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Layer thinning transition above the bulk smectic-A—isotropic transition
in free-standing liquid-crystal films
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Upon increasing temperature, high-resolution optical reflectivity data have revealed unusual melting transi-
tions above the smectig—isotropic transition in free-standing films of one partially perfluorinated compound.
For sufficiently thin films(fewer than nine layejsa sequence of regular layer-by-layer thinning transitions is
found. The evolution of this unique thinning process can be well described by a simple power law with
exponent{=0.70.[S1063-651X97)07204-9

PACS numbegps): 64.70.Md, 61.30.Eb

Since the 1994 observation of a uniqgue melting phenomthe surface-enhanced order. To our great surprise, in 1994
enon in which a liquid-crystal film’s innermost smectic lay- Stoebe, Mach, and Huang obsenf&d a remarkable layer-
ers melted one molecular layer at a time, we have beehy-layer thinning transition above T, (=85°0Q
searching for a different liquid-crystal compound that showsdf one partially perfluorinated liquid-crystal compound,
the same behavior. One of our main goals has been to teb{10FSMOPP  [5-n-decyl-2{4-n-(perfluoropentyl-methy-
whether the phenomenon can be described by a simpl&neoxy pheny) pyrimidine]. The films were spread across
power law with a universally applicable exponent. a 1 cm diameter opening. Upon heating abdyg, instead

Many solids melt from the outside ifil]. Because the Of rupturing as is usual for most liquid-crystal films, the
solid-vapor and solid-liquid interfaces have a disordering efH(10FSMOPP free-standing films exhibit multilayer thin-
fect on the surface molecules, these surfaces melt at a low8{ng _transitions forN (layer number >9. Then above
temperature than the bulk. Thus as temperature increases®g C: the film undergoes a sequence of regular layer-by-

solid’s surface initiates the melting process after which meltaYer thinning transitions. Eventually, the two-layer film rup-

ing penetrates the solid from the outermost surface inwardures at 113 O.C’ ‘.Nh'Ch 'S more than 28 K above Thg. An
The bulk melting point is defined as the temperature at whic xample of thinning trangltlon sequen.cd\.ig 25, 15 11,9,

. . . - 8,7,6,5,4, 3, and 2. This unusual thinning transition can be
the entire solid has melted. Given a smooth enough solid- . )
L ) well characterized by a simple power law
liquid interface, the melting may occur one molecular layer
at a time. Many of such melting processes can be described h(t)=1ot~¢, (1)
by a power law. The exponent has been shown to be a uni-
versal constant dependent on the dominant intermoleculavhere h is the film thickness (in units of layers,
force. t=[T(N)—Tg]/ Ty, andT.(N) is the maximum temperature

Certain liquid crystals defy this common behavior, essenat which theN-layer film exists. The fitting results yield
tially reversing the melting process seen in most solids. Th€=0.74=0.02 andT,=84.84+0.04 °C, which is very close
liguid-crystal—vapor interface may have an ordering effectto the bulkT,,(=85°C). Later, Demikhov, Dolganov, and
on smectic surface layers. This effect manifests itself in sevMeletov [6] reported similar thinning behavior above the
eral forms. If this ordering penetrates into the liquid crystal,Sm-A—nematic () transition of 50.6 (4-n-pentyloxy-
then at a given temperature the degree of order in the film'®enzylidene-43-hexylaniling. This thinning transition was
layers decreases from the surface layei2in4]. In a liquid-  observed in a much smaller fim hole (X5 mm?). We
crystal film that is thin enough, the surface ordering mayhave tried to reproduce the results with film diameters as
penetrate the entire film, raising the film’'s transition tem-small as 3 mm and failed. Thus we believe that such a small
perature above what one would expect of a bulk liquid-film is stabilized by the excess material in the meniscus
crystal sample. This model allows for the innermost layer toalong the small dimension, which may have a significant
have alower melting temperature than its outer neighbors. effect on the reported exponent=£0.82).

