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The binary system perfluorohexyloctane (F6H8)-tetradecane (C14) was investigated in order to increase
understanding of interactions of semifluorinated alkanes (SFAs) with hydrophobic molecules. The ther-
mal phase behavior for FEH8 and C14 and their mixtures was determined using DSC. The activity coeffi-
cients for both components in the mixtures were calculated and Gibbs energy of mixing was determined.
Furthermore, enthalpies of mixing were determined with ITC and structural investigations of the solid
and the liquid phases were performed with SAXS and SWAXD. It was found that F6H8 displays one
solid-solid transition at —42.3°C (AH=1.1kJ/mol) and one solid-liquid transition at —5.9°C
(AH = 16.6 kJ/mol). Due to the low enthalpy of the solid-liquid transition it is likely that FEHS8 is not fully
crystallized in the solid phase but partly amorphous. The F6H8-C14 system displays a eutectic phase
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Thermal phase behavior behavior and the liquid mixtures display a positive deviation from ideal mixing. C14 crystalizes in a tri-
Calorimetry clinic unit cell as shown before, whereas crystallization of FEH8 in a lamellar rippled phase is shown for

Small angle X-ray scattering the first time. This ripple phase comprises a bilayer of tilted alternating heavily interdigitated FEH8 mole-

cules in an oblique subunit cell.

© 2016 Elsevier Ltd.

1. Introduction

Semifluorinated alkanes (SFAs) have, due to their special chem-
ical and physical properties, been investigated in several studies.
Composed of a hydrocarbon segment linked to one or two fluoro-
carbon segments they can generally be described by the formula
F(CF,)n(CH,)mH, abbreviated as FnHm, for diblock structures and
F(CF;)n(CH,)m(CF,)nF for triblock structures. SFAs display some
interesting features being not only amphiphilic with fluorophilic
and lipophilic regions, but also amphisteric and amphidynamic
as the segments have different conformations and flexibility [1].
They are sometimes also referred to as primitive surfactants as
some long chain SFA-molecules are able to spread on air/water

Abbreviations: C14, tetradecane; DSC, differential scanning calorimetry; F6HS,
perfluorohexyloctane; ITC, isothermal titration calorimetry; SAXS, small angle X-
ray scattering; SFAs, semifluorinated alkanes; SWAXD, small and wide angle X-ray
diffraction.
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interfaces forming a stable Langmuir monolayer [2,3], although
none of the chain segments are hydrophilic.

Some SFAs can also form gels when dissolved in alkanes, perflu-
orinated fluids and liquid or supercritical CO, [4-7]. These viscous
gel phases can be reversibly formed and are believed to be caused
by encapsulation of solvent molecules between fibrous networks of
lamellar SFA crystals [5,7-9].

One reason for the popularity of SFAs is their ability to form liq-
uid crystals. Broniatowski et al. have used DSC and optical micro-
scopy to confirm that perfluorooctyl-n-alkanes (F8Hm) form
liquid crystals (smectic B phase) if the hydrogenated moiety com-
prises 8-11 carbon atoms [10]. Similarly, perfluorodecyl-n-alkanes
(F10Hm) can form liquid crystals if the hydrogenated segment con-
tains between 8 and 12 carbon atoms [3,11,12]. However, to the
best of our knowledge no structural determination has previously
been performed on the smaller F6HS8, used in this study.

Due to the fact that SFAs are considered to be biologically stable
[1], they have been considered for numerous pharmaceutical appli-
cations. For instance, SFAs have been considered for development
of both pulmonary drug delivery vehicles [13] as well as for use
in synthetic blood substitutes [14]. It has also been shown that
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fluorocarbons and semifluorinated alkanes can be used to fluidize
lung surfactants, providing a potential for usage in lung surfactant
therapy [15]. Several studies exist where the possibility to use SFAs
as eye tamponades to stabilize the retina during retinal surgery
have been investigated, as SFAs with their good surface spreading
properties and high density would be a good alternative to com-
monly used silicone oils [16-18]. Studies have also been performed
to investigate the structure of SFA containing liposomes, for
instance Schmutz et al. have shown that FEH10 molecules incorpo-
rate in between the hydrophobic part of the lipid bilayers, with the
hydrogenated segment of the SFAs integrated between the lipid
tails [19].

The SFA F6H8 also has a large potential for use against dry eye
syndrome, as it can easily spread on and stabilize the tear film. The
outermost layer of the tear fluid is an oily layer [20-23] and it is
hence relevant to investigate how F6HS8 interacts with hydrophobic
components. In this study we have investigated the physicochemical
interaction of FEH8 with tetradecane (C14), an alkene with the same
chain length as F6HS8. The thermal phase behavior was investigated
using DSC and SWAXS/SWAXD, and isothermal titration calorimetry
was used to determine enthalpy of mixing for FGH8 and C14.

2. Experimental
2.1. Chemicals

Perfluorohexyloctane (1,1,1,2,2,3,3,4,4,5,5,6,6-Tridecafluoro-tet
radecane, purity > mole fraction 0.9988) was obtained from Nova-
lig GmbH (Heidelberg, Germany) while tetradecane (purity > mole
fraction 0.99) was purchased from Sigma Aldrich. Properties of the
substances used are given in Table S1.

