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Abstract. The possibility for the existence of a thin free suspended liquid crystal 
film consisting of a plane central part and a wide meniscus in a certain tempe
rature interval above Tsmc-N is determined. It is supposed that such thin films 

can exist only in N phase of liquid crystals with local smectic order. A simple 
Landau- de Gennes theory is presented to explain the observed phenomena. The 
dynamics of quasicontact angle created between the planar part and the meniscus 
as a function of temperature is studied. The analogy with "black films" stabilized 
by the appearance of a disjoining pressure is made. 

PACS number: 64.70.Md, 68.35 .Rh 

1. Introduction 

In previous works we have investigated spontaneous hydrodynamic flows in freely 
suspended films of some liquid crystals near the phase transition 1-N and N - SmC 
(1 - 3]. The observed flows were explained in tenns of a nonlinear behaviour of the 
free surface energy temperature dependence. A hydrodynamic flow dependence on the 
molecular orientation at the N - air interface and on film thickness was found. Namely, 
at perpendicular to the interface molecular orientation, a hydrodynamic flow did not 
appear around the 1- N and N - SmC transitions. Moreover, at film thickness of about 
several tense of microns two independent flows were observed at the HOBA, OOBA, 
DOBA and HOAB film interfaces. Both flows are radial - from the cooler center to 
the warmer periphery. At the periphery the flows sink to a certain depth (~ 12 µm) 
and turn back to the center, but with a smaller velocity. When the film thickness was 
decreased, the appearance of the hydrodynamic flow changed substantially, since the 
flows at the two interfaces air-nematic are no more independent. In free suspended 
films , at thickness h < 20 µm two plane vortices, symmetrical to a film diameter were 
observed [4]. 

* Corresponding author. 
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Further thinning of OOBA and DOBA free suspended films show, that at certain 
film thickness, called critical he, the picture observed polarizing microscope changes 
drastically. In the present conununication the results from the investigation of the 
OOBA and DOBA films with thickness h :::; he at N- SmC phase transition are given. 

2. Experimental 

The liquid crystals 4-n-octyloxybenzoic acid (OOBA) and 4-n-decyloxybenzoic acid 
(DOBA), used for preparing of free suspended films, have the following temperatures 
[5] and latent heat of phase transitions (6]: 

C 
100.3°CS Cl07.9 °C 147.7 °C 

r m N I kcal/mo! 
2.6 0.3 0.6 

OOBA: 

DOBA: . c 96. 5 °C s c 124.6 °C 142.6 °C 
r 2.5 m 0.4 N 0.7 I kcal/mo! . 

The free suspended films were obtained in the same way as reported in our previous 
works (1] . Aluminum foil in size 20 x 20 mm and 50 - 10 µm thickness with a cylindrical 
hole of 1 mm (in a few cases 3 mm) diameter in the middle of the foil is used. The 
aluminum foil is placed in a thermostat. A small quantity of liquid crystal is scattered 
over the foil near the hole and, after melting, it is spread over the hole with a glass 
plate. In this way films in the cylindrical hole with a desired thickness are obtained. 
In the cases, when the film thickness is above 5 µm it is determined by focussing a 
microscope. The thin film thickness (h :::; 1 µm) is estimated interferometrically. 

