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NOVEL LAYER-BY-LAYER TRANSITIONS FOUND IN FREE- 
STANDING LIQUID-CRYSTAL FILMS 

T. STOEBE, A. J. JIN, P. MACH, AND C. C. HUANG 
School of Physics and Astronomy, University of Minnesota, 
Minneapolis, Minnesota 55455, U.S.A. 

Abstract  By utilizing our state-of-the-art ac differential f r e e -  
standing film calurinzetric system,  three remarkable surface 
enhanced layer-by-layer transitions i n  several liquid-crystal 
compounds have been investigated. Each of these transitions can 
be well-described by the simple power-law expression: L = Lo t-V. 
T h i s demon s tra te s t h at the s e s u r f ac e en h an c e d t r a n s it i o n s occur 
on the smooth "substrate" with long-range interactions. 

INRODUCTION 

Thermotropic liquid crystals are elongated organic molecules which 
display one or more mesophases between the crystalline state and 
the isotropic liquid. An important class of these mesophases are the 
smectics (derived from the Greek opqypa (= soap)). The smectic 
phases exhibit layered structures in which the interlayer interaction 
is relatively weak. Because the layers are not coupled strongly, 
interesting surface effects are apparent and the phase behavior of 
liquid crystals is strongly influenced by the proximity of interfaces. 
Moreover, much like a soap film on a ring, free-standing smectic 
liquid-crystal films can be prepared and suspended over a hole cut 
into a film plate. These substrate-free films constitute a highly 
intriguing physical system. Provided the appropriate compounds are 
chosen, sample thickness can easily be varied from two to a few 
hundred molecular layers (each layer is = 25 8, thick, roughly the 
dimension of the long axis of the molecule) in a matter of seconds by 
simply spreading new films u n t i l  the desired thickness is obtained. 
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512 T. STOEBE ET AL. 

Numerous interesting experiments [ I ]  (e.g., calorimetric studies, 
1 i g h t- scatter in g , ine c h a n  i c a 1 ine a s u r e me n t s , optic a 1 o b s e rv a ti o n s , 
optical reflectivity, x-ray and electron diffraction, etc.) have been 
conducted on free-standing liquid-crystal films to investigate inter- 
and intra-layer molecular order, the evolution of phase transitions as 
the system is taken from the thick-film to thin-film limit, as well as 
to study substrate-free two-dimensional physical phenomena and 
the effect of free surfaces. 

solids are in a somewhat less ordered state than those in the interior. 
Consequently, the inelti ng process usually begins at the surface and 
progresses inwards as the transition is approached from below [ 2 ] .  
Unlike conventional solids, the surface tension associated with the 
liquid-crystalhapor interface tends to reduce layer fluctuations due 
to the fundamental nature of one-dimensional density wave and 
promote order near the surface of liquid-crystals. This effectively 
en h an ce s the s u r fac e t ra ti s i t i on te in pera t u re. Consequent 1 y , order i n g 
transitions tend to start at the liquid-crystalhapor interface and 
proceed inwards as the transition is approached from above. The fact 
that the surface enhanced transitions progress in a layer-by-layer 
fashion indicates that the "substrates" for the transitions are smooth. 
Significant insight into this behavior has been provided by recent 
experimental investigations [3-61 and theoretical work [7]. 

specular reflectivity from the liquid-crystal free surface as a function 
of temperature above the bulk SmA-isotropic transition of 12CB 
(dodecylcyano-biphenyl). The reflectivity data can be described in 
terms of a sinusoidal density modulation, starting at the surface and 
abruptly terminating after an integral number of layers. The data are 
therefore consistent with the discrete penetration of the bulk 
isotropic phase by an increasing number of SmA layers as the 
temperature is reduced. This work represents the first experimental 
observation of a layer transition involving sinectic liquid crystals. 
Employing an elegant c om p u t er- en ti a nc ed p o 1 a r i ze d v id e o mi c r 0s cope, 
Swanson et al .  [4],  studied the layer-by-layer surface ordering 
transition of free-standing films of 90.4. Here 90.4 is a member of the 
n 0 . in (4 - (11- ci Ik y I ox y ) be n z y 1 i d e ti e - 4 - ( n - ci Ik y I )  an i 1 i ti e ) h o inol og ou s 

The atoms or molecules at the surfaces of the vast majority of bulk 

Ocko et al. [3] measured the angular dependence of the x-ray 
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FREE-STANDING LIQUID CRYSTAL FILM s13 

series. Excellent resolution of this optical technique enabled them to 
observe 28 separate layering transitions. The transition temperatures 
of the first ten layers were found to be well-characterized by the 
simple power-law form, L = L, t - V ,  with v = 0.37, indicating that a van 
der Waals-like force dominates the interlayer coupling. 