2.2. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC 1, Mettler Toledo, Grei-
fensee, Switzerland) was used to characterize the phase behavior.
DSC was employed to obtain data on transitions by temperature
rising scans (heating rates = 0.2 C/min, 0.5 C/min and 1 °C/min).
Extrapolation to a heating rate of 0 °C/min was used to determine
endset temperatures while average from the three measurements
were used to determine onset temperatures and enthalpy values
of the transitions. Sealed standard aluminium crucibles (40 pl,
Mettler Toledo) were used. Calibration for heat flow was done
using indium (mp 156.6 °C; AH = 28.45 J/g). Onset of melting was
used for calibration because it is almost independent on scan rate.
To take into account the dependence of endset temperature with
scan rate we used extrapolation to zero scan rate.

2.3. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed on a 2277
Thermal activity Monitor (Thermometric). A sample volume of 3-
4 ml was used and 8 consecutive injections of 10 pL/injection were
added using a syringe pump (612 Lund Syringe Pump 2, Thermo-
metric). The temperature was controlled to 25 °C during the mea-
surements. Data treatment was performed in Matlab (MathWorks,
Natick, Massachusetts, USA). Measured thermal powers were cor-
rected with background subtraction and the Tian equation [24]
with 7=270s for each injection and the heat for each injection
was obtained by integration of the peaks.

2.4. Synchrotron small angle X-ray scattering (SAXS) measurements

Synchrotron SAXS measurements on F6H8 and C14 were per-
formed at the MAX IV laboratory (Lund, Sweden). Measurements

were performed at 25 °C on beamline 911-4, with a wavelength
of 091A, a flux of 5*1010 photons/s, sample spot size of
0.3 x 0.3 mm?, and a Pilatus 1M detector. Data reduction was done
in the software Fit2D (Andy Hammersley, European Synchrotron
Radiation Facility, Grenoble, France). Background subtraction was
performed in Matlab. The same sample holder and capillary was
used for data collection of background and sample. SasView (Sas-
View, http://www.sasview.org/) originally developed by the
DANSE project under NSF award DMR-0520547 was used to model
the data.

2.5. Small and wide angle X-ray diffraction (SWAXD)

SWAXD measurements on F6H8 and C14 were performed using
a Ganesha SAXS/WAXS instrument (SAXSLab/JJ-Xray, Denmark)
with CuKg-radiation (X-ray wavelength A =1.54 A). The samples
were mounted in sealed holders between two mica windows and
measured in vacuum. The temperature of the sample holders was
controlled from —50 °C to +25 °C using a Linkam LNP95 cooling
system (Linkam Scientific Instruments Ltd., Tadworth, United
Kingdom). Data analysis, including azimuthal averaging, was done
using SAXSGui from SAXSLab.

3. Results and discussion

F6HS is a semifluorinated alkane that has a large potential for
several applications, among others treatment of dry eye syndrome.
However, very little is known about its physicochemical proper-
ties. In order to increase the understanding of F6H8 interaction
with hydrophobic molecules, we have made an in depth investiga-
tion of the phase behavior of FEH8-tetradecane (C14).

3.1. Thermotropic phase behavior for pure substances

Phase transitions of the pure components (C14 and F6H8) were
investigated using differential scanning calorimetry (DSC). Fig. 1
displays DSC scans with a heating rate of 1°C/min for C14 (A)
and F6H8 (B). C14 displays one solid-liquid transition point with
onset at 5.9+ 0.6 °C and an enthalpy of 242 + 4 ]J/g corresponding
to 48.0 + 0.8 kJ/mol, where standard uncertainties are given as
errors. The measured melting temperature is in agreement with
previous studies which report a melting temperature between
5.3°C and 6.8°C [25-29]. Our measurements gave however a
slightly higher value of the melting enthalpy of C14 compared to
previous studies which report 45 kJ/mol [30-32] and sometimes
as low as 38 kJ/mol [33]. This slightly higher enthalpy value could
be due to the fact that the DSC was calibrated with Indium which
has a rather high melting temperature (156.6 °C) compared to
tetradecane (5.9 °C), which may cause a small error in the enthalpy
measurement.

Pure F6H8 displays two endothermic transitions with onsets at
—42.3 £0.8°C and —5.9 £ 0.6 °C, and enthalpies of 2.7 + 0.7 ]/g and
38.5+0.3]/g corresponding to 1.1+0.3 and 16.6 * 0.6 k]/mol
respectively. The standard uncertainties are given as the errors.
The solid-liquid transition at —5.9°C has a smaller melting
enthalpy than expected (37.7 kJ/mol) and the reason for this is par-
tial crystallinity of F6HS8, which will be discussed below. The minor
transition at —42.3 °C has a non-sharp onset as can be seen in the
insert of Fig. 1B. Furthermore, a dependence was found between
the scan rate and the enthalpy of the peak, with highest enthalpy
obtained with the lowest scan rate. This indicates that it is a
non-equilibrium transition with strong kinetic effects. This can
also be observed in X-ray measurements where differences
between measurements performed at —14 °C and —46 °C are only
occasionally seen. The non-sharp onset could be an indication of
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Fig. 1. Thermotropic phase behavior for C14 and F6H8. C14 (A) displays one solid-liquid phase transition with onset temperature at 5.9 °C while F6H8 (B) displays two phase
transitions with onset temperatures of —42.3 °C (solid-solid) and —5.9 °C (solid-liquid). The insert in B displays the smaller peak in FEH8 at —42.3 °C. DSC measurements with

a heating rate of 1 °C/min are shown.

low purity samples, however as samples with high purity (mole
fraction 0.9988) are used in this study, impurities are not likely
to be the reason for the occurrence of this peak. Neither can this
peak be assigned to a solid-liquid transition due to the low
enthalpy value of 1.1 kJ/mol. Minor transition points, in addition
to the main transition, are also observed in other SFAs. The appear-
ance of these minor transitions is dependent on the chain length of
the fluorinated and hydrogenated segments [3,6,10-12,34,35]. The
nature of these transitions have previously been assigned to tran-
sitions between two liquid crystalline structures [3,10], crystal and
liquid crystal structures [3,10], or increased mobility of the mole-
cules [11,36].