3. Results 

Observing a film in transmitted light under microscope with crossed polarizers and 
gradually decreasing the film thickness by drawing liquid crystal with a glass plate 
towards the meniscus we observe the following. For a thick film (h > 20 µm) a 
radial hydrodynamic flow caused by the temperature gradient in the surface tension 
(Marangoni effect) at temperatures (for OOBA) 110 :::; T :::; 115 °C is observed. After 
gradual thinning a film thickness is reached at which we observe two symmetrical 
plane vortices in the film in the same temperature interval. This is an indication, that 
the film thickness is about or below 20 µm. We continue the thinning and below a 
certain thickness a black round spot is formed with a jump in the middle of the film, 
having sharply determined contour. Geometrically, the film consists of a planar central 
part and wide meniscus (see Fig. I) . From the black oval up to the aluminum wall the 
nematic is yellow colored, in some cases with wide dark schliren stripes. In the nematic 
meniscus a distinct hydrodynamic flow is noted, which, when it reaches the black 
oval, stops literally "as before a wall" (see Fig. 2a). Upon temperature decreasing the 
black oval grows smooth (see Fig. 2b). Simultaneously, the hydrodynamic flow in the 
nematic meniscus increases. Texture observations in reflected white light complement 
those in transmitted light. The picture we observe upon film thickness decrease is an 
appearance of interference lines which gradually expand and finally disappear in the 
central film part, which still remains grey. The black spot edge studied with sufficient 
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Fig. 2. Microphotographs of the free suspended film of DOBA in nematic phase (P 1- A) 
(a) T = 129 °C: there is a radial movement in nematic phase meniscus, while the central black 
part representing induced SmA phase is immovable; (b) T = 126 °C: the black spot radius grows 
upon temperature decreasing; (c) T = 125 °C: the N-SmC phase transition in meniscus starts 
by the formation of transitional domens along the black oval contour; (d) T = 124.5 °C: the 
N-SmC transition front in meniscus goes to the film center and to the periphery simultaneously; 
(e) T = 124 °C: the phase transition N-SmC is completed in the whole film; the smectic mass 
inflow to the film center forms a radial director tilting 
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microscope magnification gives a more precise picture of the behaviour of the quasi 
contact angle cp [7], which is fixed along the black spot border (see Fig. 1). For 
DOBA at 129 °C an interference picture is observed, which upon temperature decrease 
gradually shrinks and disappears at 126.7 °C. This corresponds to the increase of the 
quasi contact angle. At 124.2 °C the interference appears again and the interference 
stripes gradually expand until the complete disappearance of the black spot and the 
quasi contact angle at 123.5 °C (see Fig. 3). This shows that from 127°C to 124.2 °C, 
there is a substance withdrawal to the meniscus, after this until 123.5 °C there begins 
a flow towards the film center. A hydrodynamic flow generation in the black oval 
cannot be established. 
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We must emphasize that the thin black films from DOBA are more easily drawn 
than from OOBA. But once drawn they remain stable practically for unlimited time 
if the thermostat temperature is kept constant. Such film structure, which consists 
of planar central part and meniscus has been obtained and investigated for isotropic 
liquids stabilized by sufficiently high concentration of surfactants [8, 9]. In more recent 
reports [10] such thin films are obtained from the nematic MBBA and 5CB. However, 
in order to increase the nematic thin film life time surfactants are added, too. 

As reported [1 -3] in thick films (h:::; 20 /J,m) there is a radial temperature gradient 
of the order of 2-3 degrees/ mm and a vertical one of ca. 1 degree/ mm. The radial 
gradient exists in thin films (h < he) too, but the vertical gradient can be entirely 
neglected and the films may be considered as two-dimensional. 

It is essential to note that during the cooling process thin nematic films of OOBA 
and DOBA can be stretched only at temperature below ca. 125 °C and ca. 135 °C, 
respectively. After the thin film with the central black oval is obtained by thinning, 
upon temperature increase the film ruptures at about 130 °C for OOBA and 140 °C for 
DOBA. 

The N - SmC phase transition in free suspended films with thickness h 2: 20 /J,m is 
always realized through a transitional structure. It is established that in thick, as well 
as in intermediately thick films , the phase transition starts nonnally from the coldest 
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film part, i.e. its center, and propagates towards the periphery (see Figs 4a, b). In 
SmC phase of OOBA at 106 °C in the thick film the steps, confocals, 7r - inversion 
walls and the typical SmC schliren texture are observed (see Fig. 4c). This texture 
is preserved until OOBA crystallisation at 102 °C. Upon reheating, until the SmC-N 
phase transition is completely accomplished, we see the same textures, but in opposite 
order. The steps and confocals in free suspended films which are due to the layered 
smectic phase structure, have been observed in SmA phase of 8CB (11]. 7r - inversion 
walls similar to the observed by us in SmC phase of OOBA and DOBA free suspended 
films are observed in SmC* phase of ZLI-3654 (12]. 

Fig. 4. Microphotographs of the free suspended 
film of OOBA, d > 20 µm 
(a) yellow nematic with radial hydrodynamic 
tlow (T ~ J 15 °C); (b) the beginning of the 
N-SmC transition with transitional structure in 
the film center (T ~ 108 °C); (c) SmC texture 
with steps, pearls and sch lieren (T ~ 106 °C) 

At temperature decreasing the thin black films (h < he) remain stable until maximum 
broadening. Then the phase transition N - SmC starts at ~ 108 °C for OOBA and 
~ 25 °C for DOBA through usual transition domains along the black oval periphery 
instead from the film center (see Fig. 2c). Upon further slow temperature decrease 
the domains grow to the periphery and simultaneously inside of the black spot and 
gradually shrink it (see Fig. 2d). Upon very slow cooling one can get a symmetrical 
radial molecular tilting and as a result a black cross is gradually formed in the film 
center (see Fig. 2e). The phase transition is completed at ca. 107 °C for OOBA and 
ca. 124 °C for DOBA. 

