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Surface crystallization and phase transitions
of the adsorbed film of F(CF,),,(CH,);cH at
the surface of liquid tetradecane

Abstract The interaction between

a long chain alkane, tetradecane
(abbreviated H4), molecule and a
semi-fluorinated alkane, 1-per-
fluorododecyl-hexadecane
F(CFz)lz(CH2)16H (abbreviated
Fi,H1), molecule at the air/ H4
solution interface was studied by
measuring the surface tension of the
H,4 solutions of F{,H;¢ as a func-
tion of temperature and bulk con-
centration under atmospheric
pressure. Pure liquid H,4 freezes
without forming a condensed film at
its surface. Nevertheless, a very
small amount of F|,H ¢ initiates the
surface freezing of Hy4. In contrast
to the F|,H¢-hexadecane (abbrevi-
ated H¢) system, the condensed
monolayer of Hy4 has a finite solu-
blllty of F12H16 in the F12H16-H14
system. By further increasing the
bulk concentration of F;H,¢_ the

F > chains of the F|,H ¢ molecules
form the other closely packed con-
densed state. Hence, as in the case of
the H;q system, the H;4 system also

exhibits a surface hetero-azeotrope
behavior in the lower temperature
region. Below the surface hetero-
azeotropic point, the condensed H 4
monolayer containing a small
amount of F,H4 is completely re-
placed by the condensed monolayer
of FoHg. At 2 °C, for example, a
surface of Hj4 solution of F|,H 4
covered with a gaseous film of
F,H ¢ is replaced by a condensed
H,4 monolayer containing an almost
gaseous state of F,H¢, and is then
completely replaced by the con-
densed monolayer of F,H s with
increasing bulk concentration.
Above the temperature of the triple
point for the F{,H s monolayer, the
F,Hs-H 4 system exhibits a gas-
eous, expanded, and condensed
state.

Keywords Surface crystallization -
Semi-fluorinated alkane - Surface
hetero-azeotrope - Surface phase

transition - Surface tension

Introduction

Recently, several pure liquid interfaces and surfaces
have been investigated by measuring their interfacial
tension, synchrotron X-ray reflectivity, surface vibra-
tional spectroscopy, and ellipsometry. Also the new
phase transition at the interfaces of a long chain liquid
alcohol against water and long chain liquid alkane
against air has been reported [1, 2, 3, 4, 5, 6, 7, 8]. The

phase transition of a thin film of a long chain alkane on
a substrate has been studied by differential thermal
analysis and ultraviolet photoemission [9]. The phase
transition is called surface crystallization or surface
freezing. Generally, this type of phase transition occurs
at typically a few Kelvins above the bulk freezing point
of the material. At the lower temperature, long chain
liquid alcohols and long chain liquid alkanes
form condensed films at their surfaces. This surface
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crystallization has been observed for n-alkanes with the
chain length n > 151, 3, 4, 5, 6, 7, §, 9].

Semi-fluorinated alkanes of the general diblock
structure F(CF,),(CH,),,H (abbreviated F,H,,) have
attracted attention in recent years as an innovative
model amphiphile for hydrocarbon and fluorocarbon
systems [10, 11, 12, 13, 14, 15]. Binks et al reported a
phase transition from an expanded state to a highly
condensed state of Fi, H;4 on the surface of a penta-
decane solution [15].

We have previously reported the result of a study on
the F,H4s-Hg system [16]. The surface of liquid Hg
forms a condensed film at 17.64 °C. The condensed
monolayer of the Fi,H ;4 molecule is effectively insoluble
in this H4 condensed monolayer. Due to the immisci-
bility of F,H ¢ with the H;4 condensed film, the F{,H¢-
H ¢ system exhibits a surface hetero-azeotrope behavior
at about 17.4 °C and shows gaseous, expanded, and
condensed monolayer phases above the triple point for
the F{,H;¢ monolayer.

