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A phase transition study, including vapour pressure determinations of odd fluorotelomer alcohols
{oFTOH; CF3(CF2)nCH2OH, with n = 5 to 9}, is reported in order to explore the effect of the successive
introduction of –CF2– groups into the molecule on the thermodynamic properties related to (solid + li-
quid, solid + gas, and liquid + gas) equilibria. An odd–even effect on the thermodynamic parameters of
fusion and sublimation was observed in the homologous series of odd fluorotelomer alcohols indicating
an increase of the stability in the crystal packing for the members with an odd number of carbon atoms.
The vaporization parameters of o-FTOH were compared with the literature data for their alkane
analogues and the results showed a higher volatility of liquid fluorotelomer alcohols than their congen-
ers. The higher molecular conformation restriction of perfluorinated alcohols and/or the higher molar
mass seems to contribute to their higher entropy of vaporization which drives the volatility of the
1H,1H-perfluorinated alcohols.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorotelomer alcohols (FTOHs) are linear chain polyfluorinated
organic compounds with an alcohol functional group used in
numerous commercial products such as fire-fighting foams, textile
protection agents, floor polishers, detergents, paints, paper treat-
ment agents, electronic equipment and as precursor compounds
in the production of fluorotelomer polymers [1–6]. Fluorotelomer
alcohols are also precursors of perfluorinated carboxylic acids
(PFCAs) such as perfluorooctanoic acid (PFOA) and perfluoronona-
noic acid (PFNA) [7–9]. There are two major groups of these com-
pounds: even fluorotelomer alcohols {FTOH; CF3(CF2)nCH2CH2OH}
and odd fluorotelomer alcohols {oFTOH; CF3(CF2)nCH2OH}. Com-
monly, an individual fluorotelomer alcohol molecule is named by
the number of carbon atoms that are fluorinated versus the number
that are hydrocarbon-based. For example, 6:2 fluorotelomer alco-
ll rights reserved.

: +351 220402520.
s).
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hol would represent a molecule with 6 fluorinated carbon atoms
and a 2 carbon atoms in ethyl alcohol group. FTOHs are volatile
and widely detected in air, but the precise degree of FTOH volatility
has been subjected to some dispute [10–13]; nevertheless, the vol-
atility and solubility properties of FTOHs present a potential for
these compounds to volatilize and/or leach from consumer prod-
ucts and be subjected to a long-range transport in the environ-
ment. Given the capabilities of consumer products to act as
sources of FTOHs, and their physical–chemical properties contrib-
uting to the high atmospheric mobility, some studies have been
carried out to determine the extent to which FTOHs and other per-
fluorinated compounds have been distributed in the environment
[14–22]. Even-fluorotelomer alcohols such as 4:2 FTOH, 6:2 FTOH,
8:2 FTOH, and 10:2 FTOH have been identified as residuals in
consumer products such as stain repellents and windshield wash,
among others [21]. Fluorotelomer alcohols can biodegrade to
PFCAs that persist in the environment and are found in the blood
serum of populations and wildlife. The United States
Environmental Protection Agency (EPA) has asked chemical
2), http://dx.doi.org/10.1016/j.jct.2012.03.027
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companies to reduce the amount of residuals, including fluorotelo-
mer alcohols, from products, and is supporting research to better
define the sources, distribution and effects of numerous perfluori-
nated compounds (PFCs) in the environment. In 2006, EPA created
the 2010/15 PFOA Stewardship Program, in which companies com-
mitted to reduce global facility emissions and product content of
PFOA and related chemicals by 95% by 2010, and to work toward
eliminating emissions and product content by 2015. Recently, the
environmental impact of FTOHs became the subject of intense dis-
cussion in the literature, revealing the need of acquiring accurate
thermodynamic property data, including determinations of vapour
pressures. In this context, this work is included in a project related
to the accurate measurement and prediction of thermophysical
properties of perfluorinated compounds [23–29]. The vapour pres-
sures of some fluorotelomer alcohols can be found in the literature
[30–35]. In this work, a phase transition study including vapour
pressure determinations of odd fluorotelomer alcohols (with
n = 5 to 9) is presented. The most stable conformer of 9:1 FTOH
and 10:1 FTOH obtained using Gaussian calculations are shown
in figure 1.

