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ABSTRACT ARTICLE HISTORY
The air-liquid interfacial behaviour of linear perfluoroalkylalkanes (PFAAs) is reported through a com- Received 4 March 2016
bined experimental and computer simulation study. The surface tensions of seven liquid PFAAs (per- Accepted 20 July 2016

fluorobutylethane, F,H,; perfluorobutylpentane, F,H.; perfluorobutylhexane, F,H, perfluorobuty-
loctane, F,Hg; perfluorohexylethane, F¢H,; perfluorohexylhexane, FoH,; and perfluorohexyloctane, Molecular simulation:
F,H;) are experimentally determined over a wide temperature range (276-350 K). The corresponding interfacial properties;
surface thermodynamic properties and the critical temperatures of the studied compounds are esti- intermolecular potential;
mated from the temperature dependence of the surface tension. Experimental density and vapour coarse graining
pressure data are employed to parameterize a generic heteronuclear coarse-grained intermolecular

potential of the SAFT-y family for PFAAs. The resulting force field is used in direct molecular-dynamics

simulations to predict the experimental tensions with quantitative agreement and to explore the con-

formations of the molecules in the interfacial region revealing a preferential alignment of the PFAA

molecules towards the interface and an enrichment of the perfluoro groups at the outer interface
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1. Introduction structure F(CF,);(CH,);H (denoted as F;H; for concise-

ness). These substances can thus be envisaged as ‘chemi-
cal mixtures of alkanes and perfluoroalkanes that, given
their known mutual phobicity, would in most cases
phase separate. The forced coexistence of an alkyl and a

Perfluoroalkylalkanes (PFAAs) are linear chain molecules
formed from perfluorinated and hydrogenated alkyl seg-
ments chemically bonded together, with the general
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perfluoroalkyl segment in the same molecule give PFAAs
a marked surfactant character [1], despite the absence of a
polar head-group. Their amphiphilic nature is the result
of a subtle balance of weak dispersion forces, which has
earned these compounds the epithet of ‘primitive surfac-
tants’ [2]. PFAA molecules are known to aggregate in sol-
vents with a propensity for one of the chain segments
[2,3], and to form smectic (layered) liquid-crystalline
phases [4-6], as well as molecular films displaying sur-
prising patterns at the nanometric scale [7,8]. Organisa-
tion into layered structures in the solid state and surface
freezing has also been described [9-14].

As a consequence, PFAAs are expected to display
interesting interfacial behaviour and an in-depth under-
standing is of clear importance for various applications.
The surface tension, in particular, is a key property in
the recently suggested use of PFAAs as liquid ventila-
tion excipients for nebulized drug delivery [15]. Surface
tensions have, however, only been experimentally deter-
mined for some relatively long PFA As, which are solids at
ambient temperature [13-16]. A systematic study of this
property as a function of the relative length of the hydro-
genated and fluorinated segments is therefore very timely.

Comprehensive computational studies focusing on the
interfacial properties of the PFAA molecules have been
performed by Hariharan and Harris [17] and by Pierce
et al. [18]. A united-atom approach was used by Hariha-
ran and Harris [17] to examine the surfaces of n-decane,
perfluoro-n-decane, FsHs, and FjoHjo in terms of sur-
face tension, density profiles and molecular orientations;
their study indicated that in PEFAA molecules the perflu-
orinated segments tend to segregate to the surface and
are preferentially oriented perpendicularly to the inter-
face. With their model, however, one is unable to distin-
guish between the surface tension of alkanes and perfluo-
roalkanes. Pierce et al. [18] used two different force fields
to study the interfacial behaviour of a number of PFAAs,
alkanes, and perfluoroalkanes: the optimized OPLS-AA
model based on ab initio calculations by Padua [19]; and
the exponential-6 force field based on the ab initio model
for perfluoroalkanes developed by Borodin et al. [20]
The predicted surface tensions of PFA As were sometimes
lower than both the n-alkane and perfluoro-n-alkane
with the same number of carbon atoms. Pierce ef al. [18]
again found segregation of the fluorinated segments to
the surface, with a normal orientation of the molecules
relative to the interface. However, the simulated densi-
ties and surface tensions were essentially compared with
experimental data for the n-alkanes. Only a single experi-
mental density and surface tension at a given temperature
were available for one perfluoro-n-alkane and one PFAA.

It becomes apparent from the foregoing discussion
that given the scarcity of experimental data, the scope

for experimental validation of the simulation studies
is very limited. The reliability and predictive value of
molecular simulation is directly related to the underly-
ing intermolecular potentials employed to describe the
interactions between the chemical moieties making up
the molecules. For the PFAA molecules, the interac-
tions are generally based on force fields originally devel-
oped for pure n-alkanes and perfluoro-n-alkanes [20-26],
together with the assumption that the parameters for the
alkyl and perfluoroalkyl groups are transferable to the
more complex di-block molecules. Deviations from ideal
solution behaviour are typically taken into account by
adjusting cross interaction parameters to the properties
of alkane - perfluoroalkane mixtures [27]. This approach
neglects the effect of the fluorinated chain segment of
the molecule on the adjacent alkyl moieties and the very
asymmetric and polar nature of the connecting CF,-CH,
bond. The importance of this issue in developing force
fields for mixed hydrocarbon - fluorinated molecules has
been reviewed by Paulechka et al. [28] and by Lachet et al.
[29].

Although atomistic simulations still remain a popu-
lar molecular modelling technique, coarse-grained (CG)
models have received substantial attention within the
molecular-simulation community over the last two
decades [30,31]. The main advantage of a CG descrip-
tion is the increased computational efficiency, which
enables access to large system sizes and slow processes
that require long computational times. At the heart of
a molecular simulation is the underlying force field, the
accuracy of which determines the adequacy of the simu-
lation in describing the system of interest. A key issue in
developing a CG force field is therefore the methodology
employed to parameterize the intermolecular potentials.
One can think of coarse graining as a way to ‘upscale’ an
atomistic or finer resolution model, reducing the num-
ber of degrees of freedom and effectively integrating out
the molecular detail. Some of the common techniques
of this so-called ‘bottom-up’ approach include iterative
Boltzmann inversion [32], force matching [33], and
inverse Monte Carlo [34]. A good overview of CG tech-
niques is provided in the recent reviews by Noid [35] and
by Brini et al. [36].