Here we will report other three reinarkable layer-by-layer 
transitions identified in liquid-crystal films. Again each of these 
transitions can be well-characterized by the simple power-law 
expression. The da ta  associated with the layer-by-layer transitions 
found near t h e  SmA-hexatic-B and SmA-crystal-B transitions can be 
fitted to the exponent v = 1/3, indicating that a van der Waals-like 
force is responsible for the interlayer interaction. 
novel layer-by-layer rhinning transition which has been found above 
the bulk SmA-isotropic transition of a perfluorinated liquid-crystal 
compound. T h e  value of the exponent obtained, v = 3/4, cannot be 
ex p 1 ai ned u t i 1 i zi n g fa mi 1 i a r in0 de 1 s . 

The third one is the 

RESULTS AND DISCUSSIONS 

In order to give a crucial test of the applicability of the novel two- 
dimensional (2D) melting theory to describe the SmA-HexB transition 
in liquid crystals, we have established a state-of-the-art high- 
resolution ac differential calorimetric system [8,9]. The system 
enables us to simultaneously measure both heat capacity and optical 
reflectivity of free-standing films even only two molecular layer in 
thickness. The resolLition o j  both probes is herter than ci few parts in 
105! The fact that 2-layer f i l m  exhibit only a single heat-capacity 
anomaly while thicker films show more than one peak associated 
with the SmA-HexB transition in the nrnOBC compounds, supports the 
assertion that 2-layer films possess 2D thermodynamic behavior [lo]. 
Here nmOBC refers to members of the n - a l k y l - 4 ' - n - n l k o x y - b i p h e n y l -  
4 - c arb o x y 1 ate h o in o 1 o g o u s s e r i e s . 

Two-layer films appear to be two-diinensional. Surprisingly, 
however, even films just three molecular layers thick clearly display 
distinct anomalies corresponding to separate transitions i n  the surface 
and interior layers. Upon cooling these thicker nmOBC films, the SmA- 
HexB transition has been observed to originate at the outermost 
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5 I4 T. STOEBE ET Al 

surface layers a n d  progress into the film i n  a layer-by-layer fashion 
[ 5 ] .  Among the nine nmOBC compounds that exhibit the SmA-HexB 
transition, 3( 1O)OBC possesses the longest total alkyl chain length. The 
i nc re as ed se p ar at i o n bet wee n the b i p he n y 1 - c ar bo x y 1 ate c ores ina y 
further reduce the interlayer coupling. Such reduced coupling is 
consistent with the observation that 3( 10)OBC not only shows the 
most pronounced heat-capacity peaks but also displays up to five 
(rather than four) separate heat-capacity anomalies near the SmA- 
HexB transition for sufficiently thick films [ 5 ] .  Heat capacity as a 
function of temperature i n  the vicinity of the bulk SmA-HexB 
transition in {a) 60-, (b) 30-, and (c) 6-layer 3(10)OBC free-standing 
films is shown i n  Fig. 1 .  For clarity, the temperature axes are 
expanded in the  insets of {a) and (b), to better illustrate the surface 
transitions near the large interior anoinalies. Despite the impressive 
resolution of our calorimeter, we are unable to resolve additional 
heat-capacity peaks. I t  is therefore unclear whether the transition 
continues in a layer-by-layer fashion throughout the entire film 
(complete wetting) or is terminated by a single bulk transition 
involving the rest of the interior layers (incomplete wetting). 

