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ABSTRACT: The liquid density of five liquid 1H,1H-perfluorinated alcohols
(CF3(CF2)n−1CH2OH n = 2, 3, 4, 5, 6) was measured as a function of pressure
(0.1−70 MPa) and temperature (293.15−313.15 K). The corresponding isothermal
compressibility and isobaric thermal expansivity coefficients were calculated from the
experimental data. The results are compared with data from the literature for the
equivalent hydrogenated alcohols. Atomistic molecular dynamics simulations were also
performed, providing molecular-level insight into the experimental results, in particular
about the H-bond network of the perfluorinated alcohols and the effect of pressure on
the organization of the liquid.

1. INTRODUCTION
Perfluorinated alcohols, carboxylic acids, and their salts are
industrially important substances and find applications in
numerous products from textile surface agents and fire-fighting
foams to detergents and paints and in the production of
fluorinated polymers.1 Since perfluorinated chains are more
hydrophobic than hydrogenated chains, they display an
enhanced amphiphilic character compared to their hydro-
genated analogues and are known to be more acidic. However,
in spite of their interesting and useful properties, these
substances tend to accumulate in the environment due to their
chemical stability and have become significant pollutants. The
availability of accurate thermodynamic properties is thus of
utmost importance to develop remediation strategies.
Perfluorinated alcohols are highly fluorinated molecules with

a t e rm i n a l OH g r o u p a n d g e n e r a l f o rmu l a
CF3(CF2)n−1(CH2)mOH (often abbreviated as n/m FTOH).
Two major groups of perfluorinated alcohols can be
considered: “odd perfluorinated alcohols” when m = 1 and
“even perfluorinated alcohols” when m = 2. Alcohols with m =
0 are not chemically stable. In this work, we have studied odd
perfluorinated alcohols (1H,1H-perfluoroalkanols or n:1
FTOH).
This work is part of a project in which experimental

measurements, molecular dynamics (MD) simulations, and
theoretical calculations are simultaneously used to study the
properties of perfluorinated substances. We recently reported
new experimental data, computer simulations, and theoretical
predictions of vapor pressures, liquid densities, and surface
tensions of pure perfluorinated alcohols,2,3 as well as diffusion
coefficients in aqueous solutions.4,5

The tendency of alcohol molecules to form H-bonds
sequentially, creating a flexible network of linear, cyclic, and
ramified (lasso) aggregates of various sizes is well known.6 The
apolar alkyl chains are then stored the best possible way within
the space between the H-bond network. The average number
of alcohol molecules involved in each type of aggregate varies
strongly for each specific alcohol. The bulk structure of liquid
alcohols is thus a highly organized micro-heterogeneous
environment.
Mixtures of fluorinated and hydrogenated alcohols have also

been studied in both the liquid and gaseous phases.7−12 These
mixtures display a very complex behavior when compared with
mixtures of hydrogenated alcohols. For example, excess
volumes are large and positive, whereas those of mixtures of
hydrogenated alcohols are practically zero.13 We have shown
that this complex behavior results from a balance between the
formation of a preferential hydrogen bond between the two
different alcohols and the weak dispersion forces between the
hydrogenated and perfluorinated chains. Indeed, it is well
known that perfluorinated and hydrogenated chains are
mutually phobic and tend to phase-separate, giving rise to
large volumetric,14 dynamic,15 and conformational anoma-
lies.16 This mutual phobicity also leads to inhomogeneities in
the fluids and the formation of nano-domains17 as well as
different levels of supramolecular organization.18−22 In the case
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of mixtures of hydrogenated and fluorinated alcohols, we have
demonstrated that they display nano-segregation.7−9 Thus, in
addition to the previously mentioned network of H-bonds
zigzagging throughout the liquid, the simultaneous presence of
the mutually phobic alkyl and perfluoroalkyl segments
introduces a new important constraint to the organization of
the fluid. The result is a highly nano-segregated structure,
reflecting the difficult balance between maximizing H-bonding
and the tendency to isolate fluorinated from hydrogenated
chains. We have also shown that water tends to aggregate along
the H-bond network. Emulsions featuring aqueous, hydro-
genated, and fluorinated domains are thus formed.
In this work, we report new experimental data for the liquid

dens i t y o f five l iqu id 1H , 1H -pe rfluoroa lkano l s
(CF3(CF2)n−1CH2OH, n = 2−6) as a function of pressure
and temperature. The equation of state, ρ = f(p,T), of the
studied perfluorinated alcohols was thus determined. The
corresponding isothermal compressibility and isobaric thermal
expansivity coefficients were calculated from the experimental

data. To the best of our knowledge, these are the first
systematic high-pressure data reported for this family of
compounds. Together with our previously mentioned papers
and that of Costa et al. reporting vapor pressures for the longer
odd alcohols (CF3(CF2)n−1CH2OH, n = 5−9),23 these four
publications cover the fundamental thermodynamic data for
the family of 1H,1H-perfluorinated alcohols. Finally, atomistic
MD simulations were also performed, providing molecular-
level insight into the experimental results. From the MD
simulations, a detailed quantitative analysis of the H-bond
network of the pure perfluorinated alcohols was performed.
The influence of pressure on the organization of the alcohols
was also analyzed.