After the report Gang et al. examined the surface
crystallization behavior of the liquid semi-fluorinated
alkanes Fj,Hg Fi,H;4 and Fi,H;¢ by X-ray and surface
tension measurements [17]. They measured the surface
tension with the temperature scanning. The present au-
thors usually measure the equilibrium surface tension at
a series of temperatures by changing temperature in
discrete steps while confirming the establishment of
surface tension constancy. They concluded that the
semi-fluorinated alkane monolayer of F,Hg and F{,H 4
is crystalline while smectic-like for F|,H 9. They inferred
that the crossover between the two behaviors occurs for
FioHye.

Recently, Marczuk et al measured the X-ray reflec-
tivity of the F,H,,-H,, (m = 12, 14, 16, 18, n= 12,16)
system and reported that the transition from the gaseous
to condensed state is very likely to be continuous in the
Fi,H6-H ¢ system [18]. Although two reports pointed
out the anomalous behavior of F;H ¢, the FioHs-H ¢
system very frequently exhibits a supercooled gaseous
state, as mentioned in a previous paper [16]. To obtain
reasonable surface tension data for the expanded state,
measurement via the condensed state was indispensable.
The question concerning the F,H4-H ;g system will be
dealt with in a subsequent paper using an additional
surface tension measurement and a complementary
experimental technique, such as imaging [19] or scat-
tering [17, 18, 20]. It seems that a concordant result from
these different measurements will be attained by careful
temperature control not only for the constancy but also
the history of the measured temperature without any
bulk freezing to attain a true equilibrium.

In this paper, H4 was used as the solvent because its
freezing temperature is not very low (about 6 °C). The
motivation for the present study is to investigate the
interplay of the surface behavior of pure H4, having no

surface crystallization by itself, with F{,Hs. We mea-
sured the surface tension of H;4 solutions of F;,H ¢ as a
function of temperature and concentration.

Experimental

Materials

1-(Perfluorododecyl)hexadecane, F|,H ¢, synthesized according to
the method of Rabolt et al [10], was provided by Prof. M. Méller of
the University of Ulm, Germany. The product, sublimated for 48
hr after both its synthesis and recrystallization, had a purity of
more than 99.3% according to GLC. Tetradecane (Tokyo Kasei,
> 99%) was purified using an activated alumina column. The
purity of the product was more than 99.6%.

Method

Surface tension measurements were made by the pendant drop
technique and calculated by the selected plane method [21]. The
drops were suspended from a glass rod to avoid the disturbing
influences generally caused by a capillary [22]. An exact location of
the pendant drop boundary was detected through optically flat
windows of a closed glass cell by a silicon photodiode sensor under
a microscope with a magnification of 100 . Exact diameters at an
equatorial and a selected plane for the drop were directly measured
by a micrometer with a built-in photoelectric rotary encoder within
an error of 0.2 um. The accuracy of this micrometer for this
experiment nearly corresponds to that of a video image analysis
using a digital camera equipped with 100 million pixels. Thus the
precision of the surface tension measurements was + 0.02 mN m’!
in most of the runs. The temperature was controlled within 0.01 K.

Results and discussion

We may choose three intensive variables as the experi-
mental variables to describe this three-component two-
phase system by considering Gibbs’ phase rule and
postulating that the air is one component. We employed
the molality of F,H4, m,, and temperature, together
with pressure. We measured the surface tension y of a
H,4 solution by lowering the temperature in discrete
steps, with an equilibration time of up to 1 hr at each
experimental temperature at a constant molality m; of
F,H¢ in the temperature range from 2 °C to 40 °C
under atmospheric pressure.