This work aims to explore the origins of energetic and entropic
differentiation in the condensed phases of odd fluorinated alcohols
caused by insertion of a –CF2– group in the linear chain. The trends
in the standard molar enthalpies, entropies, and Gibbs free energies
of fusion, sublimation and vaporization were studied and analysed
for this series of compounds. The volatilities of the liquid odd
fluorotelomer alcohols were compared altogether with the litera-
ture data values (C6–C12 series) for their alkane analogues [36–39].
2. Experimental

2.1. Purification and characterization of odd fluorotelomer alcohols

1H,1H-perfluoroheptan-1-ol (6:1 FTOH, CAS Registry Number
375-82-6), 1H,1H-perfluorooctan-1-ol (7:1 FTOH, CAS Registry
Number 307-30-2), 1H,1H-perfluorononan-1-ol (8:1 FTOH, CAS
Registry Number 423-56-3), 1H,1H-perfluorodecan-1-ol (9:1
FTOH, CAS Registry Number 307-37-9) and 1H,1H-perfluoroundec-
an-1-ol (10:1 FTOH, CAS Registry Number 307-46-0) were pur-
chased from Apollo Scientific Ltd. Prior to their use, the
compounds were purified by sublimation under reduced pressure
(<10 Pa), and the final purity of the samples was verified by gas
chromatographic analysis (GC), using an HP 4890 apparatus
equipped with a FID detector and an HP-5 column, cross-linked,
5% diphenyl and 95% dimethylpolysiloxane. The following mass
fraction purity was obtained for all the oFTOH studied: 0.999. Pur-
ity details are given in table 1.

The relative atomic masses used in our work were those recom-
mended by the IUPAC Commission in 2007 [40].
9:1 FTOH 

10:1 FTOH 

FIGURE 1. Schematic representation of the most stable conformer of 1H,1H-
perfluorodecan-1-ol (9:1 FTOH) and 1H,1H-perfluoroundecan-1-ol (10:1 FTOH).
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2.2. Differential scanning calorimetry

The temperatures and the standard molar enthalpies of fusion
for 7:1 FTOH, 8:1 FTOH, 9:1 FTOH and 10:1 FTOH were measured
in a power compensation differential scanning calorimeter, SETA-
RAM model DSC 141, using a heating rate of 0.0333 K � s�1, and
hermetically sealed aluminium crucibles. A constant flow of nitro-
gen was applied. The standard molar entropies of fusion for each
compound were derived. The temperature and heat flux scales
were calibrated by measuring the temperature and the enthalpy
of fusion of some reference materials [41]: o-terphenyl (CAS Regis-
try Number 84-15-1), benzoic acid (CAS Registry Number 65-85-0),
indium (CAS Registry Number 7440-74-6), 4-methoxy benzoic acid
(CAS Registry Number 100-09-4), tin (CAS Registry Number 7440-
31-5), and lead (CAS Registry Number 7439-92-1). At least five
experiments for each reference compound were performed. The
compounds studied were measured with the same experimental
procedure used in the calibration runs.

2.3. Vapour pressure measurements

The vapour pressures of the o-FTOH were measured at different
temperatures in solid (for 7:1 FTOH, 8:1 FTOH, 9:1 FTOH and 10:1
FTOH) and liquid (for 6:1 FTOH, 7:1 FTOH and 8:1 FTOH) phases
using the static apparatus based on a MKS Baratron 631A01TBEH
pressure gauge, capable of measuring in the pressure range of
(0.4 to 133) Pa and in the temperature range of (253 to 413) K,
and on a MKS Baratron 631A11TBFP pressure gauge, capable of
measuring in the pressure range of (3 to 1330) Pa and in the tem-
perature range of (253 to 463) K. The apparatus was previously de-
scribed in detail in the literature by Monte et al. [42]. To avoid
condensation of the sample, the temperature of the vacuum line
was maintained 20 K above the sample temperature. The vapour
pressures of the compounds studied were measured at different
temperature intervals: 6:1 FTOH, (275 to 313) K; 7:1 FTOH, (268
to 340) K; 8:1 FTOH, (275 to 352) K; 9:1 FTOH, (303 to 359) K;
10:1 FTOH, (310 to 348) K.

2.4. Computational thermochemistry

Quantum chemical calculations were performed with the
Gaussian 03 software package [43]. The optimization of the geom-
etries as well as the fundamental vibrational frequency calcula-
tions were performed for the compounds using the B3LYP/6-
311++G(d,p) level of theory [44,45]. The frequencies were scaled
using the scaling factors of 0.9688 and 1.0161 for the fundamental
vibrational frequencies when applied to the calculation of heat
capacity and entropy, respectively [46]. These calculations were
used for the determination of gas phase heat capacities and entro-
pies for all species at T = 298.15 K.
3. Results

3.1. Thermodynamic parameters of fusion

For 7:1 FTOH, 8:1 FTOH, 9:1 FTOH, and 10:1 FTOH, the experi-
mental fusion temperatures, Tfus, and standard molar enthalpies of
fusion at Tfus, D

l
crH

�
mðT fusÞ, were measured in a power compensation

differential scanning calorimeter, SETARAM model DSC 141. The
detailed experimental results concerning the fusion are given as
Supporting Information. For each compound, the hypothetical
molar enthalpy of fusion, at T = 298.15 K, was calculated according
to equation (1):

Dl
crH

�
mðTÞ ¼ Dl

crH
�
mðT fusÞ þ Dl

crC
�
p;m � ðT � T fusÞ: ð1Þ
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TABLE 1
Provenance and purity details of 6:1 FTOH, 7:1 FTOH, 8:1 FTOH, 9:1 FTOH, and 10:1 FTOH.

