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a  b  s  t  r  a  c  t

Partially  fluorinated  long-chain  alcohols  have been  newly  synthesized  from  a radical  reaction,  which is
followed  by  a  reductive  reaction.  The  fluorinated  alcohols  have  been  investigated  by  differential  scan-
ning  calorimetry  (DSC)  and  compression  isotherms  in a Langmuir  monolayer  state.  Their melting  points
increase  with  an  increase  in chain  length  due  to elongation  of  methylene  groups.  However,  the  melt-
ing  points  for  the  alcohols  containing  shorter  fluorinated  moieties  are  lower  than  those  for  the  typical
hydrogenated  fatty  alcohols.  Using  the  Langmuir  monolayer  technique,  surface  pressure  (�)-molecular
area  (A)  and  surface  potential  (�V)–A  isotherms  of  monolayers  of  the  fluorinated  alcohols  have  been
measured  in  the  temperature  range  from  281.2  to  303.2  K. In  addition,  a compressibility  modulus  (Cs−1)
is calculated  from  the  �–A  isotherms.  Four  kinds  of  the  alcohol  monolayers  show  a phase  transition  (�eq)
from a  disordered  to an  ordered  state  upon  lateral  compression.  The  �eq values  increase  linearly  with
increasing  temperatures.  A slope  of  �eq against  temperature  for the  alcohols  with  shorter  fluorocarbons
is  unexpectedly  larger  than  that  for  the  corresponding  fatty  alcohols.  Generally,  fluorinated  amphiphiles
have  a greater  thermal  stability  (or  resistance),  which  is  a characteristic  of  highly  fluorinated  or  perfluori-
nated compounds.  Herein,  however,  the  alcohols  containing  perfluorobutylated  and  perfluorohexylated
chains  show  the  irregular  thermal  behavior  in  both  the  solid  and  monolayer  states.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Perfluorinated compounds are considerably different from their
original compounds in bulkiness, helical conformation, and stiff-
ness [1].  Fluorocarbon chains (F-chains) are more hydrophobic
than hydrocarbon chains (H-chains) [2].  Moreover, the lower polar-
izability of fluorine (ca. 0.557) in F-chains generates very weak
inter-chain van der Waals interactions [3],  and fluorinated com-
pounds are also chemically and thermally more stable. These
properties consequently bring about lower surface tensions and
higher vapor pressures. However, perfluorinated compounds have
a tendency to accumulate in the human body and the envi-
ronment [4–7]. Nevertheless, perfluorooctylbromide (PFOB) has
been investigated for oxygen delivery system and shows short
organ retention [8,9]. Thus, the amphiphiles with short F-chains
(nF ≤ 8) are considered to be acceptable in the clinical field. In
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the previous study, we  have reported that partially fluorinated
alcohols of CF3(CF2)7(CH2)mOH (m = 5 and 11) are incorporated
into pulmonary surfactant model preparations to improve their
effectiveness [10]. In addition, highly fluorinated amphiphiles have
multiple applications in materials science as well as a biomedi-
cal field [11–13].  In this regard, the compounds containing both
fluorinated and hydrogenated moieties have certain potential
application in many fields. However, their fundamental proper-
ties such as solubility in various solvents, crystalline structure,
and phase behavior are still poorly documented. In particular, it
has not been made clear yet how the degree of fluorination in a
molecule affects its original properties. There are a few reports
on partially fluorinated fatty acids [14–16].  However, dissocia-
tion of their carboxyl groups makes the effect of fluorination
degree ambiguous and unclear due to the great difference in pKa
between them and the corresponding hydrogenated fatty acids.
Thus, the authors have paid attention to partially fluorinated
alcohols [CF3(CF2)n−1(CH2)mOH, abbrev. FnHmOH], which have a
hydroxyl group of very weak acid under a normal aqueous environ-
ment. To our knowledge, surface properties of F6H10OH, F8H5OH,
and F8H11OH have been reported [17,18], and, however, there
are no systematic investigations to overcome the issue mentioned
above.
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The present paper intends to report characterization of FnHmOH
in the solid state as well as the monolayer state. First, we chemically
synthesize a series of FnHmOH using the method described by Takai
et al. [19]. Commonly, in the present synthesis the radical reaction is
widely employed, where azobisisobutyronitrile (AIBN) is used as a
radical initiator, and the temperature of oil bath needs to be kept at
80–260 ◦C depending on a product species. In the current method,
however, the radical reaction can occur in the absence of AIBN even
at room temperatures. Second, effects of the fluorination degree
in FnHmOH on its physical properties have been investigated by
differential scanning calorimetry (DSC) in a solid state and by com-
pression isotherms in a Langmuir monolayer state. Melting point
and enthalpy change of fusion for FnHmOH are assessed from the
DSC traces. In the monolayer study, surface pressure (�)–molecular
area (A) and surface potential (�V)–A isotherms of FnHmOH are
measured on water in the temperature range from 281.2 to 303.2 K.
Thermodynamic parameters such as enthalpy and entropy changes
on phase transition from a disordered to an ordered state are cal-
culated from the �–A isotherms. Furthermore, an elasticity of the
monolayers is elucidated by a compressibility modulus (Cs−1).

