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bstract

Purification of perfluoro-n-alkanoic acids (CnF2n+1COOH, n = 7, 9, 11, 13, 15 and 17) was made by repeated recrystallizations from n-
exane/acetone mixed solvent, and their purity was found to be more than 99.5% by GC–MS, NMR, and elemental analysis. The thermal
ehaviors such as melting point and enthalpy change of fusion were investigated using differential scanning calorimetry (DSC). The melting point
onotonously increased with increasing carbon number (n) of the acids, while the enthalpy change showed irregularity at n = 14. The crystal

tructure of these acids was found to be dependent upon solvent used for recrystallization; that is, the acids recrystallized from the above solvent
ecomes more stable energetically, indicating their higher enthalpy change of fusion than that of the solidified acids from fused ones. The solid state

as also found to vary depending upon the thermal history, indicating that a few crystal structures of the solid state are quite similar energetically.
he melting points (Tm) of perfluoro-n-alkanoic acids are higher than those of corresponding n-alkanoic acids, and the difference in Tm increases
ith increasing carbon number in the acids.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Fluorocarbons are now in widespread use not only for sci-
ntific fields but also for practical purposes because of their
ydrophobicity, oleophobicity, stability against acid and base,
nd thermal stability [1–5]. In particular, perfluoro-n-alkanoic
cids have been most commonly employed to examine whether
lkanoic acids can be replaced by perfluoro-alkanoic acids due
o their excellent physico-chemical properties and to see their
ew functions. In addition, perfluoro-alkanoic acids whose car-

on number is from 10 to 14 seem to have a high potential
or bioaccumulation [6]. Although perfluoro-n-alkanoic acids
ave been used in many fields, it is quite questionable that
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asebo 859-3298, Japan. Tel.: +81 956 20 5686; fax: +81 956 20 5686.
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he acids used were truly purified. If they were contaminated,
heir physico-chemical characteristics cannot be applied to other
elds in safety and with confidence. Indeed, molecular sur-
ace areas of insoluble perfluoro-n-alkanoic acid monolayers
t the air/water interface are quite dispersed [7–10], where
a. 20 nm2 is also reported in spite of a cross-sectional area
f ca. 30 nm2 for a fluorocarbon chain. In addition, proper-
ies on binary mixture of fluorocarbon species and another
omponent have been examined and reported in many papers,
ut reports on properties of perfluoro-n-alkanoic acid only are
uite few in number, as far as the authors know. For exam-
le, thermal behavior of mixing of perfluoro-carboxylic acids
ith dipalmitoylphosphatidylcholines [11], silver perfluorocar-
oxylates [12] and fluorinated frallen [13] were studied, but
erfluorocarboxylic acids themselves have not been reported
uch.

This paper is aimed to present the method to prepare

ighly purified perfluoro-n-alkanoic acids and to make clear
heir thermal behavior for further study on perfluoro-n-alkanoic
cids.

mailto:wosamu@niu.ac.jp
mailto:wosamu-s@hotmail.co.jp
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sition (melting) for the most samples. It is often the case that a
recrystallized solid from a solvent is different in a crystal struc-
ture from a solid from the molten (molten solid). There are three
types of crystalline, A, B, and C for long-chain n-alkanoic acids.
2 M. Tsuji et al. / Colloids and Surfa

. Experimental

.1. Materials

Perfluorooctanoic acid (FC8: n = 7), perfluorodecanoic acid
FC10: n = 9), perfluorododecanoic acid (FC12: n = 11), perfluo-
otetradecanoic acid (FC14: n = 13), perfluorohexadecanoic acid
FC16: n = 15), and perfluorooctadecanoic acid (FC18: n = 17)
ere obtained from Fluorochem (United Kingdom). These acids
ere purified (see below) and their purity was checked by 19F
MR measurement (UNITY INOVA 400 Spectrometer, Varian,
SA), GC–MS (QP-1000, Shimadzu, Kyoto) and by elemental

nalysis, where the observed and calculated values were in satis-
actory agreement (< ± 0.3% for carbon atom). As a result, their
urity was found to be more than 99.5%. n-Hexane of analyti-
al grade and acetone of highest grade were from nacalai tesque.
oth solvents, n-hexane and acetone, were freshly distilled once

or removing involatile admixtures. They were used as a solvent
or recrystallization.