4. Discussion 

For thin films the occurrence of a stabilizing disjoining pressure related to the surface 
zone overlapping was postulated by Deryaguin [7]. The disjoining pressure is a functio.n 
of the film thickness. In free suspended equilibrium films the disjoining pressure n JS 

equal to the meniscus capillary pressure Pc, i. e. 

fl= Pc (1) 
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and the thin film surface tension variation is [7] 

00 

6.<J = - J clhII(k) - IIh 

h 

where h is the thin film equilibrium thickness, II is disjoining pressure. 

(2) 

In the general case a pressure interval exists, in which two equilibrium film thick
nesses are possible [13], the thinner being more stable. The OOBA and DOBA thin 
films with a black spot, which below a certain thickness is obtained with a jump, 
are very stable. This fact shows, that we may have attained the second equilibrium 
thickness. Further thinning leads to a large increase of the disjoining pressure of the 
free energy and of the thin black film tension in comparison with the thick film in 
the meniscus [10]. All .this is achieved by drawing the substance away from the film, 
which leads to an increase of the meniscus concavity, and hence the capillary pressure 
grows. 

The hydrodynamic flow observed in the meniscus is generated by the surface tension 
gradient directed from the center to the film periphery. However the surface tension and 
density undergo a jump of magnitude at the black oval contour and the hydrodynamic 
flow stops "as before a wall" and does not penetrate in the black oval. We suppose 
that the black oval contour is a isothermal curve II(h)lr. Such a supposition could be 
one expl:::ination why a plane hydrodynamic flow like the one observed in [4] is not 
generated in the black spot despite of the radial temperature gradient in it. 

The experimental data show, that a stable black film can be stretched only below ca. 
125 °C for OOBA. According to [14] at this temperature the pretransitional phenomena 
begin, which are connected with smectic clusters appearance and a quasi layering 
formation at the boundary surfaces. We suppose that the existence of quasi smectic 
structure and layering play a decisive role for the appearance of the stmctural disjoining 
pressure, which governs the equilibrium thickness of the black oval. The smectic 
cluster availability plays similar role as the addition of the surface active substances 
in MBBA and 5CB [10]. Probably above 125 °C the smectic cluster concentration is 
small and insufficient. The result is analogical to the Sheludko investigation and to the 
definition of a critical surfactant concentration for the existence of a stable black film 
[9]. Upon temperature decrease the quasi smectic structure of the film grows which 
corresponds to an overcritical surfactant concentration. According to [8] the surfactant 
concentration rise leads to a film quasi contact angle increase, which we indeed observe 
(see Fig. 3). Developing this line of reasoning we can predict black film existence only 
in liquid crystals with nematic before a smectic phase and its absence in pure classical 
nematic liquids crystals. Indeed, we obtained successfully stable black films not only 
with OOBA and DOBA, but also with heptyl- and nonyloxybenzoic acids, displaying 
SmC under nematic phase. It is interesting to point out that for hexyloxybenzoic acid, 
which is the last member in this homologous series of alkyloxybenzoic acids displaying 
only nematic phase, very unstable black films may be drawn at temperahlfe very close 
to the crystalisation. This indicates that the nematic phase of hexyloxybenzoic acid 
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in the low temperature region contains a tiny concentration of smectic clusters. For 
pentyloxybenzoic acid, displaying classical nematic, this is impossible. 

It is well-known that the free surface influence on the free standing liquid crystal 
films is very important. There exist surface induced smectic phases, so called multilayer 
surface induced transitions of freezing which can reach a thicknesses of hundred layers 
[ 15]. 

In addition to the existing in the literature models [16, 17], we propose a simple 
model using Landau - de Gennes theory for the explanation of the dependence of the 
N-Sm phase transition temperature on the film thickness. Our theory is based on 
the following assumption. For the temperature close to the nematic - smectic transition 
we suppose that at a certain temperature l "'c.s, near the temperature of the bulk phase 
transition Tc (T cs > Tc), there occurs a surface phase transition under the influence of 
the jump in the density. A thin layer with nonzero translation order parameter 7/Js is 
fonned at the surface. In this case the surface tension is described by parameters p and 
'lj; (density and translation order parameter) : 

a = ap + a 'ljJ . (3) 

The term a P increases with temperature decrease, hence it cannot cause a decrease 
of the free energy. Near the nematic - smectic phase transition the behaviour of a is 
detennined mostly by a'l/J · The Landau - de Gennes expansion of free energy density 
[18] 