2. Materials and methods

2.1. Materials

(Perfluorooctyl) pentanol (F8H5OH) and (perfluorooctyl) unde-
canol (F8H11OH) were synthesized as reported previously [20].
(Perfluorobutyl) undecanol (F4H11OH), (perfluorohexyl) heptanol
(F6H7OH), (perfluorohexyl) nonanol (F6H9OH), (perfluorohexyl)
undecanol (F6H11OH), (perfluorooctyl) heptanol (F8H7OH), and
(perfluorooctyl) nonanol (F8H9OH) were newly synthesized (see
Supplementary Materials).  These partially fluorinated alcohols
(FnHmOH) were purified by repeated recrystallizations from
acetone/H2O mixed solvents and their identification was  checked
by 1H NMR, 13C NMR  (JNM-AL400, Jeol, Tokyo, Japan), elemen-
tal analysis, and FAB-MS (SX102A, Jeol); m/z 391.1685 [M+H]+ for
F4H11OH. Their purity (>99%) was determined by GC–MS (QP-
1000, Shimadzu, Kyoto, Japan), which is based on relative peak
area. Perfluorobutyl iodide (purity > 95%) and perfluorohexyl iodide
(>95%) were purchased from Daikin Industries, Ltd. (Osaka, Japan).
Perfluorooctyl iodide (97%) was obtained from Fluorochem Ltd.
(Derbyshire, United Kingdom). 6-Hepten-1-ol (>96%), 8-nonen-
1-ol (>97%), and 10-undecen-1-ol (>98%) were purchased from
Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). These reagents
were used without further purification. Chloroform (99.7%) and
methanol (99.8%) used as spreading solvents for a monolayer
study were obtained from Cica-Merck (Uvasol, Tokyo, Japan) and
nacalai tesque (Kyoto, Japan), respectively. The water used for
synthesis and isotherm measurement was thrice distilled (the
surface tension = 71.99 mN m−1 at 298.2 K and the electrical resis-
tivity = 18 M� cm).

2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were made
by a DSC8230 (Rigaku, Tokyo, Japan). Ten milligrams of the solid
samples was placed in an aluminum pan, and then the pan was

sealed with a hermetic sealer. Prior to measurement, the solid sam-
ple was once molten to reduce the influence of polymorphism.
Purified indium and water were used as the standard calibration
sample for enthalpy change. Samples were heated at the rate of
1 K min−1. The melting points were determined as the temper-
ature at the intersection point between the endothermic peak
line for phase transition and the baseline as reported previously
[16,21].

2.3. Surface pressure–molecular area isotherms

The surface pressure (�) of monolayers was  measured using
a commercially available film balance system (KSV Minitrough,
KSV Instruments Ltd., Finland). The surface pressure sensor had a
resolution of 0.004 mN  m−1. The pressure-measuring system was
equipped with filter paper (Whatman 541, periphery = 2.0 cm). The
trough was made from Teflon (area = 273 cm2), and Teflon barriers
were used in this study. The �–molecular area (A) isotherms
on the subphase of water were recorded at 281.2–303.2 K with
precision of 0.1 K. Stock solutions of FnHmOH (1.0 mM)  were pre-
pared in chloroform/methanol (2/1, v/v). The spreading solvents
were allowed to evaporate for 15 min  prior to compression. The
monolayer was compressed at a barrier speed of 10 mm min−1,
or a compressing speed of ∼0.08 nm2 molecule−1 min−1.
The standard deviations (SD) for molecular surface area
and surface pressure were ∼0.01 nm2 and ∼0.1 mN m−1,
respectively.