The results exhibited in Fig. 1 are quite remarkable. Previous to 
this work, layering transitions had been theoretically addressed and 
experimentally investigated only in systems exhibiting a first order 
transition [ I l l .  However, none of the heat-capacity anomalies in Fig. 1 
exhibit measurable (< 10 mK) thermal hysteresis [ 5 ,  121. Moreover, 
the well separated heat-capacity anomalies can be successfully fit to a 
simple power law [13-151. These two observations are strongly 
indicative of the continuous natiire of these transitions. In principle, 
the predicted divergence of the order-parameter susceptibility ( x )  
makes the discussion of a layer-by-layer transition near a continuous 
transition appear inappropriate. However, i t  can be shown [ 161 that if 
the critical exponent q associated wi th  the corresponding 2D 
transition is greater t h a n  2 ,  the interlayer coupling becomes 
irrelevant and the layer-by-layer transition is feasible. 

crystal/vapor interface have been clearly demonstrated by x-ray 
diffraction measurements [ 171. It  was found that the molecular 
fluctuation amplitudes increased sharply as a function of increasing 

The ordering effects of the surface tension inherent i n  the liquid- 
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FIG. 1. Temperature variation of heat capacity for (a) 60-, (b) 30-, 
and (c) 6-layer 3(10)OBC free-standing films’ near the SmA- 
HexB transition. To make the layer transition more apparent 
near the large interior anomaly, the temperature axes are 
expanded in the insets. 

depth into the film, strongly supporting the hypothesis that the 
ordering originates at the free surfaces. Furthermore, this study 
suggests that there m a y  be a variation of in-plane molecular density 
(PA(L))  between the outermost layers and the interior. Because the 
SmA-HexB transition can probably also be density driven, it is 
reasonable to assume that the transition temperature of each 
molecular layer is a function of PA(L). The outermost layers, having 
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516 T. STOEBE ET AL. 

the highest density due to the surface tension, would exhibit the 
hi g h e s t tran sit i o n tempera t it re and the tr a t i  s i t i o n w o u Id progress 
inwards upon d ec re as i n  g t e i n  pe ra t it re. U n f ort it n a te 1 y , despite the 
high resolution of our optical reflectivity probe (which is sensitive to 
the index of refraction and, hence, density), we have not yet been 
able to measure any variation of the in-plane density as a function of 
film thickness. The transition temperatures may be strongly 
dependent on small changes of the in-plane density, however, and 
this failure does not greatly weaken the above argument. 

be measured with h igh  resolution. Here L gives the separation 
(measured in units of layers) between the nearest f i lmhapor 
interface and the layer i n  question. Figure 2 displays the 
temperature variation of the penetration depth (L versus [T,( L) -  
To] /To)  of the surface ordering transitions for the three different 
films introduced i n  Fig. 1 .  The data can be described by the simple 
power-law expression: L = L,, ([T,(L)-T,]/T,)-V with the exponent v = 
0.32 iz 0.01, coefficient L,, = 0.30 and To = T,, the bulk transition 
temperature. By utilizing standard wetting calculations [ 181, the 
value of the exponent v leads us to conclude that the interlayer 
interaction is dominated by van der Waals-like forces. The results 
also show that the interlayer interaction does not change within our 
experimental resolution over the range of film thickness studied. 

transition establishes long-range positional order both within and 
between the layers. Because enhanced surface ordering has now 
been observed in inany liquid-crystal systems, it was not a complete 
surprise when surface transitions near the first-order Sin A-CryB 
transition were also identified. Nevertheless, it is the first layer-by- 
layer transition involving a liquid-crystal crystalline phase to be 
identified experimentally [ 191. Employing our high-resolution free- 
standing film calorimetric system, we have identified up to six 
separate heat-capacity peaks associated with the SmA-CryB 
transition of 40.8 films [ 191. The temperature dependence of the 
surface CryB penetration into the SinA substrate can again be 
well-characterized by the power law form: L = Lo ((Tc(L)-To)/To)-V, 
where To is again the bulk transition temperature. Fitting yields the 

The transition temperature (T,(L)) of the individual layer (L) can 

In contrast to the case of the StnA-HexB transition, the SmA-CryB 
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FIG. 2. Plot of L vs. [Tc(L)-To]/T, of the layer transition temperature, 
T&), obtained from Fig. 1. The solid line is the f i t  to the power 
law expression. 

exponent v = 0.36. Similar to the SmA-HexB transition, this value of 
the exponent v again indicates that the interlayer interaction is van 
der Waals-like. 