2. EXPERIMENTAL SECTION
The characteristics of the 1H,1H-perfluoroalcohols used
(CF3(CF2)n−1CH2OH, n = 2−6, abbreviated as n:1 FTOH)
are collected in Table 1. All the compounds were dried with

Table 1. CAS Registry Number, Stated Mass Fraction Purity, and Force-Field Model Used in Molecular Dynamics Simulations
(MD-FF Model) of the Chemicals Studied

component CAS reg. no. supplier purification method purity % analysis method MD-FF model

CF3CH2OH 75-89-8 - OPLS-AA
CF3CF2CH2OH 422-05-9 Apollo Scientific dried with VWR Prolabo 4 Å molecular sieves >98 1H NMR OPLS-AA
CF3(CF2)2CH2OH 375-01-9 Apollo Scientific dried with VWR Prolabo 4 Å molecular sieves >98 1H NMR OPLS-AA
CF3(CF2)3CH2OH 355-28-2 Apollo Scientific dried with VWR Prolabo 4 Å molecular sieves >97 1H NMR OPLS-AA
CF3(CF2)4CH2OH 423-46-1 Apollo Scientific dried with VWR Prolabo 4 Å molecular sieves >98 1H NMR OPLS-AA
CF3(CF2)5CH2OH 375-82-6 Apollo Scientific dried with VWR Prolabo 4 Å molecular sieves >97 1H NMR OPLS-AA

Table 2. Experimental Densitya as a Function of Pressure and Temperature for 1H,1H-Perfluoropropan-1-ol
(CF3CF2CH2OH)

2:1 FTOH

T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K

p/MPa ρ/kg m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3

0.10 1514.4 0.10 1504.5 0.10 1494.3 0.10 1484.2 0.10 1473.9
0.76 1515.7 0.82 1505.8 0.73 1495.8 0.90 1486.2 0.63 1475.4
3.07 1519.5 2.94 1509.8 2.87 1499.8 3.59 1491.3 3.10 1480.2
4.04 1521.7 3.22 1510.5 3.79 1501.8 3.87 1492.3 6.80 1487.6
6.49 1525.7 6.07 1515.8 6.07 1506.2 10.62 1504.6 7.24 1489.0
6.93 1526.9 6.21 1515.8 7.69 1508.8 10.62 1505.0 9.80 1493.4
10.03 1531.8 10.21 1522.9 10.02 1513.0 14.69 1511.7 10.52 1495.3
10.73 1533.4 10.88 1524.3 11.24 1515.5 16.07 1514.6 13.17 1499.6
13.14 1537.0 13.35 1528.2 13.60 1519.3 20.00 1520.6 16.07 1505.3
16.35 1542.4 15.77 1532.4 16.00 1523.6 22.69 1525.3 20.00 1511.4
20.19 1548.0 19.86 1538.6 20.31 1530.2 26.76 1531.2 26.83 1522.3
23.10 1552.6 22.01 1542.1 22.68 1534.1 29.01 1534.9 29.51 1526.9
27.94 1559.3 26.76 1548.8 26.82 1540.1 36.75 1545.9 33.65 1532.6
29.20 1561.3 29.82 1553.4 29.33 1543.9 40.79 1551.1 37.10 1537.8
33.89 1567.4 34.06 1559.0 33.86 1550.2 43.79 1555.2 40.55 1542.3
35.86 1570.2 36.41 1562.4 36.25 1553.6 48.27 1560.8 43.68 1546.7
40.55 1576.0 40.55 1567.5 40.55 1559.1 50.82 1564.1 47.85 1552.0
43.65 1580.0 43.89 1572.0 43.87 1563.6 54.34 1568.3 50.92 1555.9
47.72 1584.8 47.65 1576.4 48.61 1569.4 57.58 1572.3 55.99 1562.2
50.52 1588.2 50.45 1580.0 50.23 1571.5 63.61 1579.1 61.37 1568.6
54.58 1592.9 55.22 1585.5 55.09 1577.3 69.23 1585.4 63.70 1571.2
57.78 1596.6 57.39 1588.1 56.96 1579.5 68.26 1576.5
61.85 1601.0 61.71 1592.9 61.39 1584.6
64.06 1603.4 64.42 1596.0 64.15 1587.6
68.40 1608.2 68.69 1600.6 68.92 1592.9

aStandard uncertainties are u(T) = 0.01 K and u(p) = 0.08 MPa. The expanded relative uncertainty for ρ is ur(ρ) = 0.002 (k = 2).
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VWR Prolabo 4 Å molecular sieves to a maximum water
content of 500 μg/g (analyzed by Karl-Fischer Coulometry).
The densities at high pressure were measured in an Anton

Paar DMA HP vibrating tube densimeter external cell,
connected to a DMA 5000 densimeter. The sample is
thermostated by an internal temperature control system that
is stable at T ± 0.001 K. The measuring cell is connected to a
high-pressure generator and to a Setra 280E pressure
transducer, which has an accuracy of 0.08 MPa. The system
was calibrated in vacuum over the whole range of measure-
ment temperatures and with water, toluene, and dichloro-
methane in the whole range of temperatures and pressures,
giving a total of 737 calibration points; the average of the
absolute residuals of the overall fit in relation to the literature
data24−26 for the calibrating fluids was 3 × 10−2 kg m−3, and
the individual deviations were always smaller than 2 × 10−1 kg
m−3. The cleanliness of the measurement cell was verified at
the beginning of each series of measurements by checking the
measured density of air.