2.4. Surface potential–molecular area isotherms

The surface potential (�V) was  recorded simultaneously with
surface pressure, when the monolayer was compressed at the
air/water interface. It was  monitored with a Kelvin probe system
(KSV SPOT1, KSV Instruments Ltd.) at 1–2 mm above the inter-
face, while a counter electrode was dipped in the subphase. The
resolution and SD for the surface potential were 1 and 5 mV,
respectively.

3. Results and discussion

3.1. Synthesis of FnHmOH

Partially fluorinated long-chain alcohols (FnHmOH) were syn-
thesized by the following procedures (see Scheme 1 and
Supplementary Materials)  [19]. �-Unsaturated alkanols reacted
with perfluoroalkyl iodides in the presence of Na2S2O4, which is
a free radical initiator [22,23],  to give fluorinated iodoalkan-1-ols
in 58–86% yield. These compounds were deiodinated with Zn in the
presence of NiCl2·6H2O to give crudes of FnHmOH. They were puri-
fied with a column chromatography and a recrystallization to give
FnHmOH in 78–97% yield. Through both the two steps, chemical
reactions can take place at room temperatures as opposed to use
of AIBN as a radical initiator. In addition, similarly to the synthe-
sis method using AIBN, the present method relatively gives a high
yield of fluorinated iodoalkan-1-ols.

Scheme 1. Synthesis of FnHmOH from ω-unsaturated alkanols with perfluoroalkyl iodides.
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Fig. 1. DSC traces of solids of (A) F4H11OH, F6HmOH (m = 7, 9, 11) and (B) F8HmOH (m = 5, 7, 9, 11).

3.2. Characterization of FnHmOH

3.2.1. Thermal analysis
DSC curves for FnHmOH solids are shown in Fig. 1. All the

FnHmOH solids have well-defined endothermic peaks at differ-
ent temperatures. The transitions represent absorption of heat. A
pre-transition (or phase transition of solid), which is in common
followed by the main transition (melting), is observed for F6H9OH
and F6H11OH (Fig. 1A) while F8HmOH has only one peak (Fig. 1B).
In addition, the peaks at the melting are considerably sharp due to
the high purity of the samples.

Fig. 2 shows the change of melting point of FnHmOH obtained
from DSC curves against total carbon number including fluorocar-
bons. The melting points of F6HmOH and F8HmOH increase almost

Fig. 2. Changes in melting point of FnHmOH (n = 4, 6, 8, m = 5, 7, 9, 11) and HmOH
(m  = 13–20) against total carbon number. aFrom Ref. [24].

linearly with an increase in total carbon number. As for the degree of
fluorination in FnHmOH molecules, the highly fluorinated alcohols
indicate higher melting points; F4H11OH < F6HmOH < F8HmOH.
This supports a fact that fluorocarbon is more stabilized ener-
getically than hydrocarbon. In the case of typical 1-alkanols
((CH3)(CH2)m−1OH, HmOH), their melting points monotonously
increase with increasing total carbon atoms [24]. However, the
melting points of F4H11OH and F6HmOH are lower than those
of HmOH. This phenomenon is an unexpected behavior in terms
of the energetic stabilization of fluorinated compounds. Accord-
ing to the weak van der Waals interaction between fluorocarbons,
F8HmOH should exhibit lower melting temperatures than HmOH.
However, the melting points of perfluorinated fatty acids are higher
than those of the corresponding fatty acids [25]. More detail
analysis of this irregular behavior is under investigation with a X-
ray diffraction (XRD) and a small angle X-ray scattering (SAXS),
which will be reported in the subsequent paper. Nevertheless, it
is made clear that the homologous interaction for F4H11OH and
F6HmOH in the solid state is expected to be considerably dif-
ferent from that for F8HmOH and the ones containing a longer
F-chains.