The surface tension values are plotted versus tem-
perature in Fig. 1. All curves were described by fitting
two linear and polynomial function to the experimental
results. In this figure, the y vs T curve for pure H;4 shows
good linearity and no break point. We measured
the surface tension for pure H;4 down to the freezing
temperature for the pendant drop at about 2.5 °C, while
the bulk freezing point is about 6 °C. The curves of
the three most diluted H4 solutions of F,H s (m; <
0.49 mmol kg') have a break point at lower tempera-
tures and consist of two nearly linear sections, with
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Fig. 1 Surface tension vs temperature curves at constant molality
for my: (1) 0 mmol kg ', (2) 0.101, (3) 0.199, (4) 0.299, (5) 0.486, (6)
0.628, (7) 0.828, (8) 1.196, (9) 1.501, (10) 1.965, (11) 2.461, (12)
2.947, (13) 3.937, (14) 5.939, and (15) 7.011

(07/0T), ,,, >0 at a low temperature and (Jy/
dT), ., <0 at a high temperature.
Kt the higher concentrations of F;,H ¢, the curves in

this figure suggest three distinct regions. In the higher
surface tension region, the slope of the curve is again
negative and independent of temperature and concen-
tration. In the lower surface tension region, the curves
are again nearly linear with a large positive slope that is
almost independent of the concentration. In contrast to
this linear dependence of y on T"and m; in the higher and
lower surface tension regions, the value of the slope in
the intermediate region indicates a pronounced increase
with increasing molality and temperature. Therefore the
dashed lines in Fig. 1 describe the loci of the two bor-
derlines among the three regions. The derivative
(9y/0T),, , of the y vs T curves discontinuously change
at the border of the different sections. As will be ex-
plained later, these borderlines signify the loci of the first
order surface phase transitions of the system. Further,
we can notice the difference in stabilities of the lower
surface tension region (the temperature range of the
existence of the state below the break point at lower
temperature) between the three most diluted solutions
and the others in Fig. 1.

The precise surface tension measurement reveals the
notable dynamic surface phenomenon of the F,H;s-H 4
system. While in the high and low-temperature regions
the surface tension of a given pendant drop was fully
reversible in the cooling-heating cycles, systematic effects
of the supercooling phenomenon on the surface tension
were observed very often in the intermediate region.
Also, an almost constant or a slight increasing surface

tension with decreasing temperature at a constant con-
centration of F,H ¢ indicating gel formation [10, 11, 14,
23] was observed in the solution at concentrations above
about 0.8 mmol kg™'. The gel is thought to consist of a
network of highly anisometric (needle-like) crystallites of
F,Hs with entrapped solvent [23, 24]. All such
behavior is very similar to that of the previously re-
ported F,H s-H;g system [16]. All values influenced by
the supercooling phenomenon and by gel formation
were omitted in Fig. 1.

Adopting the two dividing planes convention [25, 26,
27], we considered the entropy change associated with
the adsorption As defined by

ASZSH—FII—[Sl (1)
and calculated it using
As = —(9y/9T), , (2)

where s™ is the surface excess entropy per unit area and
sy 1s the partial molar entropy of F,H¢ in the Hy4
solution. The values of As at several temperatures are
plotted versus m; in Fig. 2. At first glance, we notice that
there are four distinct regions. The discontinuities in the
isotherms show that all the surface phase transitions in
this system may be considered to be of first order within
the framework of surface tension measurement and its
thermodynamic analysis.

To show the concentration dependence of the surface
tension, the values of y at the given temperatures and on
the borderlines were read from Fig. 1 and plotted versus
molality in Fig. 3. The values for the pure Hy4 and the
solution of m; = 0.486 mmol kg™ at 2 °C in Fig. 2 were

0.2
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\
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Fig. 2 Entropy change vs molality curves at constant temperature:
(1) gaseous state in the range of about 2.00 to 40.00 °C, expanded
state at (2) 10.00 °C, (3) 15.00 °C, (4) 20.00 °C, (5) condensed state
mainly composed of Hy4 at 2.00 °C, and (6) condensed state mainly
composed of Fi,H 4 in the range of about 2.00 to 25.00 °C
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Fig. 3 Surface tension vs molality curves at constant temperature:
(1) 2.00 °C, (2) 5.00, (3) 10.00, (4) 15.00, (5) 20.00, (6) 25.00, and (7)
40.00; closed symbols indicate the values on the dashed lines in
Fig. 1