3. SIMULATION DETAILS
MD simulations were carried out to obtain molecular-level
information on the behavior of the studied systems using an
all-atom force field based on OPLS-AA.27 For the perfluor-
oalkyl segments of the molecules, the OPLS-AA parameters
from Watkins and Jorgensen28 were used, while the
−CF2CH2OH segment was modeled with the parameters
developed by Duffy for 1:1 FTOH.25,26 The full set of

parameters has been already presented in previous publica-
tions.2,3

The simulations were performed for systems consisting of
300 molecules in cubic simulation boxes with periodic
boundary conditions using the Gromacs 5.0.7 software29 in
the NPT ensemble. Box lengths for the equilibrated systems
ranged from ∼3.2 nm for 1:1 FTOH at 100 MPa to ∼4.6 nm
for 6:1 FTOH at 0.1 MPa. The temperature and pressure were
kept constant using the Nose−́Hoover thermostat and the
Parrinello−Rahman barostat, with relaxation constants of 0.5
and 10 ps, respectively. All bonds involving hydrogen atoms
were constrained to their equilibrium lengths using the LINCS
algorithm, and a 2 fs timestep was used for the integration of
the equations of motion. A cutoff of 14 Å was applied to both
the dispersive and electrostatic potentials. The particle-mesh
Ewald method was used to account for the electrostatic
interactions beyond the cutoff distance, and standard analytical
tail corrections to the dispersive terms were applied to both
energy and pressure. At least 5 ns of simulation time was
considered as the equilibration time, with a further 15 ns used
for property averaging. Temperature, density, and all
components of the potential energy were monitored to
confirm that these properties reached equilibrium within the
equilibration time and that no significant variation or drift
occurred during the production stage. Volume and potential
energy plots as a function of time for a typical simulation can
be found in Figure S1. The uncertainties u of the simulated
properties were estimated dividing the production run in five
equal blocks and calculating the standard deviation of the
block averages.

Table 3. Experimental Densitya as a Function of Pressure and Temperature for 1H,1H-Perfluorobutan-1-ol
(CF3(CF2)2CH2OH)

3:1 FTOH

T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K

p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3

0.10 1596.6 0.10 1586.3 0.10 1576.3 0.10 1565.7 0.10 1555.4
2.83 1601.6 0.80 1587.8 0.66 1577.4 1.02 1568.0 0.88 1557.4
4.35 1604.8 2.69 1591.4 2.62 1581.2 3.11 1572.2 3.11 1562.0
6.18 1607.9 4.27 1594.7 4.35 1585.0 4.01 1574.4 4.28 1564.9
7.80 1611.1 6.07 1598.1 6.21 1588.4 6.69 1579.8 6.28 1568.7
9.66 1614.1 6.91 1599.8 7.60 1591.4 6.83 1579.8 7.45 1571.5
10.97 1616.8 9.52 1604.3 9.52 1594.7 9.90 1585.8 9.86 1576.0
13.17 1620.2 10.88 1607.1 10.90 1597.6 10.57 1587.4 10.96 1578.5
15.46 1624.4 12.97 1610.4 12.97 1601.0 13.50 1592.5 12.97 1582.0
19.90 1631.1 16.48 1616.8 15.64 1606.1 15.87 1597.2 16.41 1588.8
22.93 1636.2 20.41 1622.8 20.03 1613.1 19.86 1603.7 19.86 1594.5
26.99 1641.9 22.90 1627.1 23.07 1618.5 23.10 1609.5 22.92 1600.1
29.71 1646.2 27.09 1633.2 26.80 1623.9 26.76 1615.0 26.76 1606.1
33.86 1651.7 30.20 1638.1 30.29 1629.5 29.98 1620.4 29.58 1611.0
37.40 1656.8 33.72 1642.8 33.79 1634.4 33.65 1625.6 34.00 1617.5
40.55 1660.8 36.62 1647.2 35.86 1637.7 36.89 1630.7 37.10 1622.5
44.10 1665.6 40.55 1652.3 40.65 1644.1 40.55 1635.6 40.65 1627.4
48.13 1670.5 42.68 1655.4 44.06 1648.9 43.75 1640.3 47.44 1637.0
50.01 1673.1 47.65 1661.7 47.58 1653.4 48.03 1645.9 51.03 1641.9
54.45 1678.4 51.07 1666.2 50.42 1657.3 50.54 1649.4 54.99 1647.0
57.74 1682.4 54.34 1670.1 54.92 1662.8 54.54 1654.4 57.57 1650.4
61.74 1687.0 57.50 1674.0 57.24 1665.8 61.92 1663.6 61.23 1655.0
64.40 1690.1 62.02 1679.4 61.23 1670.6 62.81 1664.7 63.73 1657.9
68.15 1694.4 64.39 1682.1 64.02 1673.9 69.02 1672.0 69.35 1664.6

68.12 1686.5 68.12 1678.7
aStandard uncertainties are u(T) = 0.01 K and u(p) = 0.08 MPa. The expanded relative uncertainty for ρ is ur(ρ) = 0.002 (k = 2).
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4. RESULTS AND DISCUSSION