The main transition point of F6H8 at —5.9 °C is in agreement
with the previous reported melting point of F6H8 at —5.2°C
[37,38]. To assess the origin this transition point in F6H8 at
—5.9 °C, the obtained enthalpy value (16.6 k]J/mol) was compared
with literature values for perfluorocarbons and n-alkanes of vari-
ous chain lengths. The melting enthalpy for both perfluorocarbons
and n-alkanes displayed a linear dependence with number of car-
bon atoms in the molecules [30,39-41], Fig. 2.

From a linear fit to literature data for fluorocarbons and n-
alkanes a predicted enthalpy of melting for the fluorinated and
hydrogenated segment in F6H8 was calculated as described in
equation 1:

AH, = 6 * AHp + AHf_eng + 8 * AHy + AHp_eng (1)

were AH, is the predicted value, AHr and AHy is the enthalpy per
carbon in fluorocarbons and n-alkanes, respectively, calculated as
the slope in Fig. 2. The AHp.¢pg and AHp_eng terms are added in order
to consider the contributions from terminal carbons in the fluori-
nated and hydrogenated segment, respectively. They are calculated
as half the y-intercept in Fig. 2. Using this model we predicted
enthalpy of melting for FEH8 to 37.7 kJ/mol, which is much larger
than the measured value of 16.6 kJ/mol. It is therefore not likely
that a solid-liquid transition of both the hydrogenated and fluori-
nated segment occurs at this transition point. Instead either the flu-
orinated or hydrogenated part melts during this transition. Our
model predicts that melting of the hydrogenated segment in FEH8
would give an enthalpy value of 24.6 kJ/mol while melting of the
fluorinated segment would correspond to an enthalpy of 13.1 kJ/-
mol. Thereby our model suggest that melting of the fluorinated seg-
ment occur in the main transition point of F6H8, as this gives the
closest value to the measured enthalpy of 16.6 k]/mol.
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Fig. 2. Enthalpy of melting for n-alkanes (red circles) and perfluorocarbons (blue
squares) obtained from literature [30,39-41]. A linear increase is seen with number
of carbons in the chain. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Several studies have previously found that the melting energies
for both F12Hm [11,35] and F10Hm [3,11] are significantly lower
compared to perfluoroalkanes and alkanes of similar chain length.
Furthermore, for small to medium length of the hydrogenated seg-
ments no increase in the melting energies were found. A linear
dependence with hydrogenated segment length was found for
m > 12 in the case of F1I2Hm and m > 16 in the case of FI0Hm
[10,11,35]. In addition, the melting temperature is strongly depen-
dent on the length of the fluorinated segment [36]. Combining the
temperature dependence on fluorinated segment length with
increase in melting energy due to increased length of the hydro-
genated segment Fujiwara et al. [11] concluded that disordering
of the complete molecule is involved in the melting of SFA mole-
cules. However due to the low melting energy F6H8 has to be
partly disordered also below the melting temperature. Raman as
well as solid state 13C NMR studies have shown that at least the
hydrocarbon segments in several SFAs are in a liquid like confor-
mation and isolated from adjacent hydrocarbon chains below the
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melting temperature [6,36]. This is in good agreement with our
conclusion that the hydrogenated segment of FEH8 remains disor-
dered below the melting temperature while the fluorinated seg-
ment crystalizes [36].

3.2. Thermotropic phase behavior for FEH8-C14 mixtures

In order to obtain information on changes of thermotropic
phase behavior in F6H8:C14 mixtures, DSC measurements were
performed for a series of mixing ratios, see Tables S2-S4. Thereby
the phase diagram displayed in Fig. 3 could be obtained. FEH8 and
C14 display a eutectic phase behavior with a eutectic point at a
weight fraction of 0.04 C14 as determined from the intersection
of the two liquidus lines. The eutectic temperature is —8.8 °C as
determined by the average onset of the melting.

Transition points for the liquidus transitions (triangles) were
obtained from endset of the transitions where a linear dependence
with the heating rate exists (Supporting information Fig. S1).
Extrapolation to a scan rate of 0 °C/min was performed to obtain
close to equilibrium values for the liquidus line using data
obtained with heating rates of 1°C/min, 0.5 °C/min and 0.2 °C/
min. The eutectic line (squares) and the low temperature phase
transition for FEH8 (circles) were calculated as average of the onset
temperature for all heating rates, as no dependence with the heat-
ing rate is observed in this case (Supporting information Fig. S1).
The fit to the liquidus line was obtained from the Schréder equa-
tion and four-suffix Margules equation as described in Section 3.3,
while the fit to the eutectic and low temperature lines were
obtained as average of the measured points.

3.3. Activity coefficients from the phase diagram

F6H8-C14 mixtures display a eutectic phase behavior as seen in
Figure 3. The Schroder equation (Eq. (2)) [42] describes the course
of liquidus in simple eutectic systems. The original equation fea-
tured the concentration but for strict thermodynamic considera-
tions the equation is modified to involve activity instead of
concentration.