given by using an extrapolation of the straight line in
Fig. 1. The surface phase transitions are distinguished
by pronounced discontinuities in the slope of the iso-
therms. As expected from Figs. 1 and 2, only one surface
phase transition occurs near to 5 °C, while two types of
phase transitions occur above and below that tempera-
ture. Concerning the phase transition below that tem-
perature, however, we could not draw the lines at lower
concentrations (m; < 0.30 mmol kg™, namely curve 1)
due to rather smaller changes than the experimental
error in the surface tension. We only plotted the surface
tension values with the error limits described by the size
of each symbol at 2 °C in Fig. 3. Nevertheless, we
should point out the existence of two types of phase
transitions at 2 °C as can be seen in Fig. 2. At 40 °C,
no phase transition occurs within the experimental
concentration range.

Next, we evaluate the surface density I" 114 of F,H ¢ by
using

I = —(m1/RT)(8y/0m)) (3)
where the subscript p is the pressure that we used as the
atmospheric pressure for the experimental variable [25].
The F,H¢ solution was assumed to exhibit ideal
behavior in this experimental range [15]. All curves in
Fig. 3 were described by a fitting of the formula for the
Frumkin isotherm to the experimental result [16], except
in the low concentration region where 7y is a linear
function of m;.

The evaluated T} values at constant temperature are
plotted versus m; in Fig. 4. The remarkable steps in
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Fig. 4 Surface density of Fi,H;¢ vs molality curves at constant
temperature: (1) 2.00 °C, (2) 5.00, (3) 10.00, (4) 15.00, (5) 20.00, (6)
25.00, and (7) 40.00

these adsorption isotherms reflect the discontinuity in
the slope at the break points of the curves in Fig. 3. In
view of the largest value of the surface density, and the
maximum bulk concentration, F{,H;4 can be regarded
as the surface-active solute at the air/ H;4; solution
interface and more surface-active at the air/ H;4 solution
interface [16]. This tendency agrees with that reported by
Binks et al [15].

To view such a behavior more clearly, we calculated
the surface pressure = and the mean area per adsorbed
molecule A4, respectively, by equations

n=7"—y (4)
and
A =1/NATY (5)

where 7° is the surface tension of the free surface of pure
H,4 and Ny is Avogadro’s constant. We compared the ©
vs A curves of the present Fi,H4-H 4 system with that
of the F,Hs-Hg system, fluorododecanol F(CF,)q
(CH,),OH (abbreviated FC;,OH), and I-octadecanol
(abbreviated C;3OH) at the hexane/water interface in
Fig. 5a. It has been established in the studies of these
substances that an adsorbed film of C;3gOH transfers
from the expanded to the condensed state, while that of
FC,,OH transfers from the gaseous to the condensed
state [28, 29].

For the smaller area in Fig. 5a, the isotherm of the
FioH6-Hi4 system (curve 1) bears a close resemblance
to that of the F,H;c-His system (curve 2) and of
FC;;,0OH (curve 3) in the condensed state. For the
intermediate area, the shape of the curve for the F,H ¢-
H4 system (curve 1) resembles that of C;gOH (curve 4)
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Fig. 5 Surface pressure vs mean area per molecule curves at
constant temperature: a: (1) FjoH¢ - Hy4 system at 20.00 °C, (2)
FioHig - Hig system at 24.00 °C, (3) FC,OH at hexane/water
system at 25.00 °C, (4) C;3OH at hexane/water system at 25.00 °C;
b: (1) F12H6 - Hyg system at 2.00 °C, (2) 10.00 °C, (3) 20.00 °C, (4)
5.00 ~ 40.00 °C

in the expanded state though the values of © for the
F,H4-H 4 system are too small. Furthermore, the 7 vs
A isotherm of the F,H4-H;4 system (curve 1) for the
larger area is similar to that of the F,Hs-H;g system
(curve 2) in the gaseous state. These similarities with the
behavior of the FC;,OH, C;3OH, and F;;H;¢ in Hig
systems support our description that the adsorbed
monolayer of the F,H ¢ in Hy4 system reveals gaseous,
expanded, and condensed states.

