7. CONCLUSIONS 

Direct experiments showed that a surface polar-or- 
dered layer of - lo2 d; thickness is located near the interface 
between a nematic liquid crystal and glass. In the case of a 
strongly polar nematic liquid crystal in micropores it was 
found for the first time that there was a soft mode associated 
with the polar order and absent in nematic liquid crystals in 
the free state, the relaxation time for which it was found to 
depend critically on temperature and the critical exponent 
was predicted by the Landau theory. 

The difference between the dynamics of orientational 
motion of nematic liquid crystals in pores appears at a dis- 
tance of - 10' d; and it is qualitatively determined by the 
total energy of the interaction between molecules and the 
surface, amounting to F,,z lo2 erg/cm2. The anisotropic 
part of this energy representing the energy of adhesion of a 

nematic liquid crystal to the substrate, is responsible for the 
shift of the phase transition temperature from the nematic to 
the isotropic phase and it amounts to 1 erg/cm2. 
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