.2. Purification

The obtained perfluoro-n-alkanoic acid was made soluble
n hexane/acetone mixtures, containing 20% of acetone (v/v)
or FC18, 5% for FC16 and a few % for FC14. Difference
n composition of solvent is related with different solubility
nto the solvent of perfluoro-n-alkanoic acids (shorter length of
ydrophobic chain is more soluble in general). For the first crys-
allization, small amount of CF3COOH was added to the solvent
200–500 mol% relative to amount of FCn) to be sure that FCn is
n a form of free acid (neither salt nor ester). Maximum amount
f FCn was dissolved in hot solvent close to boiling; that is, the
olution with high solubility was cooled to 10–20 ◦C. The crys-
alline was separated from mother solvent by centrifugation. The
bove operation was repeated at least three times. The purity of
Cn was monitored via recording �V–A and π–A isotherms of
other solution [10]. Judging from �V–A and π–A isotherms,
Cn thus purified are much purer than that for crude samples
7–9]. This means that all extrapolated areas of FCn (n = 12, 14,
6 and 18) in the ordered state are approximately 0.30 nm2 and
heir surface potentials of those also show ca. −1000 mV at the
losest packing state [10]. This large negative value of surface
otential results from the strong electronegative fluorine atoms.
n addition, the molecular surface area and surface potential val-
es above are characteristics of quite pure perfluorocarboxylic
cids.

.3. Thermal analysis

EXSTAR 6000 /DSC 6100 (SII) was used for the DSC stud-
es. Five to ten milligrams of the solid samples was placed in
0 �L aluminum pans, and then these pans were sealed with
hermetic sealer. Purified indium and water were used as the
tandard calibration sample for enthalpy change. Samples were
eated and cooled at the rate of 1 and 3 K/min, respectively.
ll samples were examined at least two times by repeating the
eating-cooling cycles. When the same curve was not observed F
ig. 1. The way to determine the melting point from DSC curve; no hysteresis
as observed for FC8 through cyclic heat treatment.

or cyclic heat treatment, the melting temperatures (Tm) were
etermined from the corresponding endothermic peak. They
ere determined as the temperature at the intersection point
etween the endothermic peak line for phase transition and the
aseline as reported previously [14,15] (Fig. 1).

. Results and discussion

The DSC curves for the recrystallized FCn from solvents
1st heating, Fig. 2) were different from those for the molten
olids (2nd heating, Fig. 3). It is because the crystal structures
re different due to the polymorphism. There are pre-transition
phase transition of solid), which is followed by the main tran-
ig. 2. DSC traces of recrystallized perfluoro-n-alkanoic acids (1st heating).
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Fig. 3. DSC traces of molten perfluoro-n-alkanoic acids (2nd heating).

he type C is the one from the molten acid, while the other two
re those from recrystallization from solvent. The melting tem-
erature should be determined for the molten solid, because the
elting and solidification are reversible and the melting temper-

ture is invariant at atmospheric pressure. The transition point
temperature) for the recrystallized solids from the solvent was
btained from the DSC curve for the first increasing temper-
ture (the 1st heating), which are shown in Fig. 4 against the
umber of carbon atoms in the acids, where the transition tem-
erartures were quite reproducible except FC14. The transition
oint was determined as mentioned above (see Fig. 1). The 2nd
ransition temperature (melting point, Tm) of the perfluorinated
arboxylic acids are higher than those of hydrocarbon fatty acids
16], which supports that fluorocarbon acids are more stabilized

nergetically than hydrocarbon acids. The melting points (2nd
ransition) monotonously increase with increasing carbon atoms
Fig. 5), and the melting points of FC12 and 14 nearly agreed

ig. 4. Change in phase transition temperature against the number of carbon
toms for the recrystallized perfluoro-n-alkanoic acids (1st heating).

o
o
t

F
a

ig. 5. Change in melting point of FCn and n-alkanoic acids against the number
f carbon atoms.

ith the data reported by David et al. [17], Lehmler et al. [18]
nd Brace [19]. In addition, there is another phase transition
efore the melting except FC8, where the transition temper-
tures remain almost the same irrespective of the number of
arbon atoms. The fact suggests that the transition relates with
ome structural change in COOH group for the acids having a
onger fluorocarbon.

As for FC8, DSC curve for the molten solid is quite similar to
hat for the recrystallized one. There exists only one endother-

ic peak. Most samples except FC8 have one or two interim
re-melting endothermic peaks for the molten-solid, where it is
ard to say that FC16 and FC18 have the pre-melting (Fig. 6).
s for FC10, the second endothermic peak is sharper than the
rst peak for the 1st heating, while the first peak is sharper than

he second one for the 2nd heating. However, the temperatures
t the two endothermic peaks remain the same. As for FC12,
here are two endothermic peaks for the 1st heating, while there
re three peaks for the 2nd and further heatings. This is also
ue to difference in solidifying process. The phase transitions
f FC12 was examined by a polarizing microscope, and then,
igorous movement of the molecules was seen above the sec-

nd transition temperature, although such movement was not
bserved above the first transition. The fact proves that the 1st
ransition is a phase transition of a solid state, the 2nd transition

ig. 6. Change in phase transition temperature against the number of carbon
toms for the molten perfluoro-n-alkanoic acids (2nd heating).
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Fig. 8. Total enthalpy change (�) of 1st and 2nd phase transitions for the molten
perfluoro-n-alkanoic acids (2nd heating), where the enthalpy change varies
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ig. 7. Total enthalpy change (�) of 1st and 2nd phase transitions for the recrys-
allized perfluoro-n-alkanoic acids (1st heating), where the enthalpy change
aries depending upon the thermal history for FC14 (�, �).