According to these assignments of each state, we
consider the entropy change of these states in Fig. 2 in
more detail. The value of the entropy change in the
gaseous state is almost constant and the same as that

of the pure H,4 surface. The As value in the expanded
film rapidly decreases with an increase in m;. In the
condensed state, the value of As gradually decreases
with increasing m and attains a nearly constant value.
In the lower concentration region at 2 °C there is
another entropy state between the gaseous and con-
densed states. It resulted from the positive slope of the
curves of the three most diluted H;4; solutions of
Fi,Hi (m; < 0.30 mmol kg'') at lower temperature
below a break point in Fig. 1. The magnitude and sign
of the As value in the state signify a restricted structure
at the surface and shows that the state is supposed to
be a condensed one. The value of As in the state, about
- 0.7mJ K m? is slightly greater than that of the
pure condensed H;q state in the F,H;s-Hjq system
previously studied [16].

Fig. 5b provides a detailed explanation about the 7 vs
A curves of the F,H4-H14 system at several tempera-
tures. The @ vs 4 curves of the F,H;s-H4 system at
10 °C (curve 2) and 20 °C (curve 3) exhibit the usual
gaseous, expanded, and condensed states. As we have
already described in the explanation for Figs. 2 and 3,
there are two types of phase transitions at 2 °C and the
Flf value of F|,H 4 at lower concentrations (m; < 0.30
mmol kg") could not be calculated. It is supposed to be
very small, such that the two types of the phases are
almost gaseous states of the F|,H;s monolayer at the
H,4 surface. From Eqn.5, for the definition of
the molecular area, however, it is clear that the value of
the molecular area is no more than the area per F,H g
molecule irrespective of other species existing in the
surface.

Judging from Figs. 1, 2, and 3, we can describe the
surface of the Hj4 solutions of F;,H;s at lower con-
centrations (m; < 0.30 mmol kg') and at lower tem-
perature (7 < 3 °C) as the condensed film mainly
composed of H;4 molecules. Therefore the condensed
H,4 state is a condensed state of almost a pure Hyy
monolayer with a very small number of F{,H;¢ mole-
cules such that its extent implies a gaseous state in the
usual case. It is clear from Fig. 1 that the pure liquid H 4
freezes without forming a condensed film at its surface in
this experimental condition. Therefore, it is worth not-
ing that a very small amount of F,H;4 initiates the
formation of the condensed H,4 surface film. In other
words, a small amount of F;,H ;s molecules play an
important role to enhance the interaction and orienta-
tion between the H;; molecules so as to attain the
condensed state.

Next, Fig. 6 shows the schematic surface tension vs
temperature diagrams corresponding to a generic
surface phase diagram for two different systems.
Fig. 6a, the diagram for the F,H;s-Hjs system,
represents the case of complete immiscibility of Fi,Hg
with the condensed monolayer of H;s. The immisci-
bility of the Fi,H;s molecule with that of H¢ in the
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Fig. 6 Schematic surface tension vs temperature curves at constant
mO]dllty for a F|2H|(, - H](, system, b F12H16 - H|4 system. g
denotes gaseous state, e expanded state, ¢ condensed state, (Cx,))
condensed state of Hys, (Cy,,)) condensed state of Hiy

condensed state make the system have a surface
hetero-azeotrope behavior at a temperature slightly
below the surface freezing point of Hs. The F,H ¢
H, system exhibits also the gaseous, expanded, and
condensed states above the triple point for the F,H g
monolayer.