The total enthalpy change (�H) of phase transition and fusion
(melting) against total carbon number is shown in Fig. 3. The
�H values of F6HmOH and F8HmOH monotonously increase with
increasing the number of carbon atoms. As for HmOH, their �H
values also increase linearly with an increase in total carbon num-
ber [26]. Unexpectedly, F6HmOH exhibits almost the same �H
values as F8HmOH at the same number of carbon atoms irrespec-
tive of the different degree of fluorination. This result suggests
that there is few difference in stability between F6HmOH and
F8HmOH in solid state. However, F4H11OH has a larger �H value
than the other two fluorinated samples, which means the higher
crystalline stability of F4H11OH. Furthermore, the contribution per
methylene group of an (fluorinated) n-alkyl chain to the enthalpy
change (�HCH2 ) is evaluated to be 2.1 kJ mol−1 for F6HmOH and
F8HmOH, and 4.8 kJ mol−1 for HmOH from the slope in the fig-
ure. These values mean that the fluorinated moiety in a molecule
depresses the stability of crystals made of the homologous
molecules.
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Fig. 3. The total enthalpy changes of fusion and phase transition (�H) for FnHmOH
(n  = 4, 6, 8, m = 5, 7, 9, 11) and HmOH (m = 13–20) against total carbon number. aFrom
Ref. [26].

3.3. Langmuir monolayer study

The representative surface pressure (�)–molecular area (A) and
surface potential (�V)–A isotherms of FnHmOH at different tem-
peratures on water are collected (Fig. 4). F4H11OH forms unstable
monolayers at 303.2 K on water due to the high solubility to the
subphase (data not shown). The F4H11OH monolayer at 283.2 K
shows a phase transition (�eq) from disordered to ordered states
at ∼4 mN  m−1, which is indicated by an arrow (Fig. 4A). In general,
the kink point of the transition on �−A isotherms for fluorinated
compounds is unclear compared with that for typical hydrogenated
amphiphiles [27,28]. Accordingly, the phase behavior of fluori-
nated monolayers in the disordered/ordered coexistence state is
difficult to be visually caught with the in situ microscopic tech-
niques such as Brewster angle microscopy (BAM) and fluorescence
Microscopy (FM) [29]. In the present study, the BAM observa-
tions for F4H11OH, F6H7OH, F6H9OH, and F8H5OH monolayers
reveal optically homogeneous images in the coexistence state
(data not shown). This is because of the formation of considerably
small ordered domains induced by weak van der Walls interac-
tion [28]. After the transition, the monolayer undergoes a collapse
at ∼49 mN  m−1 upon further compression, where the monolayer
transforms from two-dimensional to three dimensional states such
as bilayer and multilayer. On the other hand, the �V  value, which
is related with dipole moment perpendicular to the surface in
the Helmholtz equation and thus reflects the monolayer orien-
tation, decreases negatively upon lateral compression and finally
approaches to ∼−700 mV  at the close-packed state. The �V–A
isotherms express a change in molecular orientation upon com-
pression. The �V  value in common indicates positive variation for
hydrogenated lipid monolayers. However, the isotherms of fluo-
rinated compounds show the opposite sign or negative variation
due to the electronegativity based on a fluorine as the molecular
areas decrease [27,29,30].  A compressibility modulus (or dilata-
tional elasticity modulus, Cs−1) is calculated from the �−A isotherm
by the following equation:

Cs−1 = −A

(
∂�

∂A

)
T

(1)

The Cs−1−� curves for F4H11OH show more distinct kinks cor-
responding to the transition compared with the �−A isotherms,

which are indicated by arrows (see the inset). In addition, The
Cs−1 values give information on the monolayer packing on com-
pression. A high compressibility modulus (or low compressibility)
is a sign of the tight packing and the large cohesive forces
between components of monolayers. According to the Davies and
Rideal classification [31], the values in 12.5 < Cs−1 (in mN  m−1) < 50
and 100 < Cs−1 < 250 evidence that the monolayer is in a liquid-
expanded (LE) state and a liquid-condensed (LC) state, respectively.
Although the classification is defined for typical lipid monolayers,
it is also valid for the monolayers of fluorinated amphiphiles. As
seen in the Cs−1−� curves (the inset of Fig. 4A), the �eq values
increase as temperature rises. More detail analysis on the tran-
sition is performed in the latter section. The rise of temperature
induces a slight reduction of the collapse pressures by ∼2 mN  m−1

due to the improvement of a molecular motion and exerts few
influences on the �V  values. The limiting (or extrapolated) area,
which can be obtained from �−A isotherms by extrapolation of
the straight-line in the condensed state to the area axis at � = 0,
increases from 0.32 nm2 (283.2 K) to 0.40 nm2 (298.2 K). These val-
ues coincide nearly with the cross-section of a perfluorocarbon
chain (∼0.28 nm2) [2].  Thus, the molecular area of F4H11OH mono-
layers contributes strongly to the perfluorobutyl chain.