)

2 
A 2 B 3 C 4 1 d'l/J 

f = f o + - 7/J - - 'l/J + -7/J + -D (-
2 3 4 2 dz 

(4) 

where f 0 is the free energy density of nematic liquid, A, B , C and D are phenomeno
loo-ical coefficients, is applicable to the nematic - smectic bulk phase transition, which 
is ~ weak first order transition. The existing free surface conditions require renonnali
sation of the coefficients in the expansion (4). Most of all this refers to the coefficient 
A, which changes sign at the nematic-smectic phase transition . For simplicity and 
facilitation in the calculations we represent the coefficient A in the following way: 

(5) 

where A o is the value of coefficient A in the bulk, A1 = const, 8(zz) is delta function 

and Zs= ±'.!. . We consider confined sample and z = 0 is the liquid crystal film (see 
. 2 . 

Fig. J ) . Ai/ A may be interpreted as a characteristic length of the surface action . . In 
fact A1 will induce ordering at the surface. Then for the excess free energy density, 

determined by the surface ordering, we shall have 

)

2 
1 B C 1 d 'l/J 1 2 

b.f = -Ao'l/J2 - - 'l/J3 + - 7/J4 + -D (- - -A18(z)'ljJ . 
2 3 4 2 dz 2 

(6} 
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Respectively, for the term of surface tension CT1fJ we shall have: 

CT1fJ =.I f::i.j dz . (7) 

Keeping terms up to second order we minimize the functional (7) by solving the 
Euler - Lagrange equation (8(zz ) integrates directly and does not give contribution to 
this equation): 

cl2 'l/J 
Ao'l/J -D- = 0 . 

dz2 

At symmetric boundary conditions (see Fig. 1): 

the solution of (8) is 

z E (!:_ _ !:_) 
2 ' 2 

'l/Js z 
'l/J = --1 cosh-

cosh _!: ~ 
2 

(8) 

(9) 

(10) 

where ~ = ~ is the coherent length. Let us assume, that at a certain temperature 
VTa 

Tclt , when the condition 

'l/J (O) = 'l/Js 
e 

(11) 

is realized, the phase transition has already been accomplished in the whole film. Then 

since [19] 

(12) 

where: Tc is the bulk phase transition temperature, fo is about the order of the molecular 

length, from (10), (11) we obtain the dependence 

16~6 r 

Tdi~Tc +7Tc . (13) 

Hence, we may consider, in accordance with the formula (13), that the phase tran
sition of the thin films occurs earlier than the bulk phase transition. This gives us 
a reason to consider that the observed black films probably have already adopted a 
smectic structure. Moreover, we may elucidate a film thickness of the black oval at 
the experimentally obtained temperatures of surface phase transition for O~BA and 
DOBA T = 125 °C and T = 135 °C respectively. According to (13), we obtarn 10- 14 
molec;lar (dimer for OOBA and DOBA) lengths average film thic~esses. for both 
liquid crystals, which is in good agreement with experimentally obtamed thicknesses 

of similar LC films ( c.a. 25 nm) [ 1 O]. 

Let us investigate the exc 

to second order. Then, usini 

It 

" 
t:i.F = J 6.fd 

h - 2 

When the film becomes thicl 
the second one, the excess fo 
will be t:i.F = 0, hence in ti 
ordering requires both terms 

-
2 

The above equation for h ha 

2A1 
The - - = 1 case is real~ 

~Ao 
transition in a semi-infinite s1 

T cs there is energetically fa1 
appears . Equilibrium thickne 
total energy minimum of the 
Moreover, extensive film thin 
will be restricted by the disjfj 

A transition from a class 
observed in bulk samples oJ 
oriented bulk samples a nem 
[20 - 24]. So, we can assume t 
N - SmA transition is realized. 
result that in the cases of sm1 

Furthennore, after the bla 
the nematic film temperature, 
extension. According to Pro 
smectic film [ 11]. 