In contrast to the F,Hc-H¢ system, Fig. 6b for
the F,H;s-Hj4 system shows that the condensed
monolayer of Hy4 has a finite solubility of F,H4. It
seems that the interaction both between the H;4 mol-
ecule and the H;¢ chain of the F;,H;s molecule and
between the F, chains of the F,H;s molecules forces
the H;4 molecules to form an oriented close-packed
structure. After increasing the bulk concentration of
F2Hy, the Fy; chains of the Fj;H s molecules form a
close-packed film in another condensed state. Hence, as
in the case of the H;¢ system, the H;; system also
exhibits a surface hetero-azeotrope behavior in the
lower temperature region. There is no significant sur-
face density of F,H ¢ in the frozen monolayer of Hg
in the F|,H4-H;g system. Therefore, the phase transi-
tion at lower temperature corresponds to a complete
displacement of a monolayer of condensed H¢ by a
condensed monolayer of F,H;s. Also, at the lower
temperature in the F,H;c-H 4 system, the condensed
H;4 monolayer containing a very small amount of
Fi,Hs is completely replaced by the condensed

monolayer of Fi,H 4. At 2 °C, for example, a surface
of Hy4 solution of F;;H ;¢ covered with a gaseous film
of F,H ¢ is replaced by a condensed H;4 monolayer
containing almost a gaseous state of F;,H;s which is
then completely replaced by the condensed monolayer
of F,H¢ with increasing m,.

To examine the place of a locus of the first order
surface phase transition from a condensed Hyy
monolayer to a condensed Fi,H;s monolayer (bold
line between the region of Cy,) and C in Fig. 6b) in
Fig. 1, we suppose the condensed film in the
Fi,Hs-H4 system to be comprised of two phases, o
and f, in equilibrium. We can describe the thermo-
dynamic quantities in each phase by the relations

dy = —As*dT + Av*dp — Fl{l’a(aﬂl/aml)ﬂpdml (6)
and
dy = —AsPdT + AvPdp — 1"}1{’13(3#1/8’"1)T,pdml7 (7)

where the superscripts o and f indicate the phases «
and f, respectively. Eliminating the variable m;
between Eqns. 6 and 7 at constant pressure, we then
obtain

(94/0T),

= —(as /Tt - ae /T [ (/T -1 /),
(8)

where superscript eq means that the two phases
coexist in equilibrium. Upon substituting the num-

erical values AsSMs = —0.690mJK'm=2, AsFrHi —
—0.894mJK~'m2,and I} """ = 3.94 ymol m~2 eva-
luated from Figs. 2 and 4, and supposed value I'; "
0.20 umol m~2 at 2 °C, we can evaluate the slope of the

surface tension of the break point vs temperature curve.
We then obtain

—(0y*9/9T) = —0.679 £ 0.019mNm ' K~!
(9y »

which is just slightly greater than the value of As“H.

Therefore, this estimation predicts that if the m;=
0.299 mmol kg H,4 solution of Fj,H,e, for example,
is not frozen down to a lower temperature than 2 °C,
then a break point for the phase transition from a
condensed H;; monolayer to a condensed F,Hg
monolayer on the y vs T curve can be observed at
about 2 °C in Fig. I.

Here, we consider the energy change associated with

the adsorption Au given by
Au =y + TAs — pAv. 9)

Because the pAv term on the right-hand side is negli-
gibly small compared to the other terms under atmo-
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Fig. 7 Energy change vs molality curves at constant temperature:
(1) gaseous state in the range of about 2.00 to 40.00 °C, expanded
state at (2) 10.00 °C, (3) 15.00 °C, (4) 20.00 °C, (5) condensed state
mainly composed of Hy4 at 2.00 °C, and (6) condensed state mainly
composed of Fi,H 4 in the range of about 2.00 to 25.00 °C

spheric pressure [30], the value of Au is evaluated by
making use of Figs. 2 and 5, and plotted versus m; in
Fig. 7. In the thermodynamic sense, the interaction
produces a significant decrease in the entropy change.
Also the disadvantage of the decrease in the entropy
change is compensated by the significant decrease
in the energy change. It is important to understand
that the condensed H;4 state cannot exist in the pure
H;,; system and that its appearance is caused by the
interaction both between the H;4 molecule and the H ¢
chain of the F;H;s, molecule and between the F;,
chains of the F;,H;¢ molecules. To estimate the
effect of the interaction between the F;, chains of the
F,Hs molecules on the appearance of the condensed
H,, state, a detailed investigation of the Hjs-Hj4
system and comparison of the behavior with that
of the present system at low temperature will be
undertaken.
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