orresponds to pre-melting, and the 3rd transition is complete
elting.
As for FC14 whose purity is almost 100%, there are two

atterns for the DSC curve, which are not reproducible. The
emperature and the shape of the endothermic peak in the 2nd
eating depend on the thermal history of the 1st heating; that
s, the polymorphology is based upon the ways to heat and to
ool. The gentle slope of the peak suggests low crystalinity,
hich may be related to an easy change in crystalline structure
r small difference in energy between polymorphic forms.

FC16 and FC18 resemble each other with respect to the num-
er and shape of the peaks. In the 1st heating, there are two quite
mall peaks and one main peak, while one main peak remains but
wo other peaks almost disappear in the 2nd heating, which also
ndicates that once the recrystallized solid melts, the morphology
asily takes place for the molten solid.

As a whole, there happens an easy polymorphic transition
ue to small difference in energy between polymorphic forms.
ence, peaks appear or disappear with no reproducibility or with

lear hysteresis. At present, however, the most important finding
s that the recrystallized solids are more stable energetically than
he molten solids. This must be verified from the enthalpy change
f melting in the following section.

As for evaluation of enthalpy change of phase transition, a
aseline is a matter of discussion [20]. In the present paper, how-
ver, the base line was drawn between the onset and the end of
he peak of the DSC curve. As for the recrystallized solids, the
um of the enthalpy change of phase transition and the enthalpy
hange of fusion (the total enthalpy change) monotonously
ncreases with increasing the number of carbon atoms in the
cids, although an irregularity appear at the carbon number 14
Figs. 7 and 8). The irregularity is quite hard to elucidate judging
rom the monotonous increase in the melting point. However,
he irregularity is highly reproducible; the total enthalpy change
as determined seven times totally, and then, two different val-

es were obtained. This irregularity in the enthalpy change
�H) against the number of carbon atoms was also observed
or hydrocarbon fatty acids (the minimum for palmitic acid)
21].

t
s
p
e

epending upon the thermal history for FC14 (�, �). The standard deviation of
he values is within the size of the circle.

As for the total enthalpy change for the molten solid, on the
ther hand, two groups seem to be present (Fig. 8); one for
C8 and FC10 and the other for the acids with larger number
f carbon atoms. In other words, the former has one crystalline
tructure and the latter does the other one. Judging from smaller
otal enthalpy change for longer FCn than expected, perfluoro-n-
lkanoic acids with larger number of carbon atoms are less stable
nergetically than the ones with smaller ones. Interaction among
uorocarbon chains should be different between the former and

he latter groups. What is an important finding here is that the
otal enthalpy change for the recrystallized solids is larger than
hat for the molten solids. The reason of the present consistent
esults should be made clarified using other techniques. Indeed,
dditional X-ray study can make clear the crystalline structure
nd the degree of crystallinity, which must be done in future.

. Conclusions

Purification of perfluoro-n-alkanoic acids was made by
epeated recrystallizations from n-hexane/acetone mixed sol-
ent, and especially their purity for n = 12, 14, 16, and 18 was
hecked by the �V–A and π–A isotherms whose values were
ound quite reasonable. All the perfluoro-n-alkanoic acids thus
btained were found to be more than 99.5% by GC–MS, NMR,
nd elemental analysis, too.

The present DSC analyses revealed that there was pre-
ransition (phase transition of solid), which is followed by the

ain transition (melting) for almost all the samples. As for
C14 whose purity is almost 100%, however, there are two pat-

erns for the DSC curve, which are not reproducible. The DSC
urves for the molten solids (2nd heating) were different from
hose for the recrystallized ones (1st heating). These observa-
ions originate from the small difference in crystal structures,
he polymorphism. The solid state varied depending upon the
hermal history, indicating that a few crystal structures of the

olid state are quite similar energetically. As a whole, there hap-
ens an easy polymorphic transition due to small difference in
nergy between polymorphic forms.
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The melting point (Tm) of the perfluorinated carboxylic acids
re higher than those of hydrocarbon fatty acids, which supports
hat fluorocarbon acids are more stabilized energetically than
ydrocarbon acids.

The total enthalpy change for the recrystallized solids is larger
han that for the molten solids. At this present, it is thought that
he recrystallized solids are more stable energetically than the

olten solids, but its precise reason should be made clarified by
urther study using detailed X-ray analysis.
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