In the past ten years, our research group has been con- Among ordinary hydro-alkyl liquid-crystal compounds,
ducting extensive heat capacity, optical reflectivity, and surJin et al. [7] have recently found thinning transitions above
face tension measurements on free-standing films of variousie T, (70 °C) of 54COOBC (-pentyl-4' -n-pentanoyloxy
liquid-crystal compounds. On many occasions, we have inbiphenyl-4-carboxylate The film hole was also 1 cm in di-
tentionally increased the film temperature beyond the bullameter. The sequence of thinning transitions is highly irregu-
Sm-A—isotropic transition T,;) to check the existence of lar. Both the temperatures at which each thinning occurs and

the film thickness at which the film ruptures are not repro-
ducible. Among 20 experimental runs, the one that came the
* Author to whom correspondence should be addressed. Electron@osest to exhibiting regular layer-by-layer thinning shows
address: huang001@maroon.tc.umn.edu the following sequenceN=11, 9, 8, 5, 4, 3, and 2. This

1063-651X/97/564)/43864)/$10.00 55 4386 © 1997 The American Physical Society



55 LAYER THINNING TRANSITION ABOVE THE BULK . .. 4387

occurred only once. No such thinning transition was ob- 20 , , . . . . .
served innmOBC. HerenmOBC refers ton-alkyl-4'-n- - T

alkyloxy biphenyl-4-carboxylate. One hypothesis for why

thinning transitions are seen in 54COOBC but not in 15 o2} -

nmOBC is that the former compound possesses a more sym-
metric molecular structure. We have specifically tested this
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o1 —Q_ oo FIG. 1. Optical reflectance data showing thinning transitions in

a free-standing film of H8@,2,JMOPP. The original film thick-

o] (") ness is about 25 layers. The inset highlights the negative slopes seen
" . . . . . - .
CHO < > C—0 < >_C_O_CH in all successive steps in the region of single-layer thinning
o o (N<7) before the two-layer film ultimately ruptured above
100 °C.

o
0 0 il I . . . .
i A e o-@—c— 0—CH, to-noise ratio, a He-Ne laseh £6328 A), amplitude stabi-
CgHw"'O‘C‘O_ 0-c¢ ’ lized through a proportional-integral-differential scheme,
was used as the light source. The long term stability of laser
output intensity is better than 0.1%/h. With a small incident

Currently, we are continuing our effort to identify regular angle, the optical reflectivity for aN-layer film of thickness
layer-by-layer thinning transitions in the nonperfluorinatedh=Ne can be written ag9]

compounds. Meanwhile, among the perfluorinated com-
pounds, it remains a very important task to experimentally
identify and characterize the “regular” layer-by-layer thin-
ning transition, find out the common features of such a tran- ) o . .
sition, and see if the exponeit is the same in different Wherec=[(ng—1)ek]“/4 is a constantn, is the ordinary
liquid-crystal compounds. index of reflectionk the wave vector of the incident radia-
Recently we have observed a regular layer-by-layer thintion. Equation(2) holds fornghk<1. Fore~30 A, this con-
ning transition in one of our newly acquired perfluorinateddition is satisfied for thin films wittN<10. Figure 1 shows
liquid-crystal compounds, 24-(1,1-dihydro-2¢2-perfluoro-  the temperature variation of optical reflectivity as a function
butoxy-perfluoroethoxy perfluoroethoxy) phenyl-5-octyl ~ Of temperature. Upon heating, a small hump near The
pyrimidine [H8F(4,2,J)MOPP|. Its molecular structure is (=71°0Q is discernible. The step-wise change in optical re-
flectivity signals the thinning transition. In comparison with
/ the H10)F5MOPP layer thinning data, Fig. 1 displays the
following two new features: the existence of a small hump
Cg HI{W0w2C%—O%§—OC4F9 nearT,,, and a much larger slope for each step. The layer
N thicknesses determined through E2). areN=9, 8, 7, 6, 5,
4, 3, and 2. This is the second compound exhibiting a regular
layer-by-layer thinning transition foN<<9 in a large film
The bulk transition sequence is isotropic (71)°6m-A hole(1 cm in diametéer Similar to H10F5MOPP, while the
(48°C) smC. number of layers lost in each thinning in the thick-film re-
Our surface tensiony) measurement from free-standing gion is highly irregular, foN<9 a sequence of single-layer
films of this compound vyieldsy=12.8 dyn/cm, which is thinning transitions occurred reproducibly in six separate ex-
similar to that of HLI0)F5MOPP[8]. Following our argu- perimental runs of different initial film thicknesses. Ulti-
ment for H10)F5MOPP, this value of strongly suggests an mately, the two-layer film ruptures at above 100 °C, which is
antiparallel smectic layer structure, with a roughly equalabout 30 K abovd ,,. Each thinning transition occurs in an
population of Ck and CH; groups at the smectic layer sur- extremely small temperature window<(a few mK). This
face. thermally induced layer thinning transition is irreversible.
The free-standing films were prepared at 60 °C inside &or example, cooling down a two-layer film from 95 to
temperature-regulated two-stage oven filled with 0.5 atm ofi2 °C does not change the film’s thickness. The inset shows
argon gas. Optical reflectivity measurements were recordetthe details of thinning transition fdi<7.
for temperatures ramped upward from a starting temperature The data shown in Fig. 1 exhibit a noticeable negative
of about 68 °C at a rate of 75 mK/min. The temperature ofslope for each step which indicates a significantly large nega-
the oven was computer controlled. To achieve a high signaltive thermal expansion coefficient in smectic layer spacing