We employ a fundamentally different approach here,
developing the force-field parameters by optimizing the
description of target macroscopic thermophysical prop-
erties, in this instance the saturated liquid density and
vapour pressure, for representative compounds with an
analytical equation of state (EoS). The third-generation
version of the statistical associating fluid theory (SAFT)
based on the Mie intermolecular potential, SAFT-y Mie
EoS [37], is employed to parameterize the molecular
force fields. The SAFT-y Mie EoS is a group contribution



reformulation [38,39] of the SAFT-VR Mie [40] analytical
free energy for associating chain molecules, and a succes-
sor of the original first-generation SAFT [41,42] and the
second-generation SAFT-VR [43,44] EoSs. The SAFT-y
Mie EoS is used here to inform CG force-field parame-
ters representing the interactions between the chemical
groups characteristic of PFAA molecules that can then be
used as input in direct molecular simulation. The SAFT-y
Mie methodology has already been applied to develop an
efficient parametrization of CG force fields over a broad
range of conditions for a variety of molecular fluids,
including carbon dioxide [45-47], other greenhouse
gases and refrigerants [48], aromatic compounds [49],
water and aqueous mixtures [50-53], n-alkanes [48,54],
and amphiphilic systems comprising nonionic [55],
light-switching [56], and super spreading surfactants
[57]. The procedure for the determination of the molec-
ular parameters can be further simplified with a corre-
sponding states treatment [58]. For details of the SAFT-y
Mie methodology and specific examples of the capabili-
ties of the CG force fields, the reader is referred to a recent
review [59].

In addition to the higher resolution (atomistic and
united-atom) force fields mentioned earlier, CG models
have also been developed for n-alkanes [60-63] and for
perfluoro-n-alkanes [64,65]; we are not, however, aware
of an integrated CG model which can deal quantita-
tively with the subtleties of having the two chemical moi-
eties fused on the PFAA molecule. For this purpose, the
SAFT-y Mie force fields developed in our current study
are assessed by comparing the simulated and experimen-
tal surface tension data of PFAAs which are not used to
parameterize the model; the comparison thus serves as a
validation of the molecular models.

It is worth noting that various versions of the SAFT
EoS have been applied to study the macroscopic phase
behaviour of systems involving n-alkanes and perfluoro-
n-alkanes. For instance, the fluid-phase behaviour of
the binary alkane - perfluoroalkane mixtures has been
investigated extensively with the SAFT-HS [66,67],
SAFT-VR [68,69], soft-SAFT [70], PC-SAFT [71], and
hetero-SAFT VR [72] EoSs. The properties of the PFAA
molecules including the volumetric properties [73,74],
vapour pressures [75], and solution behaviour of mix-
tures with n-alkanes and perfluoro-n-alkanes [72,76,77]
have also been examined with the hetero-SAFT VR EoS
[78]. These EoSs cannot, however, be used on their own to
describe the interfacial tension of the systems unless they
are incorporated within other approaches such as density
functional [79-81] or square gradient [52,82,83] theories.

The surface tension of seven liquid PFAA molecules
are measured experimentally in our current work over a
wide temperature range (276 to 350 K). The new data fills
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an important gap in the available properties for this fam-
ily of compounds and is used to complement and vali-
date the modelling effort. The critical temperatures of the
compounds are estimated from the temperature depen-
dence of the surface tension. The results are interpreted
by comparison with the corresponding properties for n-
alkanes, perfluoro-n-alkanes, and their mixtures, though
the analysis is hampered by the lack and inconsistency of
existing data.

2. Experimental details

Ultra-purified linear perfluorobutylpentane (F4Hs), per-
fluorobutylhexane (F4Hs), perfluorobutyloctane (F4Hj),
perfluorohexylhexane (FsHs), and perfluorohexyloctane
(FsHg) are obtained from Fluoron GMBH, with a
reported purity of 100%; 19F and 1H NMR spectra of
these samples obtained with a Bruker Avance I 500MHz
spectrometer indicate only very small unexpected peaks
corresponding to relative integrated values smaller than
1%. Perfluorobutylethane (F4H,) (99%) and perfluoro-
hexylethane (FgH,) (97%) are purchased from Apollo
Scientific Ltd. Hexadecane (99%) and perfluorohexane
(99%) are supplied by Sigma-Aldrich. All liquids are used
as received, without any further purification.

The densities of perfluorobutylethane (F4H,) and per-
fluorohexylethane (F¢H,) are measured at atmospheric
pressure with an Anton Paar DMA5000 vibrating tube
densimeter, according to the procedure described in pre-
vious work [74].

The surface tensions are determined using the pen-
dant drop method. The drop images are produced using
a charge-coupled device (CCD) camera, mounted on an
optical microscope, and recorded on a computer through
an image acquisition board; the drops are illuminated
from behind using a variable-intensity tungsten lamp and
an optical diffuser. The analysis of the drop profiles is
performed with the axisymmetric drop shape analysis
(ADSA) method, developed by Hoorfar and Neumann
[84]. The image analysis software requires the acquisition
of a photograph of a square grid etched on glass (supplied
by Graticules Ltd.), to calibrate the pixel size and correct
for eventual optical distortion.

The drops are formed inside an optically flat cell,
which is itself inside an aluminium thermostatic cell with
optical windows. A specially constructed stainless steel
drop holder [85] (3 mm diameter) is used to suspend
the drops, in order to obtain larger profiles and, hence,
a lower experimental uncertainty. The thermostatic cell
is kept at a constant temperature using a circulating
bath. The temperature is measured as close as possi-
ble to the drop, using a calibrated platinum resistance
thermometer mounted inside a thin-walled glass tube;
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Table 1. Experimental surface tension y of
n-hexadecane and perfluoro-n-hexane

n-hexadecane perfluoro-n-hexane

T/K y/mNm™)  T/K  y/(mNm™)

2999  2657+0.03 2989
3141 2539 £0.03
3291 24.05+£0.04
3443 2278 £0.02

1.29 +£0.09

the stability during the measurements is found to be
better than 0.1 K.

During the measurements, liquid PFAA is kept inside
a Hamilton glass and polytetrafluoroethylene (PTFE)
syringe, connected to the drop holder by a PTFE tube;
an electronic syringe pump (New Era NE-300) is used to
precisely control the size of the drops. For each data point
at a single temperature, at least 50 independent images of
at least 10 different drops are collected, and the average
value and standard deviation recorded. The liquid densi-
ties of the PFA As, required for the calculation of the sur-
face tension from the drop profiles, are determined in our
current study or taken from previous work [73,74].

The apparatus and the measuring method are tested
by determining the surface tension of n-hexadecane as a
function of temperature, and also of perfluoro-n-hexane
atasingle temperature. These data are reported in Table 1.
The tensions for n-hexadecane have the same temper-
ature dependence and are ca. 0.3 mN m™! lower than
the reference data reported by Jasper [86] and by Korosi
and Kovats [87]. The data point for perfluoro-n-hexane
agrees, within the experimental uncertainty, with the val-
ues reported by Stiles and Cady [88], McLure et al. [89],
and Nishikido et al. [90].

3. Molecular models and simulation details

3.1. Force field

In our current study, we develop the SAFT-y CG Mie
force field for PFAA molecules, based on the Mie inter-
molecular potential to describe the interactions between
the various chemical segments. The Mie potential is a
generalized form of the Lennard-Jones potential and can
be expressed as [40]

u(r) = Ce [(%)A - (%)x] , (1)

where C guarantees that the minimum of the potential
energy u(r), as a function of the centre-to-centre dis-
tance r, corresponds to —e. The value of o characterizes
the diameter of the segment. The exponents are used to

Table 2. CG group name and atomistic
description.