Chemical name CAS Registry
Number

Provenance Initial mass
fraction purity

Purification
method

Final mass
fraction purity

Purity
analysis method

1H,1H-perfluoroheptan-1-ol 375-82-6 Apollo Scientific Ltd. 0.97 Drying 0.999 GC
1H,1H-perfluorooctan-1-ol 307-30-2 Apollo Scientific Ltd. 0.98 Sublimation 0.999 GC
1H,1H-perfluorononan-1-ol 423-56-3 Apollo Scientific Ltd. 0.98 Sublimation 0.999 GC
1H,1H-perfluorodecan-1-ol 307-37-9 Apollo Scientific Ltd. 0.98 Sublimation 0.999 GC
1H,1H-perfluoroundecan-1-ol 307-46-0 Apollo Scientific Ltd. 0.95 Sublimation 0.999 GC

TABLE 3
Experimental data of vapour pressures for 6:1 FTOH, 7:1 FTOH, 8:1 FTOH, 9:1 FTOH,
and 10:1 FTOH.

T/K p/Pa T/K p/Pa T/K p/Pa

6:1 FTOH (l)
275.55 17.86 290.46 78.37 305.40 293.97
278.02 23.08 292.95 99.12 307.91 363.18
280.53 30.01 295.45 124.73 310.39 434.44
282.99 38.04 297.97 158.70 312.88 533.90
285.49 48.58 300.43 194.63 315.35 624.75
287.97 62.27 302.94 243.08 317.87 755.26

7:1 FTOH (cr)
268.27 1.04 295.64 30.33 308.10 111.31
273.24 2.01 298.14 39.11 310.56 141.25
278.21 3.88 300.61 51.77 313.08 181.52
283.17 7.14 303.13 66.48 315.52 228.80
288.15 12.72 305.62 87.24 318.05 293.58
293.15 22.73

7:1 FTOH (l)
320.52 361.50 328.01 623.58 335.47 1048.20
323.01 435.13 330.49 745.70 337.97 1232.70
325.52 524.00 332.97 871.04 339.44 1359.20

8:1 FTOH (cr)
275.71 0.48 293.14 4.77 313.09 47.67
278.17 0.67 298.11 8.66 318.06 79.33
283.16 1.28 303.13 15.68 323.03 130.00
288.15 2.50 308.10 27.27

8:1 FTOH (l)
342.99 801.75 345.48 944.70 350.45 1299.96
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The hypothetical molar entropy of fusion, at T = 298.15 K, was
calculated according to equation (2):

Dl
crS
�
mðTÞ ¼ Dl

crH
�
mðT fusÞ=T fus þ Dl

crC
�
p;m � lnðT=T fusÞ: ð2Þ

The hypothetical molar Gibbs free energy of fusion, at
T = 298.15 K, was calculated according to equation (3):

Dl
crG
�
m ð298:15 KÞ ¼ Dl

crH
�
m ð298:15 KÞ � 298:15�

Dl
crS
�
m ð298:15 KÞ: ð3Þ

Table 2 shows the experimental fusion temperatures, and the
values for the standard molar enthalpies and entropies of fusion
at the fusion temperature for the solid o-FTOH studied.

3.2. Vapour pressures and thermodynamic parameters of sublimation
and vaporization

Table 3 presents the vapour pressures at several temperatures,
obtained using the static apparatus, for the solids 7:1 FTOH, 8:1
FTOH, 9:1 FTOH, and 10:1 FTOH and for the liquids 6:1 FTOH,
7:1 FTOH, and 8:1 FTOH.

The standard molar enthalpies of sublimation/vaporization at
the mean temperature of the sublimation/vaporization experi-
ments, hTi, were derived for the o-FTOH studied, using the inte-
grated form of the Clausius–Clapeyron according to equation (4):

lnðp=PaÞ ¼ a� b � ½ð1=TÞ=K�1�; ð4Þ

where a is a constant and b = Dg
cr;lH

�
mðhTiÞ=R. The plots of lnp = f(1/T)

for 6:1 FTOH, 7:1 FTOH, 8:1 FTOH, 9:1 FTOH, and 10:1 FTOH are
shown in figure 2. The values of the triple points are also depicted.

Table 4 presents the parameters of the Clausius–Clapeyron
equation, the calculated standard deviations, and the standard
molar enthalpies and entropies of sublimation/vaporization at
the mean temperature, hTi. The standard molar enthalpies of sub-
limation/vaporization at the mean temperature were determined
by the parameter b, of the Clausius–Clapeyron equation, and the
molar entropies of sublimation/vaporization at hTi and p(hTi),
Dg

cr;lSmðhTi; pðhTiÞÞ, were calculated by equation (5):

Dg
cr;lSmðhTi; pðhTiÞÞ ¼ Dg

cr;lH
�
mðhTiÞ=hTi: ð5Þ
TABLE 2
Experimental fusion temperatures, standard molar enthalpies, and standard molar
entropies of fusion, for 7:1 FTOH, 8:1 FTOH, 9:1 FTOH, and 10:1 FTOH.