The liquid density of the five studied 1H,1H-perfluorinated
alcohols was determined as a function of temperature and
pressure. Isothermal curves were obtained between 293.15 and
313.15 K in 5 K intervals and from atmospheric pressure up to
70 MPa. In the case of 6:1 FTOH, it was only possible to

obtain the full isotherm at 308.15 and 313.15 K since at the
lower temperatures, the compound solidified during the
compression. For this reason, only the values at atmospheric
pressure are reported between 293.15 and 303.15 K. At least
25 data points were taken along each isotherm for a total of
approximately 130 data points for each substance. The data
were fitted with the modified Tait equation30

= +
+
+

i
k
jjjjj

y
{
zzzzzp T T

A T
B T p

B T p
1

( , )
1
( )

( )ln
( )

( )0

0

(1)

where ρ0(T), A(T), and B(T) are the fitting parameters. ρ0(T)
stands for the density at the reference pressure p0 = 0.101325
MPa and is given by = =T T( ) i i

i
0 0

2
0 , A(T) is given by

= =A T A T( ) i i
i

0
2 , and B(T) is given by = =B T B T( ) i i

i
0

2 .
The fitting coefficients for the five compounds are presented in
Table 7, along with the standard deviation of the fit, calculated
as

= =

n

( )i
n

1 exp calc
2

(2)

where n is the number of experimental points. The full set of
experimental data is reported in Tables 2−6.
The values at atmospheric pressure are compared with

results from the literature,31−36 in particular from our group,2,3

in Figures S2−S12. With the exception of the data from Denda
et al.,33 Johnson and Dettre,34 and Rochester and Symonds35

for 2:1 FTOH at 298.15 K and Hashemi et al.36 for 3:1 FTOH

Table 4. Experimental Densitya as a Function of Pressure and Temperature for 1H,1H-Perfluoropentan-1-ol
(CF3(CF2)3CH2OH)

4:1 FTOH

T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K

p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3

0.10 1667.3 0.10 1657.1 0.10 1646.8 0.10 1636.6 0.10 1626.1
0.83 1668.7 0.90 1658.6 0.69 1648.0 0.90 1638.4 0.90 1627.9
3.80 1673.9 3.40 1663.3 3.45 1653.4 3.25 1643.5 3.31 1633.3
3.83 1674.6 3.66 1664.1 3.80 1654.4 3.62 1643.6 3.52 1633.2
6.90 1679.7 6.76 1669.7 6.90 1660.5 6.90 1650.2 6.76 1640.4
7.45 1681.3 10.07 1675.8 6.97 1660.3 6.90 1650.8 7.18 1640.8
10.00 1685.3 10.62 1677.3 10.69 1667.2 10.48 1657.7 10.76 1647.9
10.55 1686.8 13.66 1682.1 10.71 1667.7 10.76 1657.6 10.97 1648.8
13.52 1691.3 15.59 1685.9 14.07 1673.3 13.66 1663.0 14.11 1654.2
16.69 1697.1 20.76 1693.8 20.28 1683.8 16.41 1668.5 15.62 1657.6
19.86 1701.7 22.55 1697.1 22.41 1687.7 21.00 1675.9 20.21 1665.2
23.31 1707.5 27.72 1704.6 27.31 1695.0 23.31 1680.1 23.05 1670.6
26.93 1712.5 34.00 1713.9 28.89 1697.9 28.27 1687.6 27.20 1676.9
29.41 1716.4 35.79 1716.6 34.34 1705.6 29.55 1690.0 30.13 1682.1
33.86 1722.5 41.51 1724.2 35.72 1707.9 33.75 1696.0 34.41 1688.2
36.82 1726.8 43.34 1726.9 41.44 1715.7 36.31 1700.0 36.06 1691.2
40.55 1731.6 48.13 1733.0 42.96 1717.9 41.58 1707.3 41.27 1698.5
43.10 1735.1 50.27 1735.8 48.51 1725.2 43.17 1709.7 43.37 1701.7
48.41 1741.7 55.71 1742.7 49.37 1726.4 47.79 1716.0 48.27 1708.4
50.27 1744.2 56.40 1743.5 55.02 1733.6 50.54 1719.7 50.30 1711.2
55.02 1750.0 62.23 1750.6 56.89 1736.0 54.75 1725.2 54.89 1717.3
56.80 1752.2 63.23 1751.7 62.37 1742.8 57.32 1728.4 56.99 1720.0
62.61 1759.1 69.85 1759.6 64.08 1744.7 61.78 1734.0 61.78 1726.1
63.41 1760.0 69.50 1751.2 62.26 1734.5 63.18 1727.8
68.61 1766.1 69.16 1742.9 68.57 1734.3

aStandard uncertainties are u(T) = 0.01 K and u(p) = 0.08 MPa. The expanded relative uncertainty for ρ is ur(ρ) = 0.002 (k = 2).

Figure 1. Isobaric thermal expansion coefficients at atmospheric
pressure as a function of temperature for the studied 1H,1H-
perfluorinated alcohols and selected hydrogenated alcohols of similar
chain lengths (1-propanol, 1-butanol, 1-pentanol, 1-hexanol, and 1-
heptanol, as solid lines). 2:1 FTOH (red ●), 3:1 FTOH (orange ■),
4:1 FTOH (green ⧫), 5:1 FTOH (aqua blue ▲), and 6:1 FTOH
(blue ×). The results for the hydrogenated alcohols were calculated
from the density correlations of Cibulka.25,26