Name All-atom Colour scheme

FE CF, —
FM —GF, -
FH —CF,GH, —
FHE — CF,G,Hq

CE GH, —

™

|
)
w
T
o
|

w
3

c4 C,Hy —

describe the general shape and range of the potential dis-
cerning between a repulsive and attractive contribution.
In our work, the attractive exponent is fixed to the Lon-
don value of 1, = 6 and for conciseness we drop the sub-
script of the repulsive exponent, A, = A. The pre-factor C
then takes the value of

6/(1—6)
T

For an abridged discussion on the history and develop-
ment of commonly used pairwise intermolecular poten-
tial functions and how the Mie function relates to other
models, the reader is referred to the introduction given in
Reference [40].

The PFAA molecules are represented as chains of tan-
gentially bonded CG Mie segments, described with a
generic transferable parameter set based on a group con-
tribution approach. The various CG sites are defined in
Table 2, and the composition of specific groups employed
to represent the different PFAAs is illustrated in Figure 1.
Molecular models developed allow one to represent all
of the PFAA components studied experimentally in our
current work (F4H,, F4Hs, F4Hg, F4Hg, F¢H,, FsHg and
F¢Hg), and can also be used to describe molecules of a dif-
ferent chain length compatible with the chosen mapping.

3.2. SAFT-y CG Mie force field

Both the SAFT-y EoS and the CG force field used in the
simulations are based on the same Mie intermolecular
potential, and this close correspondence between theory
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F F F F

Figure 1. Rough representation of the CG molecular models of linear perfluoroalkylalkanes F(CF,),(CH,)H (denoted as F;H,), from top to
bottom: F,H,, F,H, F,H¢, F,Hg, FcH,, FoHe, and FoHg. The colour scheme is as indicated in Table 2.
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and simulation is exploited as a means of accurately deter-
mining the parameters of the intermolecular potential.
More specifically, the parameters are estimated with the
SAFT-y Mie EoS [37] by optimizing the description of
the experimental liquid densities and vapour pressures of
the pure components and the liquid-liquid equilibria of
the corresponding mixtures. We present only a concise
summary of the model development.

The force-field parameters for the end CE (C;H; —)
and middle CM (— CsHg —) CG groups of the alkyl chain
are taken directly from the hetero-segmented models for
n-alkanes developed in Reference [54]. The C4 (C4Hgy —)
CG group is parameterized from the vapour-liquid equi-
libria of n-octane, which is represented as two C4 CG
groups. In the case of the perfluorinated alkanes (C4Fo,
CeF14, and CgFyg), hetero-segmented models are devel-
oped, which consist of differentiated end FE (CF; —) and
middle FM (— C,F4 —) perfluoroalkyl CG groups.

The unlike interactions between different groups mak-
ing up the PFAA molecules are obtained by using sim-
ple combining rules [40]. The unlike size parameter o;; is
obtained from the classical Lorentz arithmetic combining
rule:

3)

The unlike repulsive exponents are calculated using
the following relationship:

hij =3 =i = 30y - 3), (4)

The unlike energy parameter ¢;; is obtained from a
modified Berthelot-like geometric combining rule,
Gi?" %

ji
gij=1-— kij)T«/Eiigjj, (5)

1

where k;; is a binary adjustable parameter, which allows
for an improved representation of the unlike attractions
[91,92]. In our current work, the k;; parameter (or equiv-
alently the ¢;; parameter) is adjusted either to the prop-
erties of the corresponding mixture or where appropri-
ate to the pure component vapour-liquid equilibria; the
latter highlights a key advantage of employing a hetero-
segmented model within the SAFT-y description.

The unlike interactions between FE — CE, FE — CM,
FE — C4, FM — CE, FM — CM, FM — C4 pairs of groups
are estimated from the experimental liquid-liquid phase-
equilibrium data for the C6F14 + C6H14, CgF]g + C6H14,
CgFlg + CgHzo, and C8F18 + C8H13 binary mixtures
[67,70,93-102]. The connecting groups (FH and FHE),
which bridge the alkyl and the perfluoroalkyl chains,

are introduced to account for the presence of the dipole
moment between the two chemical moieties in an effec-
tive manner; the FH and FHE groups are characterized by
dispersion energies which differ markedly from the val-
ues for the alkyl (CE, CM, C4) or perfluoroalkyl (FE, FM)
groups. The like and unlike interactions of the FH and
FHE groups with the FE, FM, CE, CM, and C4 groups
are estimated with the SAFT-y Mie EoS [37] from the
experimental liquid densities and vapour pressures of the
F4H2, F4H5, F4H6, F4H8, F6H2, F6H6, and F6H3 pure
components [73-75]. The final SAFT-y Mie parameter
set for the CG groups characterizing the PFAA molecules
is summarized in Table 3.

In addition to the intermolecular interactions,
obtained using the SAFT-y Mie EoS, intramolecular
interactions are incorporated into the models in order
to account for the chain rigidity. The intramolecular
interactions are described with harmonic potentials that
include bond stretching and bond angle bending,

1 1
Uintra = Z Ekbond(r - rO)z + Z zkangle (9 - 90)27
bond angel
(6)

where kpong and kangle are the corresponding spring con-
stants, with ry and 6, as the distance and angle at the
potential minimum. The beads are kept together with a
rather stiff spring which keeps the beads at a distance
close to ry = o. The backbone of the perfluorinated
chain of the molecule is kept essentially linear by setting
0 = 180° (owing to the extra rigidity imparted by the
bulky fluorinated groups), while the backbone of the alkyl
chain is characterized by an angle of 6, = 159.9° sub-
tended by the groups. The intramolecular parameters are
taken directly from those developed for CG alkane chains
in Reference [54] without modification, as summarized
in Table 3; the values characterizing the temperature of
400 K are preferable here owing to the temperature range
of interest in our current work.

3.3. Molecular simulation

The thermodynamic and interfacial properties of PFAA
molecules, represented with the SAFT-y CG Mie mod-
els, described in the previous section, can now be deter-
mined from the direct molecular-dynamics (MD) simu-
lation [103] in the canonical ensemble, corresponding to
a constant number of particles N, volume V, and temper-
ature T. The overall density of the system is chosen such
that it lies inside the coexistence envelope according to
the simulation procedure outlined in Reference [104].

A system of N = 3000 PFAA molecules is simulated in
an orthorhombic simulation box with the usual periodic
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Table 3. Intermolecular and intramolecular potential parameters of the SAFT- y CG Mie force
field for the CG groups of the perfluoroalkylalkanes (defined as in Table 2): o is the size param-
eter; € is the depth of the potential; A is the repulsive exponent (the attractive exponent is
set to the London value of six in all cases). The unlike parameters o;; and A ;; between groups
of different type are calculated directly from the combining rules given in Equations (3) and
(4), and are included in the table for completeness. The intramolecular interactions are rep-
resented with harmonic potentials characterized by the bond stretching kyong and bending
kangle SPring constants, with the distance ry and the angle 6, at the potential minimum. The
parameters for the CE and CM CG groups of the pure-component n-alkanes are those devel-

oped in Reference [54].