10
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Fig. 3. Binary phase diagram of F6H8-C14 with a eutectic point of —8.8 °C at a
weight fraction of 0.04 C14. Above the liquidus line, an isotropic liquid (IL) exists,
between the eutectic and liquidus line isotropic liquid coexist with solid FEH8
(F6HS8(s)) or solid C14 (C14(s)) and below the eutectic line solid F6HS8 is in
coexistence with solid C14. At —43 °C F6H8 undergoes a solid-solid transition: the
low-temperature phase is denoted as s’.
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where g; is the activity of component i (in this case FGH8 or C14), y;
is the activity coefficient of component i, AH;e;r and Ty is the heat
effect and melting temperature of pure component i, while T is
the melting temperature of the mixture. The modification of the
Schroder equation to involve activity instead of concentration
allowed us to calculate the activities for FEGH8 and C14 on the left
and right side of the eutectic point, respectively. Deviation between
the onset and extrapolated endset temperatures were found for the
mixtures but also for the pure substances. This could be due to
impurities in the system or surface effects caused by finite domain
size. Therefore extrapolated endset temperatures were used for cal-
culations of the activities for both the mixtures and the pure sub-
stances. Furthermore, in order to ensure the accuracy in our
calculations we investigated whether C14 and F6H8 form solid
solutions, as discussed later in Section 3.6. The calculated activities
can be seen in Fig. 4A and corresponding activity coefficients are
displayed as the points in Fig. 4B. The C14-F6HS8 system displays
a positive deviation form ideal mixing. Hence the solids are
expected to be stable at higher temperatures compared to ideal
mixing.

The activities of FGH8 and C14, Fig. 4A, were calculated using
the Gibbs-Duhem equation (Eq. (4)) which can be used to obtain
the activities of both components for any given binary mixture
[43].

x,dIn(a;) + x,dIn(a,) = 0 4)

Before utilizing the Gibbs-Duhem equation (Eq. (4)) the activity
coefficients of C14 were fitted to four-suffix Margules equation (Eq.
(5)) [43], red line in Fig. 4B.

In(y,) = 03 + 633 + 0laX5 (5)
where, oy, o3 and oy are fitting parameters found to be 2.70, —2.76
and 1.59, respectively. According to Prausnitz et al. [43] combining
the Gibbs-Duhem equation with the four-suffix Margules equation
gives

3 8
In(y,) = (0(2 +jOC3 + 20£4>X% — (063 +§OC4>X? + a4x‘]‘ (6)

Utilizing Eq. (6) the activity coefficient for FEH8 was obtained
and is displayed as the blue line in Fig. 4B. As seen a good agree-
ment exists between the activity calculated from the Schréder
(blue stars) and Gibbs-Duhem equation. As the eutectic point is
at high mole fraction of F6GH8 (0.90) and the activity coefficient
for F6H8 at this high concentration of F6HS8 is very close to one, cal-
culation of the activity coefficients for C14 from the activity coeffi-
cients of F6GH8 will give rise to large errors and was hence not
preformed.

Using the four-suffix Margules equation we could also obtain a
good fit for the liquidus line on both the C14 and F6HS side of the
eutectic point in the phase diagram, Fig. 5A.

Furthermore, using the equations

GMix — RTx11n(a;) + RTxzIn(ay) 7

G" = RTxIn(y,) + RTx;In(7,) (8)

We calculated Gibbs energy of mixing, Gni, (dashed line in
Fig. 5B) and the Gibbs excess energy, G, (solid line in Fig. 5B). As
can be seen the excess energy is positive for all mole fractions
showing a positive derivation form ideal mixing. Furthermore the
free energy is found to be unsymmetrical with respect to the mole
fraction of the components.



356 A. Runnsjé et al./]. Chem. Thermodynamics 105 (2017) 352-361

08} o 1

activity
o
o

0 0.2 0.4 0.6 0.8 1

mole fraction C14
7 . . . -

activity coefficient
=Y

0 0.2 04 06 0.8 1
mole fraction C14
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Schroder equation (Eq. (2)) for FEH8 and C14 are displayed as blue stars and red
circles, respectively. Four-suffix Margules equation (Eq. (5)) was used to fit the
activity coefficient for C14 (red lines) and combined with Gibbbs-Duhem equation
used to obtain the activity coefficient for FEH8 (blue line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

3.4. Enthalpy of mixing for FGH8-C14

The partial molar enthalpy of mixing for FGH8 and C14 was
investigated using isothermal titration calorimetry (ITC). Fig. 6 dis-
plays titration of C14 into F6H8 and titration of F6HS8 into C14, the
measured values are reported in Tables S5 and S6. Fig. 6A shows
the obtained thermal power from injection of C14 and Fig. 6B dis-
plays calculated heat. In Fig. 6C the obtained thermal power for
titration of FGH8 into C14 is shown while the calculated heat is dis-
played in Fig. 6D. To accurately determine the heat obtained for
addition of C14 into an infinite amount of F6HS, the linear regime
in Fig. 6B and D was used to extrapolate to zeroth injections and
obtain enthalpy of solution at infinite dilution, As,H>. Titration
of C14 to F6H8 results in an endothermic reaction with
AsoiH™(C14) of 4.5 kJ/mol. Titration of FEHS8 into C14 also give rise
to large endothermic energy with Ay, H>(F6H8) of 6.5 kJ/mol. The
larger value for Ag,H>*(F6H8) compared to As,H>(C14) is again
an indication of that the system is asymmetric, as can be seen in

A 30 T r - T
25}

20}
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Temperature / °C
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Fig. 5. A) Application of Schréder equation (Eq. (2)) combined with four-suffix
Margules equation (Eq. (5)) could be used to obtain a good fit to predict the liquidus
lines for FEH8-C14 mixtures. B) Gibbs energy of mixing (dashed line) and Gibbs
excess energy (solid line) calculated from the activity coefficient of FEH8 and C14
obtained using four-suffix Margules equation.

the calculated activity coefficient (Fig.4B) and unsymmetrical
Gibbs energy (Fig. 5B).