Compound Tonset/K Dl
crH�mðT fusÞ/

(kJ �mol�1)
Dl

crS�mðT fusÞ/
(J � K�1 �mol�1)

7:1 FTOH 318.2 ± 0.5 11.9 ± 1.1 37.4 ± 3.5
8:1 FTOH 342.2 ± 0.4 16.6 ± 0.2 48.4 ± 0.6
9:1 FTOH 358.5 ± 0.5 15.9 ± 0.9 44.5 ± 2.6
10:1 FTOH 374.0 ± 0.4 22.4 ± 0.3 60.0 ± 0.6

The uncertainties of the experimental results were assigned based on independent
experiments as t � s=ðnÞ1=2, including the calibration uncertainty, where t is obtained
from student’s t-distribution, s is the standard deviation and n is the number of
independent experiments.
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The standard molar enthalpies of sublimation/vaporization, at
T = 298.15 K, Dg

cr;lH
�
mð298:15 KÞ, were determined by equation (6):

Dg
cr;lH

�
mðTÞ ¼ Dg

cr;lH
�
mðhTiÞ þ ðT � hTiÞ � D

g
cr;lC

�
p;m: ð6Þ

The standard molar entropies of sublimation/vaporization, at
T = 298.15 K, Dg

cr;lS
�
m ð298:15 KÞ, were calculated using the equation

(7):

Dg
cr;lS

�
mðTÞ ¼ Dg

cr;lSmðhTi;pðhTiÞÞ þ Dg
cr;lC

�
p;mðTÞ � lnðT=hTiÞ � R�

lnðp�=pðhTiÞÞ; ð7Þ

where p� = 105 Pa. Dg
cr;lC

�
p;m is the heat capacity of sublimation or

vaporization, at T = 298.15 K, calculated as Dg
cr;lC

�
p;m ¼ C�p;mðgÞ�

C�p;mðcr; lÞ. For each compound, C�p;mðgÞ was calculated using DFT
344.00 857.10 347.97 1110.16 351.45 1382.92

9:1 FTOH (cr)
303.92 4.52 327.88 64.57 347.71 414.00
308.00 7.55 332.84 104.50 352.65 624.70
312.98 13.15 337.79 171.40 355.65 800.80
318.07 22.89 342.75 267.70 358.15 970.00
323.07 37.65

10:1 FTOH (cr)
310.53 2.19 325.47 13.21 337.85 49.77
313.02 2.99 327.95 17.24 340.35 64.15
315.51 4.02 330.42 22.07 342.81 82.75
318.00 5.37 332.87 29.09 345.30 106.38
320.48 7.15 335.42 38.15 347.80 136.13
323.00 9.68

Uncertainties: r(T/K) = 0.01; r(p/Pa) = 0.01 + 0.0025 � (p/Pa) [42].
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FIGURE 2. Plots of lnp versus 1/T for the odd fluorotelomer alcohols studied:
liquid 6:1 FTOH; solid 7:1 FTOH; liquid 7:1 FTOH; solid 8:1 FTOH; liquid
8:1 FTOH; solid 9:1 FTOH; solid 10:1 FTOH; and triple points coordinates.
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with B3LYP/6-311++G(d,p) level of theory, and for each respective
minimum energy conformation of 6:1 FTOH, 7:1 FTOH, 8:1 FTOH,
9:1 FTOH and 10:1 FTOH, yielding for C�p;mðgÞ the values (314.4,
358.4, 402.5, 446.5, and 490.0) J � K�1 �mol�1, respectively. The
uncertainty in C�p;mðgÞ was considered to be ±5 J � K�1 �mol�1. For
the liquid 6:1 FTOH and the solid 7:1 FTOH, the heat capacity of
the condensed phase, at T = 298.15 K, was measured in this work,
using a precise heat capacity drop calorimeter; for 6:1 FTOH and
7:1 FTOH, the values of C�p;mðlÞ = (476.8 ± 0.3) J � K�1 �mol�1, and
C�p;mðcrÞ = (468.6 ± 1.1) J � K�1 �mol�1 were obtained, respectively.
The measurement procedure and the description of the apparatus
have been described in detail elsewhere by Santos et al. [47], and
the additional information concerning the experimental calibration
procedure of the apparatus is available as Supporting Information.
From the previous data, Dg

l C�p;m = �(162 ± 5) J � K�1 �mol�1 and
Dg

crC
�
p;m = �(110 ± 5) J � K�1 �mol�1 were derived for 6:1 FTOH and

7:1 FTOH. Based on these results, Dg
crC
�
p;m = �(110 ±

20) J � K�1 �mol�1 and Dg
l C�p;m =�(160 ± 20) J � K�1 �mol�1, were con-

sidered for the remaining odd fluorotelomer alcohols, and conse-
quently, a typical value of Dl

crC
�
p;m = (50 ± 20) J � K�1 �mol�1 for the

difference in heat capacity between the solid and liquid phases,
which is in good agreement with the value of 54.4 J � K�1 �mol�1

proposed by Sidgwick [48] and recommended by Chickos [49].
The standard molar Gibbs free energies of sublimation were calcu-
lated through equation (8), where the parameters are referenced to
T = 298.15 K:
Dg
cr;lG