Intermolecular parameters

Group 1 Group 2 o/h (€ /kg)/K A
FE FE 3.818 200.79 16.24
FM M 4.020 226.52 1.9
FH FH 4.540 336.37 17.69
FHE FHE 4764 336.37 17.69
CE CE 4.501 358.37 15.95
(@] ™M 4.184 37714 16.43
C4 Cc4 5.001 473.62 24.00
FE M 3.919 218.12 13.86
FE FH 4179 308.36 16.95
FE FHE 4.291 308.36 16.95
FE CE 4.160 245.63 16.09
FE ™M 4.001 253.76 16.33
FE C4 4.410 283.59 19.67
FM FH 4.280 269.67 14.44
FM FHE 4392 269.67 14.44
FM CE 4.261 262.30 13.74
FM ™M 4102 270.21 13.94
FM c4 451 304.05 16.68
FH CE 4.520 361.88 16.79
FH ™M 477 377.29 20.57
FH Cc4 4360 328.83 17.05
CE ™M 4343 345.72 16.19
Intramolecular parameters

Between groups Koona/ (k) mol =" A=2) ro/A Kangie! (K mol~" rad—?) 6y/deg
FE, FM, FH, FHE 61.30 o 17.66 180.0
CE,CM, C4 61.30 o 17.66 159.9

boundary conditions, where the box length L, in the z
direction is chosen such that it is three times longer than
that in the x and y directions. At the start of the simu-
lation a cubic box filled with molecules at the desired
liquid density is placed between two empty cubic boxes
corresponding to vapour; the dimension of the system is
typically ~ 30 x 30 x 90 segment diameters, the actual
values dependent on the system density and chemical
structure of the molecules. In this configuration, a liquid
slab develops with two planar interfaces in contact with
low-density vapour. The simulations are carried out using
the GROMACS package (version 4.5.5) [105] and the
equations of motion are solved using the leap-frog algo-
rithm with a time step of 10 fs. The system temperature is
maintained constant using the Nosé-Hoover thermostat

[106,107] with a coupling constant of 1.0 ps. The first
700,000 time steps are discarded and the equilibrium
properties are then sampled for an additional 700,000
time steps to obtain time averages of the properties of
interest. The cut-off radius for all of the group inter-
actions is fixed to 30 A; this value is found to provide
reliable estimates of the thermodynamic properties (and
the interfacial tension in particular) for Mie potentials of
relatively long range [50,53].

The densities of the coexisting vapour and liquid
phases are determined from the density profiles at the
corresponding temperature. The vapour-liquid interfa-
cial tension y is calculated by means of a mechanical
route [108,109], which requires the evaluation of forces
in order to obtain the average Cartesian components
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Table 4. Coefficients of the polynomial (Equation (8))
used to represent the liquid densities of the linear per-
fluoroalkylalkanes F4H, and FgH, over the range 278.15-
353.15K.

- G G G
F,H,  2209M6  —0.423535 0.0914281 —0.0129824
FoH, 2278418 0.353018 0.0624866  —0.00857264
P, of the pressure tensor:
1 [t 1
Y = 5/ P, (2) — E (Pxx (2) + B, (Z)) dz. (7)
0

4. Results and discussion

4.1. Experimental surface tension of
perfluoroalkylalkanes

The liquid densities of F;H, and F¢H, are measured at a
series of temperatures between 278.15 K and 353.15 K.
The densities are described with a polynomial of the
form:

P e ra () fo( TRY e (XY
gem=> " '\'100 *\ 100 >\ 100 )~

(8)

where p is the mass density, and C; are adjustable coef-
ficients. This relation provides a representation of the
experimental values to within the experimental repro-
ducibility. The corresponding values of the coeflicients for
the two PFA As are shown in Table 4. The full set of exper-
imental densities can be found as Supplementary Infor-
mation.

The vapour-liquid surface tensions of the PFAA
molecules studied in our current work are recorded in
Table 5, along with the respective standard deviations,
and plotted in Figure 2. As expected, the surface tensions
of all PFAAs decrease linearly over the temperature range
of the measurements. It is also seen that, if the length
of the perfluorinated chain segment is kept constant, the
surface tension increases on increasing the length of the
adjacent hydrogenated segment. On the other hand, the
effect that changing the length of the fluorinated chain has
on the surface tension of a given PFAA molecule depends
on the length of the hydrogenated chain attached to it;
for example, there is a significant increase in the value of
the surface tension from F,H, to FgH,, but only a small
increase from F,Hg to FgHg, and almost no difference
between F4Hg and FgHs. This suggests that, beyond a cer-
tain chain length, it is the length of the hydrogenated alkyl
segment that dominates the value of the surface tension.

Table 5. Experimental vapour-liquid surface tension y of the
linear perfluoroalkylalkanes FiH;.

F,H, F,Hs F,He
T/K y/(mMNm™) T/K y/(mMNm™") T/K y/(mNm~)
282.6 14.98 4+ 0.07 2771 18.69 4 0.02 2774 19.51 £ 0.02
2859 1466 +0.05 2832 18.10 + 0.02 2821 19.04 + 0.02
289.5 14.34 + 0.06 288.5 17.47 + 0.02 286.5 18.62 + 0.02
2929 14.05 £ 0.07 2943 16.99 + 0.01 293.1 17.96 4+ 0.02
296.3 13.87 £ 0.05 300.7 16.46+0.02 300.8 17.314+0.03
301.0 13.36 £ 0.05 306.5 15.93 4 0.02 307.7 16.62 + 0.03
303.4 13.24 + 0.04 314.7 15.22 +0.02 315.5 15.96 £+ 0.03

3211 14.62 £+ 0.03 3223 15.37 £ 0.03

3282 14.00 4= 0.02 327.2 14.95 £ 0.02

3354 13.45 4+ 0.02 334.8 14.31£0.02

343.0 12.85 4+ 0.02 342.8 13.63 +0.03

350.2 12.26 £ 0.02 349.1 13.14 £ 0.03

F4 H8 F6 HZ F6 H6
T/K y/(mNm™)  T/K  y/(mNm™)  T/K  y/(mNm™)
279.8 20.88 £+ 0.03 282.7 16.51 £ 0.05 276.3 19.8140.02
285.8 2026 £0.03  290.2 15.88 £0.04 2828 19.25 4+ 0.02
292.6 19.58 +£0.02 296.0 1548 £0.03 290.6 18.62 + 0.01
296.5 19.23 £+ 0.02 301.7 14.87 £+ 0.06 299.2 17.8140.02
3037 18.54+£0.02 3098 14.19 £ 0.07 305.6 17.26 £ 0.02
310.2 18.05 £+ 0.02 317.9 13.52 + 0.04 3134 16.65 £ 0.02
315.5 17.48 +0.03 322.0 13.19 + 0.03 320.3 16.05 £ 0.01
320.5 17.08 £+ 0.03 328.1 15.41£0.01
3299 16.31+ 0.02 3347 14.86 + 0.02
337.8 15.66 £ 0.02 3422 14.28 + 0.02
347.6 14.84 + 0.02 3502 13.69 4 0.02
F6 HB