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.2c00410
J. Chem. Eng. Data XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.jced.2c00410/suppl_file/je2c00410_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig1&ref=pdf
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.2c00410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


at 293.15 K, all deviations are below 0.6% and do not correlate
with the density or chain length of the compounds. As
previously discussed, part of these differences, although very
small, may be related to the existence of unavoidable isomeric
impurities, which are known to be common in different
batches of perfluorinated solvents.2 It should be noted that
data from Denda et al., Johnson and Dettre, Rochester and
Symonds, and Hashemi et al. are reported at a single

temperature and display much larger deviations than all
other authors, including the present work. Data as a function of
pressure could only be compared for 2:1 FTOH at 298.15 K
with the results of Matsuo et al.32 As seen in Figures S13 and
S14, all deviations are below 0.2%..
The isobaric thermal expansion coefficient can be obtained

from the dependence of density with temperature at constant
pressure

= i
k
jjj y

{
zzzT

1
p

p (3)

Table 5. Experimental Densitya as a Function of Pressure and Temperature for 1H,1H-Perfluorohexan-1-ol
(CF3(CF2)4CH2OH)

5:1 FTOH

T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K

p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3

0.09 1720.8 0.10 1710.7 0.10 1700.5 0.10 1690.2 0.10 1679.9
0.89 1722.3 0.55 1711.6 3.17 1705.9 0.89 1691.8 3.31 1686.7
3.31 1726.9 2.69 1715.1 3.58 1707.4 2.89 1695.4 3.79 1687.0
3.38 1726.1 3.31 1716.9 7.03 1714.0 3.93 1698.0 7.31 1694.1
6.07 1731.9 6.31 1721.9 9.80 1718.9 6.62 1703.3 10.48 1700.8
7.03 1732.9 6.48 1722.8 9.93 1718.6 6.75 1703.0 10.75 1700.7
9.86 1738.5 10.48 1729.8 13.65 1725.2 10.34 1709.7 14.61 1707.8
10.55 1739.0 10.62 1729.6 15.86 1729.4 10.68 1711.0 16.41 1711.5
13.82 1744.6 13.52 1734.7 20.82 1737.1 14.34 1716.8 20.23 1717.6
16.45 1749.4 15.99 1739.1 23.32 1741.4 15.03 1718.6 22.61 1722.0
20.34 1755.1 20.08 1745.4 27.03 1746.9 20.13 1726.8 27.23 1729.2
22.96 1759.4 23.30 1750.5 29.58 1751.0 21.79 1729.8 29.51 1733.1
27.23 1765.3 26.82 1755.8 34.54 1758.0 27.09 1738.0 34.54 1740.6
29.99 1769.7 34.33 1766.7 36.06 1760.4 28.82 1741.0 35.99 1742.9
34.33 1775.5 36.68 1769.8 41.50 1767.7 33.71 1748.1 41.30 1750.6
37.09 1779.4 41.57 1776.7 43.09 1770.1 36.95 1753.0 42.47 1752.3
41.33 1784.9 43.16 1778.5 48.12 1776.7 41.57 1759.4 47.43 1759.1
43.64 1788.0 48.12 1785.2 50.12 1779.3 43.50 1762.1 49.78 1762.3
48.12 1793.6 48.93 1785.9 54.54 1784.9 48.61 1769.0 55.02 1769.3
49.78 1795.7 54.60 1793.4 56.26 1787.1 50.54 1771.6 55.57 1770.0
55.43 1802.8 55.78 1794.5 62.40 1794.8 55.43 1778.0 62.02 1778.0
56.40 1803.9 61.36 1801.7 63.15 1795.5 57.05 1779.9 62.26 1778.4
62.62 1811.4 63.49 1804.0 68.67 1802.2 61.77 1786.0 68.67 1786.1
63.42 1812.3 68.46 1810.1 62.26 1786.4
68.81 1818.7 68.39 1793.9

aStandard uncertainties are u(T) = 0.01 K and u(p) = 0.08 MPa. The expanded relative uncertainty for ρ is ur(ρ) = 0.002 (k = 2).

Figure 2. Isothermal compressibility coefficients at 308.15 K as a
function of pressure for the studied 1H,1H-perfluorinated alcohols
and selected hydrogenated alcohols of similar chain lengths (1-
propanol, 1-butanol, 1-pentanol, 1-hexanol, and 1-heptanol, as solid
lines). 2:1 FTOH (red ●), 3:1 FTOH (orange ■), 4:1 FTOH (green
⧫), 5:1 FTOH (aqua blue ▲), and 6:1 FTOH (blue ×). The results
for the hydrogenated alcohols were calculated from the density
correlations of Cibulka.25,26

Figure 3. Isothermal compressibility coefficients at atmospheric
pressure as a function of the number of carbon atoms: 293.15 K (red
●), 298.15 K (orange ●), 303.15 K (green ●), 308.15 K (aqua blue
●), and 313.15 K (blue ●).
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Here, the αp coefficients at atmospheric pressure were obtained
by analytical differentiation of the ρ0(T) fits and are recorded
in Figure 1, where they are compared with data for
hydrogenated alcohols of similar chain lengths.37,38 As
expected, the values decrease with the chain length of the
alcohol and increase with temperature for each compound.
Isothermal compressibility coefficients reflect the depend-

ence of density with pressure

=
i
k
jjjjj

y
{
zzzzzp

1
T

T (4)