�
mðTÞ ¼ Dg

cr;lH
�
mðTÞ � T � Dg

cr;lS
�
mðTÞ: ð8Þ

The vapour pressures, at T = 298.15 K, were derived through
equation (9):
TABLE 4
Experimental sublimation and vaporization results obtained for the odd fluorotelomer
Pa) = a � b � [(1/T)/K�1], and b ¼ Dg

cr;lHmðhTiÞ=R; R = 8.3144621 J � K�1 �mol�1.

Compound A b/K r2 hTi/K

7:1 FTOH (cr) 36.04 ± 0.06 9653 ± 19 0.99995 297.04
8:1 FTOH (cr) 37.69 ± 0.09 10596 ± 26 0.99995 298.35
9:1 FTOH (cr) 37.02 ± 0.14 10781 ± 46 0.9998 332.42
10:1 FTOH (cr) 39.35 ± 0.07 11978 ± 24 0.99995 329.17
6:1 FTOH (l) 31.20 ± 0.12 7796 ± 36 0.9997 296.70
7:1 FTOH (l) 29.61 ± 0.09 7601 ± 30 0.99989 330.38
8:1 FTOH (l) 29.34 ± 0.03 7771 ± 12 0.999991 347.06
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pðTÞ ¼p� � e �
Dg

cr;lG
�
mðTÞ

R � T

 !
; ð9Þ

where p� = 105 Pa. Table 5 lists the derived standard (p� = 105 Pa)
molar enthalpies, entropies, and Gibbs free energies of sublima-
tion/vaporization and the vapour pressures, at T = 298.15 K, for
6:1 FTOH, 7:1 FTOH, 8:1 FTOH, 9:1 FTOH, and 10:1 FTOH.

Table 6 lists the fusion and triple point temperatures, the triple
point vapour pressure and the standard (p� = 105 Pa) molar enthal-
pies, entropies, and Gibbs energies of fusion, at T = 298.15 K, for the
compounds studied, derived from the combined results for the
sublimation and vaporization, using equations (10) and (11):

Dl
crH

�
mðTÞ ¼ Dg

crH
�
mðTÞ � Dg

l H�mðTÞ; ð10Þ

Dl
crS
�
mðTÞ ¼ Dg

crS
�
mðTÞ � Dg

l S�mðTÞ; ð11Þ

The values of the thermodynamic parameters of fusion derived
from DSC experiments were calculated (equations (1)–(3)). Table 7
presents the molar entropies in the solid, liquid and gas phases, at
T = 298.15 K, for the compounds studied. Total gas phase entropies
were estimated from the data derived from quantum chemical cal-
culations, and entropies in the condensed phases were derived
from the sublimation and vaporization results using equations
(12) and (13), respectively

S�mðcr;TÞ ¼ S�mðg;TÞ � Dg
crS
�
mðTÞ; ð12Þ

S�mðl;TÞ ¼ S�mðg;TÞ � Dg
l S�mðTÞ: ð13Þ
4. Discussion

An entropic and enthalpic differentiation along the odd fluoro-
telomer alcohols series was observed, which strongly supports the
existence of an odd–even effect on the thermodynamic parameters
of fusion and sublimation. This effect was already observed in
some thermodynamic properties of different kinds of compounds,
such as paraffins [50], alcohols [51], fatty acids [52], and further-
more, in certain liquid crystals [53] and long-chain amphiphiles
[54]. Recently, the same effect was observed in the thermodynamic
parameters of a series of oligothiophenes [55]. Concerning the odd
fluorotelomer alcohols, a regular odd–even alternation is evi-
denced in the enthalpies and entropies of sublimation and fusion
wherein terms with odd number of carbon atoms show higher val-
ues than even terms reflecting the denser packing arrangement of
odd-numbered o-FTOH. Interactions due to dispersion forces be-
tween molecules have attracted increasing attention since the
emergence and rapid development of supramolecular chemistry
and molecular recognition [56–59]. These intermolecular forces
whose energetic and geometric properties are less well understood
than those of chemical bonds between atoms in individual mole-
cules support the odd–even effect verified in some properties of
other families of compounds [60–68]. Although those interactions
alcohols studied, where a and b are from the Clausius–Clapeyron equation, ln(p/

pðhTiÞ/Pa Dg
cr;lH

�
mðhTiÞ/(kJ �mol�1) Dg

cr;lSmðhTi;pðhTiÞÞ/(J � K�1 �mol�1)

34.65 80.3 ± 0.2 270.2 ± 1.3
8.83 88.1 ± 0.2 295.3 ± 1.5

98.35 89.6 ± 0.4 269.6 ± 1.9
19.46 99.6 ± 0.2 302.5 ± 1.3

137.21 64.8 ± 0.3 218.5 ± 1.8
735.74 63.2 ± 0.2 191.3 ± 1.5

1046.06 64.6 ± 0.1 186.2 ± 0.9
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TABLE 5
Values of the standard (p� = 0.1 MPa) molar enthalpies, Dg

cr;lH
�
m, entropies, Dg

cr;lS
�
m, and Gibbs free energies, Dg

cr;lG
�
m, of sublimation and vaporization, and vapour pressures, at

T = 298.15 K, for the odd fluorotelomer alcohols studied.