T/K y/(mMNm™")

2776 20.73£0.02
283.1 20.30 £ 0.02
289.2  19.69 £0.02
2969 1920 £0.03
3011 18.90 4 0.02
310.0  18.02+0.02
3143 17.74 £ 0.03
3242 16.93+0.03
3347  16.07+0.02
340.1 15.67 £ 0.02
3499 14.86 +0.04

2
20 fi,
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(o NoN |

16

14

y/(mN m'l)
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280 300 320
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Figure 2. Experimental vapour-liquid surface tension y of linear
perfluoroalkylalkanes F;H; as a function of temperature T: [, F,H,;
O, FHs; A, F4Hg; o, FHg; B, FoH,; A, FHg; o, FoHg. The lines are
least-squares linear correlations of the data.



Table 6. Estimated critical temperatures T,
of the linear perfluoroalkylalkanes FiH;.

T. (Edtvos) /K T_(Guggenheim)/K

F,H, 4982 499.8
FyHs 5212 5275
F,He 5284 5357
F,Hq 551.0 558.4
FeH, 508.9 515.0
FHq 550.4 557.0
FeHg 5757 5812
800 T T T T T T r r
700 1
600 1
M 500F 1
T
E.,:" 400 ‘. 1
2ty s Alkanes ¢ ]|
200} / PFAA o |
Perfluoroalkanes
an ' L ' L L L 1
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Figure 3. Critical temperatures T, of linear alkanes [113], perfluo-
roalkanes [114], and perfluoroalkylalkanes (PFAA) as a function of
the overall chain length n of the molecules.

The measurements of the surface tension as a function
of temperature can be used to provide a fairly accurate
estimate of the critical temperature T using the empirical
relations of E6tvos [110] and Guggenheim [111]:

y V2= A+BT; T.= —A/B 9)

y =y (1= T/T)"° (10)
where V,, is the orthobaric molar volume of the liquid,
and A, B, and y are adjustable constants. Both relations
are based on corresponding states correlations and reflect
the vanishing surface tension at the critical point. It has
been proposed that the agreement between estimates of
the critical temperature following these two routes pro-
vides a good indication of the quality of the predictions
[112].

The estimated critical temperatures of PFAA are pre-
sented in Table 6 and plotted in Figure 3 as a func-
tion of the overall chain length, along with the corre-
sponding values for n-alkanes and perfluoro-n-alkanes.
The predictions obtained from both relations are in very
good mutual agreement, differing by less than 1.5% in
all cases. It can be seen from Figure 3 that the estimated
critical temperatures of the PFAAs exhibits less variation
with chain length than for either the n-alkanes [113] or
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Figure 4. Surface tension y of the linear perfluoroalkylalkanes
(symbols as in Figure 2), the even numbered n-alkanes from Cg
to C,, (continuous lines), and the even numbered perfluoro-n-
alkanes from C, to C;, (dashed lines), as a function of the reduced
temperature T,. The values for the n-alkanes are taken from the
work of Jasper [86], and for the C; to C,, perfluoro-n-alkanes from
the work of Haszeldine and Smith [115]; the line for perfluoro-n-
hexane is a linear regression of the data in References [88-90,116].

the perfluoro-n-alkanes [114]; the critical temperature of
F4H, is quite close to that of n-hexane, while T, for F4Hg
is already lower than that of n-decane and perfluoro-
n-decane. This behaviour is consistent with the vapour
pressure data of PEAAs presented in previous work [75]:
shorter PFAA molecules are more cohesive than the cor-
responding n-alkanes and perfluoro-n-alkanes presum-
ably because the interactions between the permanent
dipoles of the PFA As are dominant. However, as the total
chain length is increased, this effect becomes progres-
sively less important and the weak interactions between
the unlike segments starts to dominate the behaviour,
reducing the extent of cohesion in the liquid.

It is instructive to compare the surface tensions with
those of linear alkanes and perfluoroalkanes of simi-
lar chain length. This can be done by plotting the sur-
face tension in terms of the reduced temperature T, =
T /T, (calculated using the average of the estimates for
T, from the E6tvos and the Guggenheim relations) as
shown in Figure 4. When the surface tension is repre-
sented in terms of the reduced temperature, the exper-
imental values for the n-alkanes [86] and perfluoro-n-
alkanes [115,116] are seen to follow essentially the same
trend line for each chemical family. For the linear PEAA
molecules with shorter alkyl chain segments (F4H, and
F¢H,) the surface tensions are close to the values for
the perfluoro-n-alkanes, while for the molecules with the
highest degree of hydrogenation (F4Hg and F4Hjg) the val-
ues approach those for the n-alkanes. The tensions of the
remaining compounds fall essentially on the same line,
roughly equidistant from the values for the n-alkanes and
perfluoro-n-alkanes.
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Table 7. Surface entropy S” and enthalpy H” for the linear
perfluoroalkylalkanes FiH;.

S7/(mim=2K™) HY /(mJ m~2)
FH, 0.083 + 0.003 385408
F,Hy 0.088 = 0.001 428+03
F.Hg 0.089 + 0.008 441403
F,Hg 0.088 + 0.001 455+ 04
FeH, 0.085 = 0.001 40.6+0.4
FeHg 0.084 + 0.006 428402
F.H 0.081 = 0.007 433402

The surface tension can be identified with the surface
Gibbs energy, at a given temperature and pressure [117].
The surface enthalpy H” and entropy S” can therefore be
determined from the temperature dependence of the sur-
face tension, assuming that both quantities are constant
within the temperature range that is considered:

v (1), ”
H”zy—T(g—;). (12)

The calculated surface thermodynamic functions for
the studied PFAAs (cf. Table 7) are shown in Figure 5
together with those for the n-alkanes and perfluoro-n-
alkanes (there are two PFA As with an overall chain length
of n =12, namely F6H6 and F4HS).

As can be seen, the surface enthalpy of the n-alkanes
increases slowly with chain length suggesting the pres-
ence of stronger interactions as the molecules become
longer. Perfluoro-n-alkanes display lower values of H”,
revealing weaker cohesive interactions at the surface, in
parallel with what is found in the bulk liquid. The trend
for the perfluoro-n-alkanes is, however, not as clear, due
to the large dispersion of the data. The linear PFAA
molecules are characterized by surface enthalpies which
are intermediate between the values of the correspond-
ing n-alkanes and perfluoro-n-alkanes. The trend found
on increasing the length of each chain segment is consis-
tent with the behaviour of the n-alkanes and perfluoro-n-
alkanes: H” increases with the number of carbon atoms
in the hydrogenated chain segment when the fluorinated
chain segment is kept constant, and, with the exception
of the ethyl (-H,) compounds, the opposite is seen when
the number of fluorinated groups is increased.