3.5. Fluid phase structural investigation

Structural investigation of the fluids at room temperature was
performed using synchrotron SAXS. Measurements were per-
formed on F6H8, C14 and 90:10 and 10:90 w/w mixtures of
F6H8-C14 at the MAX IV laboratory (Lund, Sweden). FEH8 exhibits
one broad peak at q 3.75 nm™! (d-spacing of 1.68 nm), Fig. 7. The
appearance of this peak indicates that FGH8 has a local structuring
due to self-assembly. The d-spacing is close to the size of a dis-
torted F6H8 molecule, which suggests local separation of fluori-
nated and hydrogenated parts in this isotropic fluid. This is in
agreement with our MD simulations, which will be presented sep-
arately. Swelling of the aggregates are observed upon dilution with
C14 and in a 90:10 mixture of F6H8:C14 the peak has shifted to
lower q, corresponding to a d-spacing of 2.09 nm. Upon further
dilution the local organization disappears and samples with 90%
C14 and above do not display any clear peaks in the SAXS spectra.
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regime corresponding to the four first injections in B and all 8 injections in D were used for extrapolation to zeroth injection. Concentration of FEH8 and C14 were calculated

using densities of 1.331 g/mL for FEH8 and 0.762 g/mL for C14.

For the diluted sample with 0.1 wt fraction of FEH8 where the
local ordering is gone, further analysis of the individual SFA mole-
cules was performed by data modelling in the software SasView.
The background corresponding to a capillary containing C14 was
subtracted before modelling. A model for oriented cylinders
described by Egs. (9) and (10) [44] was used to fit the data.

/2
P(q,) = % /0 FA(q,%)sin o do+ bkg (9)

sin gL cos «/2 J,(qr sin )
qL cos o/2 gr sin o

flg,2) =2(Ap)V (10)
where P(q,0) is the 2D scattering intensity, o is the angle between
the axis of the cylinder and the g-vector, V is the volume of the
cylinder, L is the length of the cylinder, r is the radius of the cylin-
der, Ap is the scattering length density difference between the scat-
terer and the solvent taken as an arbitrary value in our modelling, J;
is the first order Bessel function and bkg is the background. It was
found that cylinders with a radius of 0.3 nm and a length of
1.9 nm gave the best fit to our data, Fig. 8. This is slightly less than
the length of the full molecule (2.1 nm) but longer than the length
of the fluorinated segment (0.9 nm), which is the part that gives rise
to contrast in the scattering to the bulk of C14. Other models such as

spherical and elliptical shapes were also evaluated but no good fit
was found using these models.

As a relatively high concentration (10 wt%) of SFA molecules
was used we included a structure factor in the modelling to
account for potential interactions between molecules or aggre-
gates. The hard sphere structure factor, which does not implicate
micelle formation but instead describes excluded volume interac-
tions, was found to give the best with our data, Fig. 8. In this model
the volume fraction of fluorinated segments was fixed to 0.0335,
calculated from the mass fraction of F6H8 and the densities for
perfluorocarbons and n-alkanes.

3.6. Solid state structural investigations

In addition to investigating fluid F6H8, C14 and mixtures
thereof at room temperature, structural investigations were also
performed using SWAXD at temperatures below the eutectic line,
—8.5 °C. Pure C14 displayed a diffraction pattern corresponding
to a fully crystalline material at —14 °C (Fig. 9) and we confirmed
previous reports that tetradecane crystallize in a triclinic lattice
[45,46]. Lattice parameters are shown in Table 1.

F6H8 also generates a set of Bragg peaks corresponding to an
ordered crystalline structure at temperatures below the melting
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Intensity / A.U.

q/ nm’’!

Fig. 7. Small angle X-ray scattering (SAXS) measured for FEH8, C14 and mixtures
thereof. The samples contained 1 (blue solid line), 0.9 (green dashed line), 0.1 (red
dotted line) and 0 (magenta dash-dot line) weigh fraction of F6H8. Background
acquired with empty capillary is subtracted for all samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Intensity / A.U.

q/ nm”

Figure 8. SAXS profile for a C14 sample containing FEH8 at a weight fraction of 0.1.
Background corresponding to the capillary containing pure C14 was subtracted.
Experimental data (black stars) as well as the best obtained fit (grey dots), using the
monodisperse cylindrical model with a radius of 0.3 nm, a length of 1.9 nm and a
hard sphere structure factor is shown.

temperature, —5.9 °C (Fig. 10). However, the diffractogram con-
tains an additional diffuse “peak” with a maximum close to
g=4nm', similar to the spectrum for liquid FEH8 at room tem-
perature shown in Fig. 7. This is in agreement with the DSC mea-
surements where we found that the enthalpy change for the
main transition in FEH8 was smaller than expected from melting
of a fully crystalline sample. It corresponds to what is expected
for melting roughly half the FEH8 molecule and it is likely that
the fluorinated or hydrogenated segment remains amorphous at
—14°C. Indeed, several studies on SFAs have shown that the
hydrogenated segments do not close pack [6] and have a liquid like
conformational freedom below the melting transition [36].