So, the phase transitions 
way: At T > 125 °C the fi 
nonnal to the aluminum sur 
the N - air interface. At T ~ 

been fanned in the film. T 
deformation. Upon decreasi~ 



all have: 

(7) 

e functional (7) by solving the 
d does not give contribution to 

(8) 

# o. (9) 

(~ -~) 2' 2 
(10) 

me, that at a certain temperature 

(11) 

mplished in the whole film. Then 

(12) 

is about the order of the molecular 

(13) 

onnula (13), that the phase tran
k phase transition. This gives us 
probably have already adopted a 

ilm thickness of the black oval at 
e phase transition for OOBA and 
ccording to (13), we obtain 10-14 
average film thicknesses for both 
perimentally obtained thicknesses 

Phase Transition and Thin Film Stability 245 

Let us investigate the excess free energy (6) of a symmetric film, keeping terms up 

to second order. Then, using ( 10) and 8 ( ± ~) , we obtain 

h 

6.F = ] 6.f dz= ~Ao 'l/J:~ h 

-~ cm;h 2~ 
(14) 

When the film becomes thick enough so that the first term of (14) becomes larger than 
the second one, the excess free energy can posses only positive values and its minimum 
will be 6.F = 0, hence in this case 'l/Js = 0. The condition for appearance of surface 
ordering requires both terms in (14) to be equal, i.e. 

~ h h 
2 tanh 2~ + , 2 h 

4cosh 2~ 

The above equation for h has solution when 

2A1 
- < 1 
~Ao - . 

(15) 

(16) 

Tl 
2A1 . . 

1e -- = 1 case 1s reahzed at the temperature T cs, at which the surface phase 
~Ao 

transition in a semi-infinite sample is accomplished. Hence for the temperatures above 
Tes there is energetically favourable film thickness, at which surface orientation '!/Js 
appears. Equilibrium thickness that will be established in the film is determined by the 
total energy minimum of the system which consists of flat central part and meniscus. 
Moreover, extensive film thinning, which according to (14) is energetically favourable, 
will be restricted by the disjoining pressure. 

A transition from a classical to a nematic with smectic structure [14] has been 
observed in bulk samples of HOBA, OOBA and NOBA. Moreover, for a properly 
oriented bulk samples a nematic- pseudonematic A transition has been found as well 
[20 - 24]. So, we can assume that at about 125 °C in OOBA black film a surface-induced 
N-SmA transition is realized. This supposition is also consistent with the experimental 
result that in the cases of smectic films no hydrodynamic flow is observed. 

Furthem1ore, after the black oval appears by a sharp jump upon the decrease of 
the nematic film temperature, a subsequent temperature decrease causes a smooth film 
extension. According to Proust and Perez these facts imply that the black oval is a 
smectic film [ 11]. 

So, the phase transitions in OOBA thin film could be imagined in the following 
way: At T > 125 °C the film is in nematic phase and the molecules are oriented 
nonnal to the aluminum surface at film periphery and tilted on a certain angle at 
the N - air interface. At T :::; 125 °C a black oval with SmA layered structure has 
been fonned in the film. The nematic in the meniscus undergoes bend and splay 
deformation. Upon decreasing film temperature from ca. 125°C to 108.3-108.2°C 
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the black oval only gradually extends. In the meniscus, where the nematic features 
bend and splay defonnations, at this temperature a transition to a intermediate phase 
with a stripe texture begins. The stripes are radially disposed and tenninate to the 
black oval contour. This is consistent with Cladis and Torza results, that the stripes 
are orientated parallel to the band deformation (25). Upon reaching 107.5 °C the phase 
transition into SmC phase is completed. The lowering of N-SmC phase transition 
temperature in the meniscus with about a half degree is explained by the existence 
of a intermediate stripe texture phase (25). In the black oval after the N - SmA phase 
transition at 125 °C we observe actually the SmA-SmC transition and this explains the 
lowering of SmC phase transition temperature down to 107.5 °C. 

5. Conclusion 

The main conclusions t-0 be drawn from these measurements are: 

1. The black oval in free suspended films in nematic phase OOBA and DOBA is 
obtained only below a certain temperature within the nematic range. This is con
nected to a smectic cluster existence and to formation of smectic A layers at the 
air/LC interfaces. This provides an energetically favourable film thickness above 
the N - Sm transition temperature. 

2. A termination of hydrodynamic flow at the black oval border is observed. This 
may be a result of thin film density rise, caused by the smectic phase fonnation 
in it. 

3. A temperature dependence of the black oval radius is established. A radial move 
of the black oval border out of and to the film center in a narrow temperature 
interval of few degrees above N -SmC phase transition is observed. This is a 
result of anomalous temperature dependence of surface tension near the N -SmC 
phase transition. 

4. A decrease of the N-SmC phase transition temperature with about a half of degree 
is observed. In the film meniscus this decreasing is due to the existing of a 
intermediate stripe texture phase while in the black oval it is due to a SmA-SmC 
transition as a N-SmA phase transition is already established. 
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