Compound Dg
crH�m/

(kJ �mol�1)
Dg

crS�m/
(J � K�1 �mol�1)

Dg
crG�m/

(kJ �mol�1)
p(cr, T = 298.15 K)/
(Pa)

Dg
l H�m/

(kJ �mol�1)
Dg

l S�m/
(J � K�1 �mol�1)

Dg
l G�m/

(kJ �mol�1)

pðl; T ¼ 298:15 KÞ/
(Pa)

6:1 FTOH 64.6 ± 0.3 162.9 ± 1.8 16.0 ± 0.6 156.0
7:1 FTOH 80.1 ± 0.2 203.5 ± 1.3 19.5 ± 0.4 39.1 68.4 ± 0.7 166.9 ± 2.5 18.6 ± 1.0 55.1
8:1 FTOH 88.1 ± 0.2 217.8 ± 1.5 23.2 ± 0.5 8.6 72.4 ± 1.0 172.6 ± 3.2 21.0 ± 1.4 21.0
9:1 FTOH 93.4 ± 0.8 224.0 ± 2.9 26.6 ± 1.2 2.2 80.5 ± 0.8 188.8 ± 2.9 24.2 ± 1.2 5.7
10:1 FTOH 103.0 ± 0.7 242.4 ± 2.4 30.7 ± 1.0 0.4 84.4 ± 0.7 193.7 ± 2.4 26.6 ± 1.0 2.2

The values for the thermodynamic parameters of vaporization for 9:1 FTOH and 10:1 FTOH were derived from the combination of the thermodynamic parameters of
sublimation (table 5) and fusion (table 6) by equations 10 and 11.

TABLE 6
Fusion temperatures, Tfus, values of the temperature, TTp, and pressure, pTp, of the triple point and derived hypothetical molar enthalpies, Dl

crH
�
m, entropies, Dl

crS
�
m, and Gibbs free

energies, Dl
crG

�
m, of fusion, at T = 298.15 K, for the odd fluorotelomer alcohols studied.

Compound Tfus/(K) TTp/(K) pTp/(Pa) Dl
crH�m/(kJ � mol�1) Dl

crS�m/(J � K�1 �mol�1) Dl
crG�m/(kJ �mol�1)

DSC # DSC D # DSC D # DSC

7:1 FTOH 318.2 318.9 321.3 11.8 ± 0.7 10.9 ± 1.2 �0.9 ± 1.1 36.7 ± 2.9 34.1 ± 3.7 �2.5 ± 4.0 0.8 ± 1.1 0.7 ± 1.6
8:1 FTOH 342.2 338.3 587.3 15.7 ± 1.0 14.4 ± 0.9 �1.3 ± 1.8 45.2 ± 3.5 41.5 ± 2.8 �3.7 ± 5.7 2.2 ± 1.5 2.0 ± 1.2
9:1 FTOH 358.5 1040.9 12.9 ± 1.5 35.3 ± 4.5 2.4 ± 2.0
10:1 FTOH 374.0 1524.4 18.6 ± 1.5 48.7 ± 4.6 4.1 ± 2.1

# Calculated by the combination of the sublimation and vaporization parameters by equations (10) and (11); D – difference between the calculated and the derived values by
DSC (differential scanning calorimetry). The values of the triple point temperature for 9:1 FTOH and 10:1 FTOH were assumed as the fusion temperatures measured by DSC
and corresponding vapour pressures were obtained by extrapolation to the fusion temperature.

TABLE 7
Values of the entropies in crystalline, S�mðcrÞ, liquid, S�mðlÞ, and gas, S�mðgÞ, phases, at
T = 298.15 K, for the odd fluorotelomer alcohols studied.

Compound S�mðcrÞ
(J � K�1 �mol�1)

S�mðlÞ
(J � K�1 �mol�1)

S�mðgÞ
(J � K�1 �mol�1)

6:1 FTOH 458.8 ± 8.3 622
7:1 FTOH 476.5 ± 5.2 513.0 ± 5.9 680
8:1 FTOH 519.2 ± 5.2 564.6 ± 6.3 737
9:1 FTOH 573.0 ± 5.8 608.4 ± 7.3 797
10:1 FTOH 609.6 ± 5.5 658.4 ± 7.2 852

The S�mðgÞ uncertainty was estimated as ±5 J � K�1 �mol�1.
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can be related with the alternation verified in some thermody-
namic parameters respecting the odd and even 1H,1H-perfluori-
nated alcohols, we do not found any other support in the
literature relating evidences of the odd–even effect in this type
of compounds.