A closer look at the WAXD-part of the diffractogram (Fig. 10)
allows us to deduce the sub-unit cell packing of the FEH8 mole-
cules. It has previously been suggested that SFA crystals orient in
a hexagonal rotator phase similar to odd n-alkanes [6,35,47]. A
hexagonal structure would however only give rise to one peak
while our measurements at -14 °C give rise to three peaks at
q=13.66, 13.84 and 14.66 nm~' (Fig. 10). These peaks best
describe an oblique (monoclinic 2D) sub cell with lattice parame-
ters a and c equal to 0.86 and 0.54 nm, and the corresponding angle
B 91.1° (i.e. close to a rectangular (orthorhombic 2D) Ilattice,
£ =90.0°) (Table 2, Fig. 11) [48]. The difference in peak intensities
is furthermore somewhat problematic since p=91.1° is close to
orthogonal we therefore would expect similar intensities in the
(1_1) and (—1_1) peaks. It is possible to index these Bragg peaks
as corresponding to two coexisting subunit cells and the higher
intensity in the (-1_1) peak can then result from a coexisting
hexagonal phase (indexed on a rectangular lattice, a=0.92 nm,
¢=0.53 nm and B =90). Two coexisting subunit cells may perhaps
favour formation of the ripple phase proposed below, but no addi-
tional peaks at higher q's related to a hexagonal phase could be
observed in the provided diffractogram (Fig. 10 and 0 < q < 30+).

It is furthermore interesting to note that while hydrocarbons
may crystallize in a hexagonal or orthorhombic sub cell with
G110~ 15nm™~! [49], fluorocarbons (like F20HO0) and SFAs (like
F12H8) give q;70~ 13 nm™! for the hexagonal sub cell [6,47]. This
evidences the larger cross-sectional area displayed by fluorinated
carbon chains compared to hydrogenated ones. Relating these facts
to our partly fluorinated F6GH8 with a monoclinic sub cell and
g1 ~14nm~! (Table 2) we conclude that its cross-sectional area
is close to the average of what would be expected for a pure hydro-
carbon and a pure fluorocarbon crystal, respectively. Therefore, the
F6HS8 crystal has to comprise an alternating.

The SAXD-part of the diffractogram (g-range 1-13 nm~’,
Fig. 10) reveals a rather complex set of eight Bragg peaks at
—14 °C (Table 3). Four of these peaks, related to the first and most
intense peak (q = 3.10 nm™'), meet the higher order condition for a
lamellar phase with a layer spacing of 2.03 nm. However, such sim-
ple lamellar structure does not accommodate the remaining four
Bragg peaks. Instead we observe the similarity between our diffrac-
togram (Fig. 10) and the one presented by Marczuk and Lang for
F12H8 [47], from which they propose an undulating lamellar ripple
phase based on a two-dimensional oblique unit cell. Indeed it is
also possible to index our SAXD pattern in this way (Table 3) based
on equation 11:

2n [ K 2hk
qh.k:W P+?7ECOSF (11)

We propose that F6H8 also crystallizes in a lamellar ripple
phase which is illustrated in Fig. 11. The lattice parameters A, B
and I for this ripple phase at —14°C are 9.42 nm, 4.64 nm and
167.6°, respectively, where the ripple wave length, 1, is reflected
in A (Table 3). The FEH8 molecules form a tilted alternating mono-
layer structure with an oblique subunit cell. The density (p) corre-
sponds to 1.558 g/cm?, which is slightly lower than expected from
a fully crystalline system but higher than what would be obtained
with liquid like hydrocarbon parts (1.331 g/cm?). Based on the esti-
mated length of one single FGH8 molecule (2.1 nm) the tilting
angle, \, has to be approximately 18.4°. Capital letters are used
to distinguish the lattice parameters for the ripple phase from
those describing the sub-cell. To our knowledge this is the first
time such rippled phase has been identified for SFA’s above their
minor transition point (c.f. FEH8: —42 °C, Figure 3).

Attempts were also made to resolve the structure of F6H8
below the minor transition point, -42 °C. At —46 °C only a small
change in the diffraction pattern for FEH8 was seen compared to
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Figure 9. X-ray diffractogram of tetradecane at -14 °C. packing of hydrogenated and fluorinated carbon segments to fit the structural requirements.

Table 1
Lattice parameters (a, b, ¢, o, B, v) and densities (p) for triclinic C14 crystals obtained in our study and in the previous study by Nyburg et al. [45] at pressure (P) of 0.1 MPa“.
a/nm b/nm ¢/nm af° Bl° v/° p/gcm™3 T/°C
Current study 0.429 0.481 2.00 84.54 65.99 73.61 0.915 -14
Nyburg et al. [45] 0.429 0.482 1.98 84.10 66.82 73.00 0.920 Not specified

3 Standard uncertainties u in the current study are u(p)=0.052 g cm~>, u(T) =1 °C and u(P) = 0.03 MPa.
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Figure 10. X-ray diffractogram of F6H8 at —14 °C. The insert displays a magnification from q=8nm™! to 17 nm~'. (h,_I) values are assigned in blue to peaks used for
calculation of the monoclinic subunit cell and (h,k,_) values are assigned in black to peaks originating from the ripple phase structure. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Observed and calculated peak positions (qops and qcaic) together with corresponding lattice parameters (a, ¢ and B) and miller indexes (h, k, 1) for the monoclinic sub-cell of the
F6H8 crystal measured at two temperatures (T), —14 °C and —46 °C, respectively at pressure (P) of 0.1 MPa®.