In this case, analytical differentiation of the Tait eq 1 is the
most direct and accepted way to obtain κT. Figure 2 shows the
calculated isothermal compressibilities at 308.15 K and as a
function of pressure. The 1H,1H-perfluorinated alcohols
display the usual behavior, with compressibility decreasing
with pressure and molecular weight within the homologous
family. Again, data for hydrogenated alcohols of similar chain
lengths are included for comparison. As can be seen,
perfluorinated alcohols are more compressible than their
hydrogenated analogues at similar temperatures. The same

Table 6. Experimental Densitya as a Function of Pressure
and Temperature for 1H,1H-Perfluoroheptan-1-ol
(CF3(CF2)5CH2OH)

6:1 FTOH

T = 293.15 K T = 308.15 K T = 313.15 K

p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3 p/MPa ρ/kg·m−3

0.10 1744.5 0.10 1714.8 0.10 1704.7
0.11 1715.0 0.31 1705.3

T = 298.15 K 0.34 1715.5 3.48 1711.9
p/MPa ρ/kg·m−3 3.45 1721.7 3.50 1711.5
0.10 1734.9 3.83 1722.2 6.13 1717.1

6.98 1728.2 6.96 1718.3
T = 303.15 K 7.31 1729.1 10.41 1725.2

p/MPa ρ/kg·m−3 10.41 1734.8 10.44 1724.8
0.10 1725.0 11.82 1737.0 14.13 1731.4

13.99 1740.8 15.92 1735.0
15.44 1743.6 20.41 1742.2
20.68 1751.9 23.27 1747.2
22.76 1755.6 26.75 1752.5
27.65 1762.9 28.68 1755.7
29.37 1765.7 33.92 1763.3
34.26 1772.6 36.20 1766.8
36.40 1775.9 42.06 1775.0
40.68 1781.7 42.61 1775.9
43.02 1785.1 48.99 1784.5
48.26 1791.9 50.19 1786.1
50.55 1795.0 55.57 1793.1
54.95 1800.5 57.29 1795.1
56.74 1802.8 62.53 1801.6
61.71 1808.8 63.08 1802.1
63.98 1811.4

aStandard uncertainties are u(T) = 0.01 K and u(p) = 0.08 MPa. The
expanded relative uncertainty for ρ is ur(ρ) = 0.002 (k = 2).

Table 7. Coefficients for Eq 1, Obtained by Fitting to the Experimental Density Data for the five n:1 FTOH Studied, along
with the Standard Deviation of the Fit

2:1 FTOH 3:1 FTOH 4:1 FTOH 5:1 FTOH 6:1 FTOHa

A0/m3 kg−1 3.34506 × 10−4 1.07821 × 10−4 −2.57526 × 10−4 −7.74726 × 10−7 4.64701 × 10−5

A1/m3 kg−1 K−1 −1.85431 × 10−6 −4.28213 × 10−7 1.96654 × 10−6 3.37930 × 10−7 4.20531 × 10−9

A2/m3 kg−1 K−2 3.06473 × 10−9 8.08348 × 10−10 −3.13417 × 10−9 −5.59889 × 10−10

B0/MPa 706.356 350.269 −297.616 199.854 250.176
B1/MPa K−1 −3.68131 −1.38409 2.90749 −1.75204 × 10−1 −5.85671 × 10−1

B2/MPa K−2 5.10836 × 10−3 1.42945 × 10−3 −5.62874 × 10−3 −8.00594 × 10−4

ρ00/kg m−3 1886.267 2046.477 2146.744 2221.745 1957.792
ρ01/kg m−3 K−1 −5.64057 × 10−1 −1.05617 −1.24116 −1.38069 4.53941 × 10−1

ρ02/kg m−3 K−2 −2.40317 × 10−3 −1.63292 × 10−3 −1.34575 × 10−3 −1.11910 × 10−3 −4.03022 × 10−3

σ/kg m−3 1.6 × 10−1 1.6 × 10−1 2.1 × 10−1 2.3 × 10−1 1.5 × 10−1

aRange for 6:1 FTOH between 308.15 and 313.15 K.

Table 8. Comparison between MDa and Experimental
(Smoothed Values from Tait Equation) Density Results for
the Studied 1H,1H-Perfluorinated Alcohols
(CF3(CF2)n−1CH2OH, n = 1, 2, 3, 4, 5, 6)

p/MPa T/K
MD density
ρsim/kg·m−3 u(ρsim)/kg·m−3

exp. density
(eq 1)

ρ/kg m−3
deviation

(%)

1:1 FTOH (Experimental Values from Ref 7)
0.1 298.15 1386.1 0.4 1381.4 0.3
50 298.15 1452.1 0.2 1448.1 0.3
100 298.15 1498.9 0.3 1494.2 0.3

2:1 FTOH
0.1 298.15 1505.5 0.4 1504.5 0.1
50 298.15 1585.2 0.3 1579.4 0.4
100 298.15 1637.9 0.3 1630.5 0.5

3:1 FTOH
0.1 293.15 1613.6 0.8 1596.5 1.1
0.1 298.15 1604.0 0.4 1586.4 1.1
0.1 313.15 1573.0 0.4 1555.6 1.1
50 298.15 1685.3 0.6 1664.9 1.2
100 298.15 1740.4 0.7 1718.7 1.3