F6HmOH has a tendency to form tightly packed monolayers with
an increase in m (Fig. 4B–D). Note that the monolayers of m = 7 at
293.2 K and m = 9 at 303.3 K (data not shown) are less stable for
the reproducibility and the extrapolated area. The transition from
the disordered to ordered phases is observed for m = 7 and 9, not
for m = 11. With increasing temperatures, the �eq values increase
and the collapse pressures slightly decrease by ∼2 mN m−1 simi-
larly to F4H11OH. The �V  values at the close-packed state are in
the range from −650 to −720 mV  for the whole F6HmOH mono-
layers. The extrapolated areas are included in the small range of
0.33–0.36 nm2 regardless of temperature. These results reveal that
the F6HmOH monolayer takes on the stronger thermal resistance
than the F4H11OH monolayer.

In the case of F8HmOH (Fig. 4E–G), the monolayer of m = 5
exhibits the phase transition. The data for m = 5 at 293.2 K agree
well with those reported in the previous papers [17,29]. The mono-
layer of m = 5 above 298.2 K is unstable. Although the isotherms
of m = 7 at 303.2 K are precisely reproduced, the monolayer is
less stable on water due to the relative small limiting area
(∼0.29 nm2). Typical ordered monolayers are formed for m = 7
and 9. As for the longer fluorinated alcohol of F8H11OH, it
has been reported to be in ordered phases from low to high
surface pressures upon compression [32]. Among the FnHmOH
molecules studied, F8HmOH monolayers indicate the highest col-
lapse pressure, the largest Cs−1 value, and the most negative �V
value (−700 to −800 mV)  at the close-packed state, which means
that they can form the most tightly packed and stable mono-
layers against temperature. It has been widely accepted as the
three-layer model proposed by R.J. Demchak and T. Fort that
the �V  value at the close-packed monolayer is nearly indepen-
dent of hydrophobic chain length in a molecule [33]. As for the
monolayers of perfluorocarboxylic acids, the minimum �V value
converges to ∼−1000 mV  irrespective of the elongation of flu-
orocarbon chains [27]. Herein, the slight decrease in minimum
�V  value reflects the stronger cohesion of perfluorooctyl moi-
eties, and consequently F8HmOH is possible to form the more
tightly packed monolayer. Nevertheless, there are few tempera-
ture dependences of the collapse pressure, the extrapolated area
(0.31–0.35 nm2), and the minimum �V  value similarly to the other
FnHmOH, which supports the thermal resistance in the monolayer
state.

Fig. 5 shows the plots of �eq values against temperature
for F4H11OH, F6H7OH, F6H9OH, and F8H5OH monolayers.
The �eq values for all the compounds here increase linearly with
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Fig. 4. Surface pressure (�)–molecular area (A) and surface potential (�V)–A isotherms of monolayers of (A) F4H11OH, (B) F6H7OH, (C) F6H9OH, (D) F6H11OH, (E) F8H5OH,
(F) F8H7OH, (G) F8H9OH on water at different temperatures. (Inset) Cs−1–� curves of the corresponding monolayers. The transition pressures (�eq) from disordered to
ordered phases are indicated by arrows.
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Table  1
Thermodynamic parameters concerning the phase transition from disordered to ordered states on water at different temperatures.