4.1. Sublimation and vaporization equilibria

In figure 3, the trends of Dg
cr;lH

�
m ð298:15 KÞ, Dg

cr;lS
�
m ð298:15 KÞ,

and Dg
cr;lG

�
m ð298:15 KÞ for the o-FTOHs studied are presented. For

the sublimation results, enthalpic and entropic differentiations
are observed for these compounds with a visible an odd–even ef-
fect showing higher values of Dg

crH
�
m ð298:15 KÞ, Dg

crS
�
m ð298:15 KÞ,

and Dg
crG
�
m ð298:15 KÞ for the members with an odd number of car-

bon atoms. The members with odd number of carbon atoms are
characterized by a slightly increased stability in the crystal packing
which leads to their lower volatility. For the vaporization results,
the enthalpic and entropic differentiations are not so evidenced.
The thermodynamic parameters of vaporization for 9:1 FTOH and
10:1 FTOH were derived by the combination of the thermodynamic
parameters of sublimation and fusion equilibria and may be
affected by uncertainties of the corresponding heat capacity cor-
rections. The enthalpic and entropic differentiations seem to be
more pronounced for these two compounds than for the rest of
Please cite this article in press as: J.C.S. Costa et al., J. Chem. Thermodyn. (201
the series. The odd–even effect is less evident in the thermody-
namic parameters of vaporization suggesting that the volatilities
of the liquid o-FTOHs changes linearly with the carbon atoms in
molecule, i.e. there is no distinct difference in the behaviour of
odd and even members of the homologous series.

4.2. Fusion equilibria

In figure 4, the trends of TTp and ln(pTp) for the o-FTOH studied
are presented. The parameters of the triple point for the 6:1 FTOH
or other compounds of this family can be estimated by extrapola-
tion. A similar trend is found for the triple point temperatures and
for their corresponding pressures, suggesting a subtle but not dis-
tinctive trend change from 9:1 FTOH onwards, because of the lim-
ited number of the members of the series. The triple point
temperatures are approximately equal to the fusion temperatures
at these pressures. This analysis becomes important for
comparison of the phase stability of different perfluoralchools
because the fusion temperatures are related to enthalpic and
entropic contributions, as indicated by the relation T fus ¼
Dl

crH
�
mðT fusÞ=Dl

cr S�mðT fusÞ.
In figure 5, the trends of Dl

crH
�
m ð298:15 KÞ, Dl

crS
�
m ð298:15 KÞ,

Dl
crG
�
mð298:15 KÞ and S�m for the o-FTOH studied are presented.

The thermodynamic parameters of fusion refer to the hypothetical
values corrected to T = 298.15 K, thus allowing a direct comparison
of the fusion parameters along this series. As can be seen, enthalpic
and entropic differentiations along with an odd–even effect are ob-
served with higher values of Dl

crH
�
m ð298:15 KÞ, Dl

crS
�
m ð298:15 KÞ,

and Dl
crG
�
m ð298:15 KÞ for the compounds with an odd number of

carbon atoms. This effect corroborates the results observed for sub-
limation equilibrium, supporting the idea that the members with
an odd number of carbon atoms are characterized by a stability in-
crease in the respective crystal packing. This is further supported
by comparison of the entropies in the solid, liquid and gas phases.
The odd–even alternation is clearly noted for the entropy of the so-
lid phase while the entropy of gas and liquid phases shows a linear
dependence on a number of carbon atoms. Higher values of the
2), http://dx.doi.org/10.1016/j.jct.2012.03.027
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FIGURE 3. Trends of Dg
cr;lH

�
m (A), Dg

cr;lS
�
m (B), and Dg

cr;lG
�
m (C), at T = 298.15 K, for the odd FTOH series: thermodynamic parameters of sublimation ( ); thermodynamic

parameters of vaporization derived from the vapour pressures ( ); and derived by the combined fusion and sublimation equilibrium ( ).

FIGURE 4. Trends of TTp (A) and ln(pTp) (B) for the odd FTOH series.

FIGURE 5. Trends of Dl
crH

�
m (A), Dl

crS
�
m (B), and Dl

crG
�
m (C), at T = 298.15 K, for the odd FTOH series: values derived by the combined sublimation and fusion equilibria ( ); values

derived by DSC ( ), and derived absolute entropies, S�m (D), for the crystal ( ), liquid ( ), and gas ( ) phases.
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entropy of the solid phase for the members with an even number
of carbon atoms suggest looser packing arrangements in the crys-
talline phase and lower cohesive energies as compared to the odd
members.