4:1 FTOH
0.1 298.15 1668.8 0.6 1657.1 0.7
50 298.15 1750.5 0.5 1735.6 0.9
100 298.15 1805.9 0.5 1790.4 0.9

5:1 FTOH
0.1 293.15 1733.2 0.5 1720.8 0.7
0.1 298.15 1721.6 0.9 1710.6 0.6
0.1 313.15 1692.3 0.7 1679.6 0.8
50 298.15 1801.7 0.3 1787.7 0.8
100 298.15 1857.5 0.7 1842.8 0.8

6:1 FTOH
0.1 298.15 1760.9 0.8 1734.9 1.5

aStandard uncertainties for the simulation results are u(Tsim) = 0.002
K and u(psim) = 0.03 MPa.
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effect has been previously noticed for alkanes and perfluor-
oalkanes. However, the increased compressibility due to
perfluorination seems to be less important in the case of
primary alcohols, probably due to hydrogen bonding. In Figure
3, the isothermal compressibility coefficients at atmospheric
pressure are shown as a function of the number of carbon
atoms.
The volumetric behavior of the five studied 1H,1H-

perfluorinated alcohols and 2,2,2-trifluoroethanol was also
assessed by MD simulations as a function of temperature and
pressure. The simulation results are compared with the new
experimental data and with our previous results for
trifluoroethanol7 in Table 8 and in Figure 4. As can be seen,
the simulation model is able to reproduce quantitatively the
experimental densities, with maximum deviations of 1%. The
model also reproduces correctly the variation of density with
pressure and temperature, lending additional confidence to the
validity of the simulation results, even when extrapolating
beyond the experimental conditions.
In a previous work,2 atomistic simulations at 298.15 K and 1

atm for hydrogenated and perfluorinated alcohols have shown
that the average number of hydrogen bonds per molecule
seems to behave differently along the two families. These
findings were further analyzed in the present work and are
presented in Figure 5. All intermolecular O−H pairs with a

separation smaller than 2.66 Å (the first minimum of the RDF)
were considered as hydrogen-bonded. In the case of hydro-
genated alcohols, the average number of hydrogen bonds per
molecule seems to slightly decrease between 1.90 for methanol
and 1.83 for hexanol, becoming constant for the longer
alcohols. In the case of the studied perfluorinated alcohols, the
average number of hydrogen bonds per molecule gradually
increases from 1.63 for 1:1 FTOH, reaching the same limiting
value of 1.83 for 7:1 FTOH. This was explained by the
predominance of gauche (cis) conformers in perfluorinated
alcohols, which favor the formation of intramolecular H-bonds
between the hydroxyl H atom and the fluorine atoms.
Hydrogenated alcohols, on the contrary, tend to be found in
trans (anti) conformation. In perfluorinated alcohols, gauche
conformations prevail due to the repulsion between the
unshared electron pairs of oxygen and fluorine, the so-called
“gauche effect”.39

The hydrogen bonding aggregation behavior of the 1H,1H-
perfluorinated alcohols was further investigated from the
simulation results, analyzing the sizes and types of aggregates
present in the bulk liquid. This was done by applying an
algorithm,10 which considers that two molecules are H-bonded
and belong to the same aggregate if the hydroxyl hydrogen of
one of them is closer than 0.27 nm to the oxygen atom of the
other. The size of all aggregates is identified in the analyzed
configurations and, for each size, the number of cyclic
aggregates (all OH groups in an aggregate have exactly two
neighbors), linear (all OH groups have two neighbors, except
two that have only one neighbor) and ramified or lasso (when
at least an OH group has more than two neighbors).
Figure 6 shows the probability distribution for finding a

molecule in an aggregate of a given size and type (linear, cyclic,
and branched). The first general observation is that the 1H,1H-
perfluorinated alcohols display a very rich aggregation
behavior. On average, only 3−5% of molecules are found as
monomers. Aggregates of 4 to 10 molecules are the most
frequent, of any type, although aggregates of all sizes can be
found. The relative frequency of small aggregates (dimers,
trimers, and tetramers) decreases with the size of the alcohol,
whereas larger aggregates become more frequent as the chain
length increases. This enhancement of the tendency to form
large aggregates is especially clear for the aggregates with 50 or

Figure 4. (Left) Liquid densities at 298.15 K as a function of pressure and (right) at 0.1 MPa as a function of temperature for the studied
perfluorinated alcohols: colored symbols represent experimental data [1:1 FTOH (pink +),7 2:1 FTOH (red ●), 3:1 FTOH (orange ■), 4:1
FTOH (green ⧫), 5:1 FTOH (aqua blue ▲), and 6:1 FTOH (blue ×)]; black symbols represent MD simulations results.

Figure 5. Average number of hydrogen bonds per molecule vs chain
length from MD simulations at 298.15 K and 0.1 MPa. Perfluorinated
alcohols: blue ○2 and red ○ (this work); hydrogenated alcohols:
pink,■40 blue ■,6 red■,8 and □ (this work).
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more molecules, which are almost nonexistent in 1:1 FTOH
but increase in importance along the chemical family,
accounting for around 9% of the total molecules for 4:1
FTOH and the larger alcohols. The maximum aggregation
numbers observed also seem to increase with the chain length
of the alcohol and ranged from ∼60 for 1:1 FTOH to ∼150 for
6:1 FTOH. For all alcohols, a significant number of molecules
form cyclic aggregates of size 4 and larger, but it is also evident
that the importance of this type of aggregates increases with
the size of the molecule. This is clearly illustrated in Figures 7
and 8. A possible interpretation is that as the chain length

increases, the hydroxyl groups become progressively more
“diluted”, making the formation of linear aggregates less
probable. The formation of cyclic “reverse micelle-like”
aggregates maximizes the total number of hydrogen bonds,
thus reducing the configurational energy of the system.
Similarly, the formation of branched aggregates, in which an
alcohol molecule makes more than two hydrogen bonds, also
increases the total number of hydrogen bonds and, as can be
seen, this type of aggregate also becomes more frequent as the
chain length increases.

