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Dramatic Effect of Single-Atom Replacement on the Surface Tension
of Liquid-Crystal Compounds
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High-resolution surface tension measurements have been conducted on free-standing films of a
specially selected series of liquid-crystal compounds. We have discovered a dramatic change in the
surface tension of liquid-crystal compounds by replacing a single fluorine atom in the molecular tail
with a hydrogen atom. The implication of this finding will be discussed. [S0031-9007(97)05062-X]

PACS numbers: 61.30.–v, 68.10.Cr, 83.70.Jr
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A fundamental goal of surface science is to correla
macroscopic surface phenomena, such as adhesion, d
gency, friction, and spreading, with the molecular stru
ture of the surface involved. To meaningfully addres
this issue, knowledge about surface tension is of prim
importance. In turn, characterizing the molecular orig
of surface tension will yield both physically interesting
and technologically important results. For instance, it is
very intriguing physics question as to how deeply belo
a free surface the mechanisms extend which give rise
surface tension. Such knowledge would also be extrem
useful in designing the most chemically “efficient” mater
als to exhibit desired surface properties. As early as 19
Langmuir [1] proposed the “principle of independent su
face action.” Qualitatively, this principle asserts that ea
part of a molecule possesses a local surface free ene
which is equivalent to a surface tension. Fifty years late
Fowkes [2] stated: “It is normal to consider that the [su
face] tension resides in the surface monolayer, althou
in some systems it has been demonstrated to have con
butions from second or third layers.” Much experiment
effort has been expended to investigate these somew
different ideas. To the best of our knowledge, no d
finitive experimental conclusion has been reported whi
would resolve the issue of how localized the origin of su
face tension is in atruly fluid system. We have recently
measured surface tension of free-standing films of fo
specially selected liquid-crystal compounds. Our resu
demonstrate that the terminal molecular group exhibits
extremely large effect on the surface tension. In a pa
tially perfluorinated liquid-crystal compound, by replacin
just one terminal fluorine atom with a hydrogen atom, w
obtain an increase of more than 20% in surface tensi
As a matter of fact, such an increase already accou
for more than 50% of the difference in surface tensio
between the compounds with fully hydroalkyl versus pa
tially perfluoroalkyl tails.

To obtain essential information related to the surfa
free energy, many research groups have established fa
ties employing different experimental techniques to cha
732 0031-9007y98y80(4)y732(4)$15.00
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acterize a variety of organic close-packed monolayer film
[3–5]. Data gathered from this special class of system
are, in fact, of important general relevance, since the su
face free energy obtained from these films is usually
good agreement with that of a crystalline surface consis
ing of the same functional “terminal” group.

Liquid crystals represent one category of materials fro
which close-packed organic surfaces may be formed. T
liquid-crystal molecules themselves are often picture
schematically as rodlike or cigar shaped, having rigi
core structures with flexible tails extending off eithe
side, giving a typical overall length of roughly30 Å.
Under appropriate conditions, one can prepare unifor
free-standing films from the smectic-A (Sm-A) phase of
liquid-crystal compounds. These films possess a layer
structure, with the film thickness quantized to a discre
number of layers. Within the layers, the molecules a
oriented so as to have their long axis aligned on avera
with the layer normal, leading to a layer (and film) surfac
composed of close-packed molecular tails. The center
mass order within any given Sm-A layer is liquidlike, with
the layer thickness approximately equal to the molecul
length. These metastable substrate-free films can last
weeks, and have proven to be a rich system on whi
to conduct a variety of high-resolution experiments fo
studying substrate-free two-dimensional systems, the
fect of surface-enhanced ordering, etc. [6]. For our in
vestigations, a typical film area is about1 cm2, with film
thicknesses ranging from two to a few hundred molecul
layers. Because of its liquidlike in-plane molecular ar
rangement, the Sm-A free-standing-film/vapor interface is
very uniform and homogeneous; the well-defined orient
tion of the molecules within the layers strongly predefine
the nature of the molecular groups exposed at the s
face. With appropriate experimental techniques, such
the one we describe in this Letter, the surface tension
Sm-A free-standing films is directly determinable; this is
in contrast to studies of condensed monolayers ancho
on substrates, where extrapolation methods based
Young’s contact angle equation or assumptions about t
© 1998 The American Physical Society
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dispersive nature of the forces at the interface are n
essary [3,4]. Along with the physical properties cite
above, this experimental advantage makes the Sm-A film
a unique system for investigating the effect of the termin
functional group on the surface tension. Different expe
mental facilities have been constructed to measure the s
face tension of free-standing liquid-crystal films [7–13].