By contrast, the surface entropy decreases with chain
length for the n-alkanes; a similar behaviour is seen for
the perfluoro-n-alkanes, despite the considerable disper-
sion of the data. This suggests a progressive structuring of
the surface as the chain length increases, for both families.
The lower values of S for the perfluoro-n-alkanes, espe-
cially for the longer molecules, suggests a higher degree
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Figure 5. (a) Surface enthalpy H and (b) surface entropy S” for
the linear alkanes, perfluoroalkanes, and perfluoroalkylalkanes as
a function of the total chain length n. The values for the n-alkanes
and perfluoro-n-alkanes are determined from the surface tension
correlations shown in Figure 4. The curves are polynomial fits,
intended as a guide for the eye.

of organisation at the surface, probably due to their lower
conformational degrees of freedom.

The PFAA molecules display intermediate values of §7,
although the absolute values are now closer to those of
the corresponding n-alkanes; this is probably due to the
asymmetry of the PFAA associated with the presence of
two types of segment, which increases the entropy. The
PFAA molecules with longer perfluorinated chain seg-
ments (such as Fg) exhibit lower surface entropies than
those with shorter segments (such as Fy), suggesting a
higher degree of organisation induced in the former. In
the case of PFAAs with a constant perfluorinated chain
length, S remains essentially constant for the F4H; series
and decreases slightly for the FgH; series. The ethyl substi-
tuted compound F4H, appears to be an exception in the
trend, probably due to the small length of its segments.
The dipolar nature of this smaller molecule clearly dom-
inates its amphiphilic characteristics.

Mixing hydrogenated and perfluorinated liquids are
processes that involve large energetic and volumetric



effects. Excess enthalpies higher than 1 kJ mol™! and
excess volumes above 5 cm® mol ™! are not uncommon.
Large effects can therefore also be expected when hydro-
genated and perfluorinated chains coexist at interfaces,
and a rationalisation of the surface behaviour of PFAA
molecules should take this factor into account.

While it would be sensible to attempt to interpret
the surface tension of PFAAs by comparison with the
surface tension of an ‘equivalent’ (n-alkane + perfluoro-
n-alkane) mixture, at ‘equivalent’ conditions, the analy-
sis is not straightforward. As an example, the measured
surface tension of F¢Hg could be compared with the
surface tension of an equimolar mixture of n-dodecane
and perfluoro-n-dodecane, at similar experimental con-
ditions. In practice, perfluoro-n-dodecane is solid over
the relevant temperature range and there are no surface
tension data available for this mixture. Most of the exper-
imental data on mixtures of alkanes and perfluoroalka-
nes have been obtained in the group of McLure [116,118].
Handa and Mukerjee [119] have also studied a couple of
binary mixtures. Several mixtures of alkanes (Cs — Cg)
and perfluoroalkanes (Cs — Cg) have been examined at
one or two temperatures, as well as a small number of
mixtures involving other types of substances (alkylated
polysiloxanes and perfluorotributylamine). McLure and
co-workers [120,121] have performed neutron reflection
experiments on the n-hexane + perfluoro-»-hexane mix-
ture, supporting the view that a monolayer of the fluori-
nated component forms at the vapour-liquid interface for
a range of temperatures both above and below the upper
critical solution temperature (UCST). In all cases, the
composition dependence of the surface tension exhibits
large negative deviations from linear behaviour (reflect-
ing the preferential adsorption of the less dense perflu-
oroalkane). Sometimes minima in the surface tension
can be observed, a phenomenon referred to as aneotropy.
Often the surface tension isotherm presents a horizon-
tal inflection, which according to theoretical predictions
reflects the proximity of an UCST [122].

In spite of the scarcity of data, the conclusion that
emerges from the aforementioned studies is that the coex-
istence of hydrogenated and perfluorinated chains at the
interface can lead to lower surface tensions, in addition
to the effect resulting from preferential adsorption of the
fluorinated component. In the case of PFAA molecules
the challenge is to assess the contribution to the sur-
face tension (and hence the surface energy and orienta-
tion/organisation) of bonding together the antagonistic
segments. The contribution of the interaction between
the dipole moment generated at this junction, not present
in the parent molecules, should not be ignored.

Since a direct comparison of the surface tensions of
PFA As with those of the equivalent mixtures of alkanes

MOLECULAR PHYSICS e 2607

235t _

3@

l o LN
25 .:m&,%gb¢ .

. A
e®, o® .'oo@‘

Id

Iz
o)
L=
EOpOoO

220 FHg

T
@

e
)

L]

21.5

225 250 275 300 325 350

T/K

Figure 6. The temperature dependence of the fluorine atomic
parachor |P|(F) for linear perfluoroalkylalkanes F;H; calculated
from the surface tensions measured in our current work and
for perfluoro-n-alkanes calculated from literature surface tension
data: x, Stiles and Cady [88]; %, McLure et al. [89]; ®, Nishikido
et al. [90]; *, McLure et al. [116]; ®, Freire et al. [128]; @, Rohrback
and Cady [129]; A, Fowler et al. [130]; and ¥, Oliver et al. [131].

and perfluoroalkanes is difficult, we adopt an alternative
strategy of relating the surface tension to the molecular
structure using the parachor |P|. This empirical quantity
can be used to relate the vapour-liquid surface tension to
the difference in the molar densities of the bulk coexisting
liquid and vapour phases according to [123]

Y4 = 1Pl (o1 — py) - (13)

The advantage of the approach relies on the fact that
the parachor can be related to molecular functional-
ity in an additive manner, following a group contribu-
tion approach [124-126]. The contributions attributed to
atoms or groups of atoms are taken to be constant, with
small corrections to allow for structural features such as
branching or ring formation. For example, the atomic
parachor of carbon |P|(C) = 9.0 and hydrogen |P|(H) =
15.5 for the n-alkanes are found to be essentially indepen-
dent of the alkane and temperature [126].

Sakka and Ogata [127] examined the parachor of fluo-
rine atoms in fluorinated alkanes and proposed a value for
perfluoro-n-alkanes, |P|(F) = 22.5, which is much lower
than that found for substituted alkanes with just one or
two fluorine atoms, |P|(F) = 26.1. Their value was cal-
culated using a very small set of the available data for
perfluoro-n-alkanes. In our current work, we calculate
the fluorine parachor contributions |P|(F) as a function
of temperature using a much larger pool of literature data
[88-90,116,128-131], which includes that used by Sakka
and Ogata. The molar densities used in the calculations
are, whenever possible, those reported by the original
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Figure 7. The temperature dependence of the saturated liquid

density p, for linear perfluoroalkylalkanes F;H;. The symbols rep-

resent the experimental data [73,74], the continuous curves cor-
respond to the calculations with the SAFT-y Mie Eos [37], and
the large open circles denote the description obtained with the
SAFT-y Mie CGforce field by molecular-dynamics simulation using
the same parameter set (cf. Table 3).

authors. As can be seen from Figure 6, the fluorine para-
chor for perfluoro-n-alkanes is not constant, and ranges
from ~ 21.5 to 23.5, depending on the substance and tem-
perature.