4.3. Liquid odd fluorotelomer alcohols and their alkane analogous

The thermodynamic parameters of vaporization of the o-FTOH
compounds were compared with the literature data values for
the n-alcohols to verify the enthalpic and entropic differentiations
and the corresponding different volatilities between these families
of compounds. Table 8 summarizes the enthalpies, entropies and
Please cite this article in press as: J.C.S. Costa et al., J. Chem. Thermodyn. (201
Gibbs energies of vaporization for the polyfluorinated compounds
series studied in this work and for their alkane analogues from the
hexan-1-ol to dodecan-1-ol (C6–C12 series). In figure 6, the trends
of Dg

l H�m;D
g
l S�m, and Dg

l G�m for the o-FTOHs and related n-alcohols are
presented.

The results show a higher volatility for liquid fluorotelomer
alcohols than for their alkane analogues, which is easily verified
by analysis of the Dg

l G�m trends representation. The differences in
Gibbs energy values between n-alcohols and o-FTOHs, from C7
onwards, amounts to a constant value of 3.9 kJ �mol�1 allowing
the estimation of the volatilities of the higher liquid o-FTOH from
the volatilities of the n-alcohols. The enthalpies of vaporization
2), http://dx.doi.org/10.1016/j.jct.2012.03.027

http://dx.doi.org/10.1016/j.jct.2012.03.027


TABLE 8
Values of the standard (p� = 0.1 MPa) molar enthalpies, Dg

crH
�
m, entropies, Dg

crS
�
m, and Gibbs free energies, Dg

crG
�
m, of vaporization, at T = 298.15 K, for n-alcohols and odd

fluorotelomer alcohols.

Compound Dg
l H�m/(kJ �mol�1) Dg

l S�m/(J � K�1 �mol�1) Dg
l G�m/(kJ �mol�1) D(Dg

l G�m)/(kJ �mol�1)

n-alcohols o-FTOH n-alcohols o-FTOH n-alcohols o-FTOH n-alcohols – o-FTOH

C6 61.0 ± 0.1 147.1 ± 0.7 17.2 ± 0.2
C7 66.9 ± 0.1 64.6 ± 0.3 157.5 ± 0.8 162.9 ± 1.8 19.9 ± 0.2 16.0 ± 0.6 3.9
C8 70.2 ± 0.1 68.4 ± 0.7 159.6 ± 0.7 166.9 ± 2.5 22.6 ± 0.2 18.6 ± 1.0 4.0
C9 73.6 ± 1.4 72.4 ± 1.0 163.5 ± 3.9 172.6 ± 3.2 24.9 ± 1.8 21.0 ± 1.4 3.9
C10 81.3 ± 0.1 80.5 ± 0.8 178.8 ± 0.8 188.8 ± 2.9 28.0 ± 0.3 24.2 ± 1.2 3.8
C11 84.9 ± 0.4 84.4 ± 0.7 182.4 ± 1.3 193.7 ± 2.4 30.5 ± 0.5 26.6 ± 1.0 3.9
C12 90.1 ± 0.3 190.5 ± 1.1 33.3 ± 0.4

The enthalpies and entropies of vaporization for C6:C12 n-alcohols were derived from vapour pressure data [36–39]. The correction for T = 298.15 K was made using the Dg
l C�p

calculated values of (�90, �100, �110, �120, �130, �140, and �150) J � K�1 �mol�1, respectively, and considering an uncertainty of ±10 J � K�1 �mol�1.

FIGURE 6. Trends of Dg
l H�m (A), Dg

l S�m (B), and Dg
l G�m (C), at T = 298.15 K, for n-alcohols ( ) and odd FTOHs ( ) series.
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of 6:1 FTOH, 7:1 FTOH, 8:1 FTOH, 9:1 FTOH, and 10:1 FTOH are
similar to those observed for the n-alcohols but the entropies of
vaporization are clearly higher, which corresponds to the observed
difference in volatility (� ca. 4 kJ �mol�1) between n-alcohols and
o-FTOHs. The higher volatility of liquid odd fluorotelomer alcohols
when compared to their alkane analogues is entropically driven
due to the higher molecular conformation restriction and/or the
higher molecular weight of liquid polyfluorinated alcohols.
5. Conclusions

A phase transition study of odd fluorotelomer alcohols evi-
denced a distinctive odd–even effect in the thermodynamic param-
eters of sublimation and fusion indicating an increase of the
stability in the crystal packing for the members with an odd num-
ber of carbon atoms. The odd–even effect was verified through the
results derived for Dg

crH
�
m; Dg

crS
�
m; Dg

crG
�
m; Dl

crH
�
m; Dl

crS
�
m, and Dl

crG
�
m.

The thermodynamic parameters of vaporization for the o-FTOH
series studied were compared with the literature results for their
alkane analogues, showing a higher volatility of liquid fluorotelo-
mer alcohols (a constant difference of �ca. 4 kJ �mol�1 in Dg

l G�m),
which is entropically driven and could be attributed to the higher
molecular conformation restriction and/or the higher molecular
weight of liquid polyfluorinated alcohols.

The environmental impact of FTOHs became a recent subject of
intense discussion in the literature, and the measurements of va-
pour pressures performed in this work contribute to the efforts
of acquiring accurate thermodynamic property data for this family
of compounds.
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