T/°C h k I Qobgy/nm ! Gcaig/nm ™! Aql/nm~! a/nm ¢/nm B
-14 -1 _ 1 13.60 13.60 0.002 0.86 0.54 91.13
1 _ 1 13.84 13.84 0.002
2 _ 0 14.66 14.66 0.002
—46 -1 _ 1 13.76 13.76 0.000 0.85 0.53 91.09
1 _ 1 14.00 14.00 0.003
2 _ 0 14.72 14.72 0.002

@ Standard uncertainties u are u(T) =1 °C, u(qobs) = U(qops)/ U|qobs| = 0.02 and u(P) = 0.03 MPa.
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Fig. 11. Crystal structure and lattice for the postulated F6HS8 ripple phase. Lattice
parameters a, ¢, B, and A, B, I" are provided in Tables 2 and 3, respectively. d is the
layer spacing and \ is the tilting angle of the FEH8 molecule vs. the normal to the
A-axis.

Table 3

measurements performed at —14 °C. However due to difficulties to
measure at such low temperatures it might be possible that the
F6H8 sample was not fully below the minor transition point. Fur-
thermore, SFAs like F8H10 tend to supercool and form a metastable
phase [10]. Nevertheless, a small decrease in the lattice parameters
for the monoclinic sub cell could be observed when lowering the
temperature down to —46 °C, while no change was observed in
the long range order (Table 3). The minor transition could be the
onset of rotational motions which would give rise to looser packing
above the transition point.

SWAXD measurements were also performed on mixtures of
F6H8 and C14 at —14 °C, Fig. 12. F6H8 and C14 crystals are in equi-
librium with each other in mixtures at —14 °C. All Bragg peaks
belong to either C14 crystals or F6H8 crystals and the intensity
for the C14 peaks decreases with decreased C14 content. However
the two phases do affect each other. This can be seen in supporting
information Fig. S2 where the intensities of peaks originating from
the pure F6H8-phase and the pure C14-phase are shown. The
intensity of the F6H8 peak is significantly reduced already after
addition of C14 to a weight fraction of 0.1, and shows that the pure
F6H8-phase is very sensitive to C14. The C14-phase is less affected

Observed and calculated peak positions (qops and qcaic) together with corresponding lattice parameters (A, B and I') and the miller indexes (h, k, 1) and calculated densities (p) for
the ripple F6GH8 phase measured at two temperatures (T), —14 °C and —46 °C, respectively measured at a pressure (P) of 0.1 MPa.?

T/°C h k I Gopy/NM ! qca/nm ™! Agl/nam~! A/nm B/nm r/p plgcm™3
-14 1 0 _ 3.10 3.10 0.000 9.42 4.64 167.6 1.558
-1 1 _ 333 3.33 0.000
0 1 _ 6.29 6.29 0.000
2 0 _ 6.22 6.20 0.020
-2 2 _ 6.52 6.66 0.140
1 1 _ 9.39 9.34 0.049
-1 2 _ 9.62 9.58 0.044
0 2 _ 12.54 12.58 0.040
—46 1 0 _ 3.10 3.10 0.000 9.42 4.64 167.6 1.587
-1 1 _ 333 3.33 0.000
0 1 _ 6.29 6.29 0.000
2 0 _ 6.22 6.20 0.020
-2 2 _ 6.52 6.66 0.140
1 1 _ 9.39 9.34 0.049
-1 2 _ 9.62 9.58 0.044
0 2 12.54 12.58 0.040

2 Standard uncertainties u are u(T) =1 °C, u(p) = 0.054 g cm >, u(qops) = U(qops)/ |dops| = 0.02 and u(P) = 0.03 MPa.
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Fig. 12. X-ray diffractograms from mixtures of FEH8 and C14 at —14 °C. Measurements corresponding to decreasing weight fractions of F6HS8, 1 (blue), 0.99 (cyan), 0.95
(green), 0.90 (black), 0.50 (magenta) and O (red), are shown from the top and down. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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by addition of FEH8. The asymmetry of the system is also in agree-
ment with observed asymmetry in Gibbs energy (Fig.5B) and
activity (Fig. 4A) of the fluid phase. The fact that no changes in peak
positions for C14 are visible and that the decrease in peak intensity
is linear with decreased amount of C14 indicates that no solid solu-
tion of F6H8 in C14 is formed. However, the nonlinear decrease in
peak intensity for FEH8 shows that a solid solution of C14 in FEH8
might be formed. Nevertheless, we only use the activities for C14
when calculating the activity coefficients and Gibbs energy and
hence these calculations are not affected by formation of solid
solutions.