We also calculate fluorine parachors for the PFAA
molecules, and include them in Figure 6. As can be seen,
the values for the PFAAs fall over a lower range of values
than for the perfluoro-n-alkanes, and a closer inspection
reveals that the fluorine parachors for the two PFA As with
longer fluorinated chains appear to be below the para-
chors for the perfluoro-n-alkanes, especially at the lower
temperatures. This may indicate that PFA As have slightly
lower surface tensions than would be expected for their
respective proportion of fluorinated and hydrogenated
chains. At least part of this effect can be attributed to the
coexistence of hydrogenated and perfluorinated chains at
the interface that is not taken into account in the analysis.

4.2. Assessment of the SAFT-y CG Mie force field for
perfluoroalkylalkanes

The temperature dependence of the saturated liquid den-
sity and the vapour pressure of the PFAA molecules is
illustrated in Figures 7 and 8, respectively, for F4H,, F4Hs,
F4H6, F4H8, F6H2, F6H6, and FGHg. The SAFT-)/ Mie EoS
[37] is seen to reproduce the available experimental data
with high accuracy for the corresponding temperature
range. The intermolecular parameters characterizing the
CG beads estimated with the EoS (cf. Table 3) are subse-
quently used as force fields in the MD simulation. At the

250 300 350 400

T/K

Figure 8. The temperature dependence of the vapour pressure P,
for linear perfluoroalkylalkanes F;H;. The symbols represent the
experimental data [75], the continuous curves correspond to the
calculations with the SAFT-y Mie EoS [37], and the large open cir-
cles denote the description obtained with the SAFT-y Mie CG force
field by molecular-dynamics simulation using the same parameter
set (cf. Table 3).

heart of the parametrization of the force field is the excel-
lent agreement between the experimental data, the the-
oretical description with the SAFT-y Mie EoS, and the
corresponding molecular-simulation data of the SAFT-y
Mie CG model. The vapour pressures of PEAAs are quite
low, particularly for long chains and at low tempera-
tures, and hence are difficult to obtain accurately from the
simulations.

The temperature dependence of the surface tension,
illustrated in Figure 9, are true predictions with the SAFT-
y CG Mie force field, as the interfacial properties are not
used as target properties in the estimation of the param-
eters of the model. The experimental data correspond to
the air-fluid surface tensions, while the simulations are
performed considering the vapour-liquid interface. The
extremely low vapour pressures of the PFAAs and the
small effect that pressure has on the interfacial tension
make the distinction insignificant. Given that no inter-
facial tension data are used in the parametrization, the
agreement between the simulated values and experiment
is very encouraging. Experimentally observed trends,
such as the marked increase in the interfacial tension
relative to the values for the perfluoro-n-alkanes when
an alkyl chain is introduced as compared to the small
increase relative to the n-alkanes found on introducing a
perfluoroalkyl chain, are well reproduced by the models.

The interfacial tension simulated with the SAFT-y
Mie CG force field for F4Hg and FsHg are compared
with the corresponding simulation data for the n-alkane
(n-dodecane) and the perfluoro-n-alkane (perfluoro-n-
dodecane) of the same chain length in Figure 10. The
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Figure 9. Temperature dependence of the interfacial tension y for
linear perfluoroalkylalkanes F;H.: (a) F4Hj withj=2,5,6,and &; (b)
FeH, withj=2,6,and 8.The symiaols correspond to the experimen-
tal data measured in our current work, the dashed lines are least-
squares linear fits to the experimental data, and the large open
circles denote the predictions obtained with the SAFT-y Mie CG
force field (cf. Table 3) by molecular-dynamics simulation.

30 :
o CppHys @
’s FHy, o |
F6H6 v
‘T‘E w0 ¢ & CpoFye ®m |
v & *
[ ] v A
Z 15 N 1
= = v & *
£, R
> n
5+ m
O I I I I
300 350 400 450
T/K

Figure 10. Predictions of the temperature dependence of the
interfacial tension obtained with the SAFT-y Mie CG force field (cf.
Table 3) by molecular-dynamics simulation for linear C,, chain flu-
ids: n-dodecane (C,,H,), perfluoro-n-dodecane (C;,H,,), and the
linear perfluoroalkylalkanes F,Hg and F¢H,.
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Figure 11. The interfacial density profiles p(2) relative to the bulk
saturated liquid density p, obtained with the SAFT-y Mie CG force
field (cf. Table 3) by molecular-dynamics simulation for C;, chain
fluids at a reduced temperature of T, = 0.55: n-dodecane (C,H,),
perfluoro-n-dodecane (C,,H,), and the linear perfluoroalkylalka-
nes F,Hg and F H,.
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Figure 12. The interfacial density profiles of the CG beads p,(z) =
N, (2)/(V /A%) of the linear perfluoroalkylalkane F,H, obtained with
the SAFT-y Mie CG force field (cf. Table 3) by molecular-dynamics
simulation for the alkyl (CE, CM), perfluoroalkyl (FE, FM), and inter-
connecting (FH) CG beads of at a reduced temperature of 7, = 0.55.

molecular-simulation data are seen to confirm the experi-
mental observation that the interfacial tensions of PFAAs
fall between those of n-alkanes and perfluoro-n-alkanes
of the same total chain length, being closer to the
perfluoro-n-alkane species.

Unexpectedly, the interfaces of the four components
appear to be of a comparable width (cf. Figure 11). The
interfacial density profiles p(z) of the centres of mass
of the linear C;, chain fluids as a function of the dis-
tance z normal to the interface are compared relative to
the density p; of the bulk saturated liquid phase at the
same reduced temperature. The interfaces of the PFAA
molecules are only slightly wider than their alkane and
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Figure 13. (a) The orientational order parameter profile S,(z) of
the end-to-end vector fr;_; between the terminal alkyl CE and
perfluoroalkyl FE CG beads of the linear perfluoroalkylalkane F,H,g
obtained with the SAFT-y Mie CG force field (cf. Table 3) by molecu-
lar dynamics-simulation at areduced temperature of T, = 0.55. The
complementary density profiles p(z) (cf. Figure 11) are also shown
as the red dotted curves for completeness. (b) The correspond-
ing profile for the average angle ¢ between the end-to-end vector
fre_ce and the zaxis. An enlarged representation of the interfacial
region is shown in the insets.

perfluoroalkane counterparts. The behaviour obtained
for other PFAA is similar and is not reported here.