Figure 6. Percentage distribution of OH groups in monomers (red ■), linear (pink ■), cyclic (blue ■), and branched (green ■) aggregates, as a
function of the aggregate size (na) for 1:1 FTOH, 2:1 FTOH, 3:1 FTOH, 4:1 FTOH, 5:1 FTOH, and 6:1 FTOH, obtained from MD simulations
performed at 298.15 K and 0.1 MPa.

Figure 7. Frequency of cyclic aggregates as a function of the aggregate size (na) for 1:1 FTOH (red ■), 2:1 FTOH (yellow ■), 3:1 FTOH (green
■), 4:1 FTOH (aqua blue ■), 5:1 FTOH (blue ■), and 6:1 FTOH (pink ■) from MD simulations at 298.15 K and 0.1 MPa.
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Figure 9 shows MD simulation snapshots of 1H,1H-
perfluorohexanol at 298.15 K and 1 atm, illustrating the H-
bond network and emphasizing the different types of
aggregate: linear, branched, and cyclic. The perfluorinated
chains have been omitted to visually emphasize the O···HO
network.
The effect of pressure on the organization of the liquids was

also tested and analyzed by MD. Simulations were performed
for the different alcohols at several pressures, between 0.1 MPa
and 1 GPa, at constant temperature. The simulation results
were found to be equivalent for all the studied alcohols; thus,
only those for 1H,1H-perfluorohexanol are presented. Figure
10 displays the radial distribution functions (rdfs) for selected
atom pairs, namely, between the oxygen atom and the hydroxyl
hydrogen of neighbor molecules (Figure 10a) and between
terminal CF3 groups (Figure 10b). The first provides
information on the effect of pressure on the H-bonded
molecules. As can be seen, increasing pressure slightly reduces
the intensity of both O−H peaks, although by a very small
amount. The effect of pressure on H-bonds is thus very small.
As for the effect of pressure on the packing of the
perfluorinated chains, this can be assessed analyzing the rdfs
between terminal CF3 groups. In this case, the rdfs are
practically indistinguishable as pressure increases, except for
the higher pressures above 500 MPa, for which the rdfs are

Figure 8. Percentage of monomers (red ●), linear (violet ●), cyclic
(blue ●), and branched (green ●) aggregates, as a function of chain
length of the 1H,1H-perfluorinated alcohols from MD simulations at
298.15 K and 0.1 MPa.

Figure 9. MD simulation snapshots of 1H,1H-perfluorohexanol at
298.15 K and 1 atm, illustrating the full H-bond network (top left)
and emphasizing the different types of aggregates: linear (top right),
branched (bottom left), and cyclic (bottom right). Perfluorinated
chains are omitted to allow visualization of the O···OH network; the
oxygen atom is represented in red, and the hydrogen atom is
represented in white.

Figure 10.MD intermolecular rdfs between O−H (left) and CF3−CF3 (right) for 1H,1H-perfluorohexanol at 298.15 K and 0.1 MPa (red �), 100
MPa (green �), 500 MPa (aqua blue �), 750 MPa (blue �), and 1000 MPa (purple �).

Figure 11. Fraction of molecules involved in different types of
aggregates [monomers (red ●), linear (violet ●), cyclic (blue ●),
and branched (green ●)] as a function of pressure for 1H,1H-
perfluorohexanol at 298.15 K.

Journal of Chemical & Engineering Data pubs.acs.org/jced Article

https://doi.org/10.1021/acs.jced.2c00410
J. Chem. Eng. Data XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jced.2c00410?fig=fig11&ref=pdf
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.2c00410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gradually displaced to lower distances, indicating a tighter
packing of the perfluorinated chains. Finally, the effect of
pressure on the fraction of different types of aggregates can be
observed in Figure 11. As can be seen, the influence of pressure
on the fraction of monomers and cyclic aggregates is small.
Conversely, the fraction of linear aggregates decreases with
pressure, while that of branched aggregates increases. It should
be realized, however, that these are extremely high pressures.
Our experimental results do not exceed 70 MPa. Nevertheless,
our results are in agreement with those reported by Mariani et
al.,41 who performed equivalent simulations for hydrogenated
n-alkanols.

5. CONCLUSIONS
New experimental liquid densities as a function of pressure
(0.1−70 MPa) and temperature (293.15−313.15 K) are
reported for five liquid 1H,1H-perfluorinated alcohols
(CF3(CF2)nCH2OH, n = 2, 3, 4, 5, 6). Derivative properties
such as the isothermal compressibility and isobaric thermal
expansivity coefficients were calculated from the experimental
data and compared with that for hydrogenated alcohols from
the literature. Atomistic MD simulations were performed,
enabling a detailed molecular-level view on the organization of
the liquid, in particular the H-bond network of the
perfluorinated alcohols.
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(6) Tomsǐc,̌ M.; Jamnik, A.; Fritz-Popovski, G.; Glatter, O.; Vlcěk, L.
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