Employing our flexible-string tensiometer [8,9], we
have obtained the surface tension from free-standing fil
of various liquid-crystal compounds. The principle ide
behind our tensiometer is the following. An extremel
flexible, uniform surgical silk suture (ø40 mm in diame-
ter) is suspended between two small V grooves spac
1.76 cm apart across a knife-edged hole cut into the cen
of a vertically oriented film plate. The top end of th
string is fixed to the plate and a known masssMd is
attached to the other end (see Fig. 1). Thus, when no fi
is present the string is straight and divides the hole in
two parts [see Fig. 2(a)]. All of these elements are plac
inside a controlled environment within a temperatur
regulated oven. The free-standing films are created
one half of the hole, with the film boundary complete
by the string. The action of surface tension tends
minimize the size of the film surface area. Therefo
the string is under a film tension which is balance
by the tension from the masssMd. Geometrically, the
resultant string deformation is part of a circle of radiu
R [see Fig. 2(b)]. The measured value ofR is inversely
proportional to the film-vapor surface tensionsgd, i.e.,
R  Mgy2g, provided that the friction due to the lowe
V groove is negligible, an assumption which we hav
tested experimentally [12]. Hereg  980 cmysec2 and
the factor of 2 comes from the fact that there a
two film-vapor interfaces for a given free-standing film
This remarkable, straightforward tensiometer allows
to measure surface tension with a resolution of bet
than 2% [9]. Surface tension data of liquid-crysta
compounds obtained from our flexible-string tensiomet
are in excellent agreement with the available data acqui
from different experimental techniques [11,14–16].

Of all liquid-crystal materials, partially perfluorinated
compounds are a class upon which particularly inten
research effort has been directed. Motivated by t

FIG. 1. Schematic of the film plate. When a film is prese
in the right half of the opening, the string is deformed from it
straight configurationss0d into the arcssd, thereby elevating the
masssMd.
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discovery of many novel physical properties [17] an
potential applications in electro-optical switching device
[18], various research groups have synthesized seve
unique perfluorinated liquid crystals. Recently, we hav
completed systematic surface tension measurements
the following three such compounds:

where R1  C5H11, R2  CH2sCF2d3CF2H, andR3 
CH2C4F9.

The synthesis processes and initial characterization
this homologous series have been reported in Ref. [1
This series was chosen to give a consistent five-carb
tail length on one end of the molecules, while at the sam
time providing an evolution from hydroalkyl to partially
perfluoroalkyl character at this tail end. In keeping with
the liquidlike character of a Sm-A layer, there is gen-
erally no preferential ordering of molecular “heads” o
“tails” (meaning here the two opposite terminal chains
In other words, one can assume that for a molecule ha
ing two different terminal groups, both species will be
present in equal populations at a layer or free surfac
Thus, a systematic evolution of one tail’s chemical struc
ture, as we have achieved in our series of compound
will be consistently reflected in the makeup of the su
faces formed in films of these materials. On the ba
sis of steric and entropic considerations, such molecul
also favor an average antiparallel arrangement throug
out the film [8]. Additional experimental evidence sup
porting this assumption comes from x-ray studies, whe
a model assuming no head/tail preference at a SmA
layer surface gives an excellent fit to observed data [16
Any significant enhancement at the film surface in th
population of one tail species at the expense of the oth

FIG. 2. Silhouette of the film plate without (a) and with (b)
a film present. The film is approximately 1.76 cm by 0.65 cm
of a 6-layer film of R0

3 compound at 78.1±C. Because of the
strong interference effects, the film in (b) is invisible.
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seems therefore to be unlikely, especially as the repor
x-ray model was found to hold well even for films of only
four-layer thickness, where the influence of the surfa
layers on the observed signal is correspondingly very s
nificant [20].