R=[(n3—1)ek]?>N?/4=cN?, 2
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FIG. 3. Surface tension of HIOF5MOPP as a function of film
thickness which is essentially constant. The data were obtained dur-
ing a thinning transition run.

FIG. 2. N versusT.(N). The solid diamonds are the experimen-
tal data. The line is a fit to Eq1) discussed in the text.

(|x |>0.12 A/K). Detailed data analys¢40] reveal an un-
usual large layer compression.

Figure 2 exhibits the experimental dagolid dotg: the
film thickness ) versus the maximum temperatufg(N)
at whichN-layer films appear to be stable. The best fit to Eq.

face tension remains constant throughout the thinning transi-
tions[14].

To obtain a better understanding of the nature of the
layer-by-layer thinning transitions and to test their universal
(1) is shown as a solid line withy=0.37, £=0.70+0.04, ?ehavu;r,t it rex{nams’ an |mportantflresgari:hdprOJect to Zeachh
and T;=70.7=0.3°C. The exponent{) is in good agree- or such transitions in any nonpertiuorinated compound. Re-
ment with that of HL0)F5SMOPP. cent dlf_fuswe x-ray scattering measurements on pa_rtlally

perfluorinated compound display the existence of higher-
order scattering peak45,16 and yield a significantly larger
lue for the smectic compressional elastic modulus
~10° erg/cm [15] than that B~10° erg/cm of purely
alkyl-terminated compound. These experimental results indi-
cate that the layer structure in the perfluorinated compound is
much more well defined. Could this be why we have only
seen regular layer-by-layer thinning transitions in perfluori-
nated compounds? Is the negative thermal expansion coeffi-
cient of the layer spacing found in both HI10FSMOPP and

transition found at_)ove the Sm—|s<_)trop|c transition to _be H8H4,2,)JMOPP a necessary condition for such a thinning
close to a vapor—isotropic—nematic—3mguadruple point o . . o .
transition? Further experimental investigations are in

and possess a continuous or a very weakly ﬁrSt'ordeBrogress to obtain better insight into these intriguing ques-
nematic—SmA transition. Then the strong pretransitional ef- tions

fect associated with the nematic—Smtransition will pro- '

mote a layer thinning transition instead of film rupture. Uti-  We are grateful to Professor D. E. Sullivan for valuable
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Since our work on the layer-by-layer thinning transition,
two theoretical model$11,12 have been proposed. Both
models employ the mean-field approach and impose i(g
surface-enhanced ordering field. We believe that the surface-
enhanced order is essentjaB], but do not yet know if the
observed thinning transition is mean-field-like. The model
suggested by Mirantse\ 1] yields an asymptotic variation
of T.(N) in good agreement with our experimental results.
The second ongl2] requires the layer-by-layer thinning
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