Compounds Temperature (K) ∂�eq/∂T (mN m−1K−1) �s� (J K−1mol−1) �h� (kJ mol−1) Tc (K)

F4H11OH 283.2 2.0 −240 −68 295.5
288.2  −79 −23
293.2  −26 −8
295.2  −3 −1
298.2  0 0

F6H7OH 281.2 1.5 −41 −12 290.4
283.2  −34 −10
285.2  −22 −6
288.2  −9 −2
290.2  −2 −1

F6H9OH 288.2 0.6 −112 −32 302.2
290.2  −91 −26
293.2  −65 −19
295.2  −50 −15
298.2  −38 −11

F8H5OH 283.2 0.4 −101 −29 297.5
285.2  −83 −24
288.2  −60 −17
290.2  −45 −13
293.2  −35 −10

increasing temperatures. In common, the �eq slope against temper-
ature (∂�eq/∂T) for fluorinated amphiphiles is smaller than that for
hydrogenated ones due to the thermal resistance of fluorocarbon
[28,34,35].  The �eq inclination becomes smaller as the fluorination
degree in a molecule increases (Table 1). It has been reported that
the slope for the HmOH monolayers (m = 11–14) is ∼1.0 mN m−1K−1

regardless of aliphatic chain lengths [36]. Moreover, monolayers of
fatty acids such as dodecanoic acid, tridecanoic acid, and tetrade-
canoic acid also have the similar slope of 1.0–1.2 mN m−1K−1

[34]. From these literature data, amphiphiles with a straight-
hydrocarbon chain are found to show ∂�eq/∂T of ∼1.0 mN m−1K−1.
On the other hand, perfluorocarboxylic acid monolayers have
the inclination of 0.2–0.3 mN m−1K−1, which means that
perfluorination of hydrocarbon chains in monolayers becomes
3–5 fold thermal resistance [34]. Herein, the slopes of F6H9OH

Fig. 5. Plots of the transition pressure (�eq) of F4H11OH, F6H7OH, F6H9OH, and
F8H5OH monolayers on water as a function of temperature.

and F8H5OH monolayers are between those of hydrogenated
and perfluorinated analogues as expected. However, F4H11OH
and F6H7OH monolayers are more sensitive to temperature. It is
noticed that the thermal sensitivity of F4H11OH monolayers is
twice as large as that of HmOH monolayers. This demonstrates
that the fluorination in molecules is not necessary to induce an
addition of the thermal resistance. The obtained slopes can be
used to evaluate the apparent molar quantity change on the phase
transition as made before [34,37,38],  which takes the contribution
of the subphase to monolayers into account. The apparent molar
entropy change (�s� ) on the phase transition is derived from the
following equation [39]:

�s� = (AC − AE)

[(
∂�eq

∂T

)
p

−
(

∂�0

∂T

)
p

]
(2)

where AE and AC are molecular areas of the expanded (disordered)
and the condensed (ordered) phase, respectively. AE is the area at
the onset of the phase transition at the surface pressure �eq. AC is
the extrapolated area of the ordered-state part on the �−A isotherm
to �eq. �0 is the surface tension of subphase. In the present study,
∂�0/∂T of −0.15 mN m−1K−1 on water is utilized, which is calcu-
lated from the literature data [24]. Moreover, the apparent molar
enthalpy change (�h� ) on the phase transition is calculated by the
relation:

�h� = T�s� (3)

Furthermore, when the �s� values are plotted against tempera-
ture, the critical temperature Tc, above which the monolayer cannot
transform into the ordered phase, is obtained by the extrapolation
to �s� = 0. These resultant thermal parameters are listed in Table 1.
All of �s� and �h� values except for F4H11OH at 298.2 K are neg-
ative, which respectively means an improvement in the packing
of monolayers and an exothermic nature of the phase transition
upon compression. Both the values become smaller in magnitude
with an increase in temperature. When attention is paid to the
total carbon number of 13 (F6H7OH and F8H5OH), the �s� values
at the same temperatures suggest that the orientation of F8H5OH
is more improved than that of F6H7OH. In addition, the larger Tc

value for F8H5OH supports the thermal resistance of fluorocarbons.
The replacement of two methylene groups with two perfluorinated
ones in a molecule is found to increase Tc by ∼7 K.
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Fig. 6. Plots of the maximum Cs−1 value of (A) F4H11OH, F6HmOH (m = 7, 9, 11) and
(B)  F8HmOH (m = 5, 7, 9) monolayers on water as a function of temperature.