The F4Hg molecule is chosen for further analysis due
to its ‘symmetrical’ nature: in our CG mapping, this
linear PFAA chain consists of two alkyl (CE, CM), two
perfluoroalkyl (FE, FM), and one interconnecting bead
(FH). The number density profiles pp(z) = Np(2)/(V/A3)
(where Np is the number of beads of a given type)
obtained for the separate CG beads of F4Hg are depicted
in Figure 12. It is apparent that the perfluorinated groups
(FE, FM) accumulate on the vapour side of the interface.
The alkyl groups (CE, CM) are found preferentially on
the liquid side of the interfacial region, as characterized
by the maximum in the profile of the alkyl groups and the
complementary minimum in the profile of the perfluori-
nated groups. The interconnecting segments (FH) exhibit
a maximum in the density profile in the intermediate

(a) . -

10

08
s g
S— o
™ N
5] —
04 b Q

02 F

0.0

(b) 150

150

120
=11} —
S =
~ @t =
<- i
Q

&0 -

30 -

o

Figure 14. (a) The orientational order parameter profile S,(z) of the
end-to-end vector g between the terminal perfluoroalkyl FE
CG beads of the fully perfluorinated chain perfluoro-n-dodecane
C,,F, obtained with the SAFT-y Mie CG force field (cf. Table 3)
by molecular-dynamics simulation at a reduced temperature of T,
= 0.55. The complementary density profiles p(z) (cf. Figure 11) are
also shown as the red dotted curves for completeness. (b) The cor-
responding profile for the average angle ¢ between the end-to-
end vector 7. and the zaxis. An enlarged representation of the
interfacial region is shown in the insets.

region of the interface. As expected all of the groups are
distributed uniformly at the interior of the bulk liquid.

The mutual alignment of the molecules can be charac-
terized with the orientational order parameter S,, which
is calculated from the Saupe order tensor [132]

1 N

Q=N
i=1

(34 - 1; — 1), (14)

where #; is the unit vector denoting the orientation of
the ith molecule, and I is the unit tensor. The Q tensor
is diagonalized and S, corresponds to the largest eigen-
value of the tensor with the director 7 as the correspond-
ing eigenvector. The order parameter provides a measure
of the orientation of the molecules around #, and runs
from zero for random orientations to one for perfectly
aligned molecules. The unit orientation vector #; of the
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Figure 15. Representative snapshots of the interfacial region obtained by molecular-dynamics simulation for the linear perfluoroalky-
lalkane F,Hg with the SAFT-y Mie CG force field (cf. Table 3) at a reduced temperature of T, = 0.55. Two random molecules are highlighted
and followed at different times, separated by 0.02 ns. The perfluoro groups are shown in orange, and alkyl groups are in green.

PFAA molecules is taken as the end-to-end (unit) vector
fre_ce between the centres of mass of the terminal alkyl
CE and perfluoroalkyl FE beads. Additional analysis can
be performed for the perfluoroalkyl chain vectors frz_ry
and fgg_py yielding analogous results. It is important to
note that one could also consider the principal inertial
axis of the molecules as the orientation of the molecule,
but we are principally interested in the orientation of the
separate chain fragments so the appropriate bead-bead
vectors are more suitable in this instance.

The order parameter profile S,(z) of F;Hg determined
along the zaxis is shown in Figure 13(a). The complemen-
tary density profile (also included in Figure 13) allows
one to visualize the location of the interfacial and bulk
regions. The interfacial region is characterized by a max-
imum of the order parameter suggesting a certain level
of orientational ordering at the interface, which is slightly
higher than in the bulk liquid phase. Quantitatively how-
ever, the maximum in the order parameter is S,(z) ~ 0.42,
which is far from a system with complete alignment char-
acterized by S,(z) = 1.0.

The orientation of the PFAA chains can be further
assessed by calculating the average angle ¢ between the
end-to-end vector 7pz_cg and the z axis as a function of
the position from the interface. The chains are randomly
orientated in the bulk liquid region, corresponding to
an average angle of 90° over all orientations ranging
from 0° to 180° (cf. Figure 13(b)). One can note that the

orientational order parameter in the bulk liquid is not
zero but S,(z) ~ 0.2 (cf. Figure 13(a)); this is because
of system-size effects due to the finite size of the system
and binning procedure employed in the analysis [133].
The interfacial liquid region on the left of Figure 13(b) is
characterized by a lowering of the average angle, suggest-
ing that the chains align preferentially along the z axis
with the perfluorinated chain ends pointing towards the
vapour phase; the angle between fgg_cp and Z tends to
0°. Similarly, the angle in the interfacial region on the
right of the figure is seen to exhibit a maximum that
can be interpreted as a preferential alignment along the
z axis with the perfluorinated chain ends again pointing
towards the vapour phase; the angle between rpg_cg
and z now tends to 180°. This observation is consistent
with the results from the density profiles observed in
Figure 12, suggesting an enrichment of perfluorinated
groups at the outer interface.

For comparison, a similar analysis is conducted for the
fully perfluorinated compound n-C,F,6. A maximum in
the order parameter can be observed in the interfacial
region of Figure 14(a), which suggests an increased align-
ment of the chains at the interface due to the rigid char-
acter of the molecules. However, due to the symmetry of
the molecule with no distinction between the two ends,
no peaks are observed in the angle profile, which is char-
acterized by arandom orientation in the bulk liquid phase
(cf. Figure 14(b)).
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Snapshots of selected configurations for a pair of ran-
domly chosen F4Hg molecules close to the liquid-vapour
interface during the course of a typical simulation run are
shown in Figure 15. Neither the alignment nor the orien-
tation of the molecules is found to be very pronounced.

In conclusion, the MD simulation results suggest that
the PFAA chains tend to align perpendicular to the inter-
face with the perfluoro-groups accumulating at the outer
interfacial region. Similar findings were obtained by Har-
iharan and Harris [17] and by Pierce et al. [18] from the
molecular simulations of the PFAA molecules based on
more detailed atomistic force fields.

5. Conclusions

The surface tensions of seven linear PFAAs (F,H,, F4Hs,
F4Hs, F4Hg, F¢H,, FsHg, F6H8) are experimentally deter-
mined over a wide temperature range (276 to 350 K). The
corresponding surface thermodynamic functions and the
critical temperatures of the PFAA compounds are esti-
mated from the temperature dependence of the surface
tension. A CG force field is developed for these systems
based on a top-down parametrization performed by esti-
mating the intermolecular interactions from the experi-
mental densities and vapour pressures using the SAFT-y
EoS [37].

While it is tempting to try to compare the results with
those of n-alkanes, perfluoro-n-alkanes and their mix-
tures, this has proven to be a far from trivial task. Ata very
gross scale, the expected values of the interfacial tensions
lie between those for the alkanes and perfluoroalkanes.
However, PFAAs possess distinct thermophysical prop-
erties, most likely a result of the presence of the unique
bond that links the perfluoroalkyl chain to the alkyl chain.
The resulting permanent dipole moment between the two
coexisting chemical moieties has significant implications
in the surface tension of the PFAAs. Furthermore, the
properties of the interfacial region are dominated by the
tendency of the molecules to align perpendicular to the
interface with the perfluorinated groups accumulating at
the outer interface.
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