In our series of materials, theR3 compound exhibits
a direct isotropicsId smectic-C (Sm-C) transition. We
have in the past conducted experiments using our str
tensiometer on other materials that exhibit both SmA
and Sm-C phases in free-standing films [21]. Thes
studies were carried out over a temperature windo
(ranging from 10 to 25 K in width) chosen to include th
Sm-A–Sm-C transition, both with and without an azi-
muthal aligning electric field applied. We did no
observe any conclusive surface tension changes sign
cantly greater than our experimental resolution; thu
we conclude that any variation in surface tension d
to molecular orientation or packing changes across
Sm-A–Sm-C transition is small compared to the dramati
atomic replacement effects discussed below. Howev
in order to be sure of our arguments in this report, w
have also measured the surface tension of the compo
with R0

3  CH2C3F7, which has a Sm-A phase. The
relevant bulk transition sequences for our series a
Sm-A (75.5±C) I, Sm-C (51.7±C) Sm-A (58.6±C) I,
Sm-C (88±C) I, and Sm-C (77±C) Sm-A (79±C) I, for
compounds withR1, R2, R3, andR0

3, respectively.
Our measured values of surface tension (in dynycm)

are 21.3 6 0.3, 18.3 6 0.3, and14.6 6 0.2 for com-
pounds withR1, R2, andR0

3, respectively, in their Sm-A
temperature range [22,23] and14.0 6 0.2 for the R3
compound in its Sm-C temperature range. Within our
resolution, the surface tension is independent of fil
thickness s2 # N # 10d [24]. The surface tension of
the compounds withR3 and R0

3 is in good agreement
with other compounds having one partially perfluoroalk
tail [8,16]. The small difference between theR3 and
R0

3 compounds is most likely due to the additional CF2

group in R3 [25,26]. The most striking and importan
aspect of the data is this: Replacing just one fluorin
atom in the terminal CF3 group by a hydrogen atom
results in an increase of about 25% in surface tensio
In fact, such an increase accounts for more than 50%
the difference in surface tension between the compoun
with the hydroalkylsR1d and partially perfluoroalkyl (R3

or R0
3) tails. Such a dramatic change clearly demonstra

the strong effect on surface tension exerted by t
submolecular functional group present at the film-vap
interface. It should be noted that with some creativi
in chemical synthesis, one can continue the systema
replacement of fluorine atoms in theR2 compound by
hydrogen atoms. Intriguing questions then logical
follow, such as: What will be the surface tension o
the compounds withR4  CH2sCF2d3CH3? The above
results suggest it should be in the vicinity of20 dynycm.
Furthermore, systematic studies of the compounds w
734
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Rm  CH2sCF2d32msCH2dmCH3 (m  1 and2) would
be extremely valuable. Measurements of both lay
spacing and the surface tension are critical in futu
studies. Layer spacing information will enable us t
see if there is any discernible change in the molecul
packing which may change the terminal functional grou
at the film-vapor interface. The systematic variation o
surface tension will allow us to give a critical answe
to the size scale implied by the phrase “each part of
molecule” as cited in the principle of independent surfac
action. In addition, one could speculate that the atom
replacement of hydrogen by more electronegative fluorin
might lead to some electronic redistribution within a
molecule; an experimental probe to look for such a
effect, and any consequent influence on surface tens
via altered packing or conformation, would also be highl
intriguing. These important experimental objectives ar
a natural extension of our current results, which clear
establish the large effect on surface tension by replaci
just one atom at the film-vapor interface.

In summary, spreading a liquid-crystal free-standin
film in the Sm-A phase with a homogeneous and uniform
molecular arrangement represents an excellent method
forming an organic surface that has at the same time ve
well-defined chemical functionality and trulyfluid posi-
tional order. Experimentally, we have demonstrated tha
such a film is a unique physical system for direct, sys
tematic investigations of the effect on surface tension d
to differences in molecular functional groups. Our resul
have established thatLangmuir’s principle of independent
surface actioncan apply on a very small submolecula
length scale, with evensingle-atom replacements at a
fluid free-surfacecausing dramatic shifts in surface ten
sion. Our extensive effort to investigate the molecula
origin of the surface tension should also provide us wit
a much better understanding of the anchoring and wetti
behavior of liquid-crystal molecules on various solid sub
strate surfaces [27].
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