liquid crystals has been recently observed above the SmA-isotropic 
trans i ti on of H ( 1 0) F ( 5 ) [ 5 - n - d e c y 1 - 2 - (4 - n - (perf 1 u or o pent y 1 - 
metheleneoxy) phenyl) pyrimidine]. These molecules consist of a 
phenyl-pyrimidine core separating hydro-alkyl and fluoro-alkyl end 
chains. The perfluorination seeins to have a profound impact on the 
behavior exhibited by this class of compounds. These end groups are 
expected (and have been observed) to enhance the tendency of such 
compounds to favor layered phases [20, 211. Not only are the smectic 
phase ranges greatly enhanced but the layer structure might also be 
expected to be much more well developed in the perfluorinated 
analogues of the more common hydro-alkyl terminated compounds. 
This observation becomes important i n  the discussion of the novel 
results obtained above the SmA-isotropic transition of H( 10)F(5). 
To date , w hen free - s t a n d i n g f i 1 in s of o r d i n ar y h y d r o - a1 k y 1 1 i q u id - 
crystal compounds are heated, the films invariably rupture at or 
below the bulk isotropic transition temperature (TAI)  or the bulk 

In our laboratory, another layer-by-layer transition exhibited by 
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518 T. STOEBE ET AL. 

nematic transition temperature (TAN) .  I t  was therefore very 
surprising when H( 10)F(5) f i l m  were observed to exhibit an 
extremely interesting layer-by-layer t h inn ing  transition well above 
the bulk TAI (see Fig. 3) [22]. Both our optical reflectivity and heat 
capacity data indicate that the films th in  as the interior layer(s) 
become isotropic and are progressively squeezed out of the film. The 
temperature dependence of this effect is extremely intriguing. Let  
Th,(L) denote the highest temperature at which a film of thickness L 
is stable. The film thickness is again found to obey the simple power- 

80 

60 

E 
* 40 

2 
CJ 

5 U 

ua 20 

0 

.L - 0 10 20 - Film Thickness (layers) - 
I) - - 

-. 
.) 

l l l . . I . , . . I . ,  

90 100 110 
Temperature ("C) 

FIG. 3. Heat capacity data associated with the SmA-isotropic transition 
of an initially 25-layer thick H( 10)F(5) film. The,Inelting occurs 
as a series of discrete transitions in which interior layers 
become progressively disordered and drain out of the film. The 
resultant thinning continuous unt i l  the films become only two 
layers thick and eventually rupture near 112 "C. The inset 
demonstrates tha t  the plateau values are consistent with the 
expected linear dependence on film thickness, confirming our 
hypothesis that the melting O C C L I ~ S  as a series of layer-thinning 
t ransi t ions.  
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519 FREE-STANDING LIQUID CRYSTAL FILM 

law form: L = Lo((Tllc(L)-TU)/T,)-V with To = TAI and a very different 
value for the exponent v (= 3/4). To the best of our knowledge, no 
theory can explain this observed th inning  transition. Moreover, it is 
truly amazing that two-layer SinA films remain stable more than 25 
K above the bulk SmA-isotropic transition temperature (84 "C). 
Evidently the enhanced intrulayer coupling is strong enough to 
preserves the layer structure and prevent film rupture as interior 
layers drain into the surrounding reservoir of sample at the film 
plate e d g e . U t i  1 i k e the pre v i o u s t w o ex a mp le s 1 aye r- by - 1 aye r 
transitions discussed above, this film t h i n n i n g  transition is 
monotropic so that the film thickness does not increase upon cooling. 

In conclusion, i n  our laboratory, three distinct layer-by-layer 
transitions i n  various liquid-crystal free-standing 'film systems have 
been characterized. The progression of both the SmA-HexB and SmA- 
CryB transitions has been shown to be well described by a simple 
power law resulting from a standard wetting calculation assuming 
the interlayer interaction to be van der Waals-like. Although a 
similar power law has been found to describe the fascinating SmA- 
is o tropic t h i n n i n g t ran s i t i on i n p e r f 1 u or i n ate d I i q u i d - c r y s t a 1 
compounds, there does not appear to be any theory that can account 
for the extremely large value of the exponent (v = 3/4) obtained. 
Thus far, all the surface enhanced ordering transitions found in  liquid 
crystals exhibit layer-by-layer transitions and are well-characterized 
by the simple power-law expression. This indicates that the observed 
surface "freezing" transitions occur on smooth "substrates" through 
long-range in terl ayer in terac t i  o t i  s. 

Foundation, Solid State Chemistry Program, Grant No. DMR93-00781. 
This work was supported i n  part by the National Science 
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