Shown in Fig. 6 are the maximum Cs−1 values against temper-
ature for the FnHmOH monolayers on water. The maximum Cs−1

values are obtained from the Cs−1−� curves exhibited in the inset of
Fig. 4. As for F6HmOH (Fig. 6A), the maximum Cs−1 values increase
with increasing m.  Although F6H7OH and F8H5OH are strongly
influenced by a change in temperature, the maximum Cs−1 values
of the others are almost independent of temperature. That is, the
following conditions are found to be required to gain the sufficient
thermal resistance in a molecule: more than 15 total carbon num-
bers and perfluorocarbon longer than perfluorohexyl moieties. It is
noticed for F8HmOH that the values indicate an irregular tendency;
F8H5OH < F8H9OH < F8H7OH (Fig. 6B). Generally, there are many
differences in physico-chemical property between hydrocarbons
and fluorocarbons as mentioned in Section 1. As structural fac-
tors, combined effects of cross-section mismatch between F-chain
and H-chain and of repulsive interaction of the dipoles associated
to the CF2–CH2 linkage are considered to generate such irregular
phenomena. Thus, it is demonstrated that determination factors for
the elasticity of monolayers are not only the fluorination degree but
also the combination and balance of the fluorocarbon and hydro-
carbon properties.

4. Conclusion

A series of partially fluorinated alcohols (FnHmOH) has been
newly synthesized in the present study. In addition, the synthesized
compounds, which are highly purified by repeated recrystalliza-
tions from acetone/H2O mixed solvents, are characterized by DSC
and the Langmuir monolayer technique. The DSC traces for all the
FnHmOH exhibit the endothermic peak in the temperature range
of 293.2–373.2 K. In particular, a pre-transition (or phase transi-
tion of solid) besides the melting peak is observed for F6H9OH
and F6H11OH. The melting points of F4H11OH and F6HmOH are
lower than those of the corresponding fatty alcohols contrary to
our expectations. However, there are few differences in the total
enthalpy change (�H) between F6HmOH and F8HmOH. In the
isotherm measurement of FnHmOH monolayers, it is revealed that
disordered/ordered phase transitions of F4H11OH and F6H7OH is
more sensitive to temperature than those of the corresponding
fatty alcohols. Judging from the fact that perfluorinated molecules
and highly fluorinated ones clearly exhibit the thermal stability
and resistance, the fluorination in F4H11OH and F6HmOH exerts
the opposite effect to the other FnHmOH. The introduction of
perfluorobutyl and perfluorohexyl moieties into a molecule might

have a strong possibility of a drastic change in its properties such
as solubility in solvents, phase behavior, and thermal sensitivity.
Unfortunately, however, they have not been thoroughly explained
yet. This warrants future work on the incorporation of shorter flu-
orocarbons involving the relationship to the fluorination degree in
a molecule. Nonetheless, the synthesized FnHmOH in the present
study certainly provides a new insight into functions for the fluori-
nated molecules, which makes a great impact on materials science,
material engineering, and industrial chemistry.
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Martín-Romero, L. Camacho, Phys. Chem. J. B 110 (2006) 6095–6100.
[31] J.T. Davies, E.K. Rideal, Interfacial Phenomena, 2nd ed., New York, Academic

Press, 1963.
[32] H. Nakahara, M.P. Krafft, A. Shibata, O. Shibata, Soft Matter 7 (2011) 7325–7333.
[33] R.J. Demchak, T. Fort Jr., J. Colloid Interface Sci. 46 (1974) 191–202.
[34] H. Nakahara, O. Shibata, J. Oleo Sci. 61 (2012) 197–210.
[35] J.G. Riess, M.P. Krafft, Biomaterials 19 (1998) 1529–1539.
[36] D. Vollhardt, G. Emrich, S. Siegel, R. Rudert, Langmuir 18 (2002) 6571–6577.
[37] O. Shibata, Y. Moroi, M.  Saito, R. Matuura, J. Colloid Interface Sci. 142 (1991)

535–543.
[38] M.  Rusdi, Y. Moroi, S. Nakamura, O. Shibata, Y. Abe, T. Takahashi, J. Colloid

Interface Sci. 243 (2001) 370–381.
[39] K. Motomura, T. Yano, M.  Ikematsu, H. Matuo, R. Matuura, J. Colloid Interface

Sci.  69 (1979) 209–216.

Hiromichi
長方形