4. Conclusions

We conclude that pure C14 has one solid-liquid transition at
5.9°C (AH=48.0kJ/mol), in accordance with previous studies.
F6H8 displays two transitions, one minor at —42.3 °C (AH = 1.0 kJ/-
mol) and one major at —5.9 °C (4H = 16.6 kJ/mol). The minor tran-
sition likely corresponds to a solid-solid transition of FEH8 while
the main transition corresponds to a solid-liquid transition. How-
ever, due to the low enthalpy of the main transition it is likely that
F6HS8 is not fully crystallized in the solid phase but partly amor-
phous. The data indicates that most probably the fluorinated seg-
ment is crystalline while the hydrogenated segment is
amorphous. F6H8-C14 mixtures were found to display eutectic
phase behavior with a eutectic point at —8.8 °C and a C14 weight
fraction of 0.06. We determined the enthalpies of solution at infi-
nite dilution and 25 °C to be 4.5 kJ/mol C14 in F6H8 and 6.5 kj/mol
F6H8 in C14. The asymmetry in the ITC measurements are in
agreement with calculated activity coefficients and energy of mix-
ing which also displayed an asymmetry with regard to composi-
tion. C14 crystalizes in a triclinic unit cell as shown before,
whereas crystallization of FGH8 in a lamellar ripple phase is shown
for the first time. This ripple phase comprises a bilayer of tilted
alternating heavily interdigitated FEGH8 molecules in an oblique
subunit cell.
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Table S1. Substance table

Chemical name Source *Initial mole  Purification *Density  *Refractive
fraction method at 20 °C index at 20
purity /g mL? °C

Perfluorohexyloctane Novalig GmBH 0.9988 none 1.331 1.343

Tetradecane Sigma Aldrich  0.99 none 0.762 1.429

* As specified by the producer.

Table S2.
Experimental (solid + liquid) equilibrium temperatures T and liquid mole fractions x for the system
tetradecane (C14) + perfluorohexyloctane (F6H8) at pressure P=0.1Mpa.?

wt% C14 Xc14 T/°C Solid phase
0 0.000 -5.9 F6H8
1.0 0.022 6.1 F6H3
2.1 0.045 -6.8 F6HS
3.1 0.064 7.2 F6HS
4.0 0.083 -8.1 F6HS
4.9 0.102 -8.0 Cl4
6.3 0.128 -5.3 Cl4
8.3 0.165 3.4 Cl4
10.0 0.195 2.0 Cl4
20.0 0.353 1.4 Cl4

30.0 0.483 3.1 Ci4
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50.0 0.685 4.1 Ci4

66.9 0.815 4.8 Ci4
90.0 0.952 6.1 Ci4
100.0 1.000 5.9 C14

2 Standard uncertainties u are u(T) = 0.6 °C, u(x) = 0.001 and u(P)= 0.02 MPa.

Table S3.
Experimental eutectic temperatures T and mole fractions x for the system tetradecane (C14) +
perfluorohexyloctane (F6H8) at pressure P = 0.1 MPa.?

wt% C14 Xcia T /DC
0 0.000

1.0 0.022 94
2.1 0.045 -8.8
3.1 0.064 -8.6
4.0 0.083 -8.7
4.9 0.102 -8.5
6.3 0.128 -8.6
8.3 0.165 -8.7
10.0 0.195 -8.8
20.0 0.353 -8.7
30.0 0.483 -8.8
50.0 0.685 9.1
66.9 0.815 -9.5
90.0 0.952 -11.2
100.0 1.000

2 Standard uncertainties u are u(T) =0.7 °C, u(x) = 0.001 and u(P) = 0.02 MPa.

Table S4. Experimental temperature measured for the solid-solid transition of F6EH8 at pressure P =
0.1 MPa.?

wt% C14  Xcia T/°C
0 0.000 -42.3
1.0 0.022 -43.2
2.1 0.045 -44.3
3.1 0.064 -45.8
4.0 0.083 -46.3
4.9 0.102 -46.7
6.3 0.128 -46.5
8.3 0.165 -47.9
10.0 0.195 -46.9
20.0 0.353 -45.5
30.0 0.483 -47.1
50.0 0.685 -47.2
66.9 0.815 -46.8
90.0 0.952 -47.6
100.0 1.000

2 Standard uncertainties u are u(T) =1 °C , u(x) = 0.001 and u(P) = 0.03 MPa.
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Figure S1. Transition endset (blue diamonds) and onset temperatures (red squares) for FGH8 and C14
obtained with DSC using heating rates of 1, 0.5 and 0.2 °C/min. Endset temperatures decrease linearly
with decreased heating rate, while the onset temperatures remain constant. Extrapolation to 0 °C/min
heating rate, using a linear fit, were hence used to determine endset of transition points.



Table S5. Experimental enthalpy of solution for titration of F6H8 into C14 at pressure p = 0.1 MPa and
temperature T=25 °C.?

Injection Final mixture AH
number composition /kimol?
(F6H8/C14)
after injection
/molkg?
1 0.012 6.49
2 0.024 6.42
3 0.037 6.40
4 0.049 6.45
5 0.062 6.35
6 0.073 6.37
7 0.085 6.29
8 0.098 6.25

3 Standard uncertainties u are u(F6H8/C14) = 0.002 mol kg?, u(AH)=0.3 kimol?, u(p) = 2 kPa and u(T)
=0.01°C

Table S6. Experimental enthalpy of solution for titration of C14 into FEH8 at pressure p = 0.1 MPa and
temperature T = 25 °C.7

Injection Final mixture AH
number composition /kimol?
(C14/F6HS)
after injection
/molkg™
1 0.009 4.22
2 0.019 3.92
3 0.028 3.58
4 0.037 3.31
5 0.047 3.17
6 0.056 3.00
7 0.065 2.84
8 0.074 2.74

2 Standard uncertainties u are u(C14/F6H8) = 0.003 mol kg, u(AH)=0.2 kJmol?, u(p) = 2 kPa and u(T)
=0.01°C
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Figure S2. Normalized peak intensities measured by SWAXD for peaks representing pure C14 and
F6HS. For F6HS8 (blue stars) the peaks at q=6.3 nm™ were used and for C14 (red circles) the peaks at

9=16.7 nm* were used.
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