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From nano-emulsions to phase separation:
evidence of nano-segregation in (alkane +
perfluoroalkane) mixtures using **°Xe NMR
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In this work we demonstrate that mixtures of (hexane + perfluorohexane) above the upper critical
solution temperature segregate by forming domains at the nanometric scale. *?Xe NMR spectra
obtained for solutions of xenon in liquid mixtures of (hexane + perfluorohexane) as a function of
temperature suggest the existence of domains richer in the hydrogenated component, in which xenon
"prefers” to be solvated. The average local concentration within the xenon coordination sphere is at
least 0.05 higher in hexane mole fraction than the nominal concentration of the mixture. Atomistic
molecular dynamics simulations support this analysis in excellent agreement with the experimental data.
Additionally, 12°Xe NMR spectra in pure perfluoroalkanes allow a detailed analysis of the liquid structure,
continuing that previously reported for the liquid alkanes. It should be emphasised that nano-
segregation is here observed in fluids governed exclusively by dispersion interactions, in contrast to
other examples in which hydrogen bonding and polarity play important roles. Given its simplicity, this

Received 18th October 2018,
Accepted 15th January 2019

DOI: 10.1039/c8cp06509h
case study is thus prone to have a general impact in understanding the early mechanisms of

Published on 16 January 2019. Downloaded by Universidade de Evora (UEvora) on 1/7/2020 2:47:55 PM.

rsc.li/pccp

1. Introduction

Nano-segregated fluids, of which nano-emulsions are a prime
example, are interesting and important systems both from a
fundamental and an applied point of view. The existence of
mesoscale inhomogeneity in fully miscible mixtures of simple
fluids is an intriguing phenomenon with significant implications
in the solvation behaviour of mixtures and has recently prompted
studies on various different systems."?

At the molecular level, nano-segregation stems from a subtle
balance between “favourable” and “‘unfavourable” intermolecular
interactions that, although able to overcome the tendency of
phase separation, nevertheless allow the formation of discrete
domains. In other words, understanding nano-segregation is a
step towards controlling miscibility, self-assembly and ulti-
mately solubilisation. The importance to many technologically
and biologically important processes, in which solubility is
often a limiting factor, is thus apparent. Drug efficacy, for example,
is frequently severely limited by poor solubility. Nano-emulsions
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segregation, phase separation and self-assembly.

are potentially novel drug delivery systems,® allowing sustained
and controlled release of drugs and improving their efficacy.

Most common nano-segregated liquids are formed by a
distribution of polar and apolar domains. The former are often
aqueous, while the latter are almost always formed by alkyl
chains. Hydrogen bonding between water molecules and hydro-
phobic effects play a central role in these systems. However,
there is a different type of apolar medium, formed by perfluori-
nated chains, which are simultaneously hydrophobic and
“organophobic”. Mixtures of alkanes with perfluoroalkanes
are perhaps the simplest systems that demonstrate this low
affinity between perfluorinated and hydrogenated compounds.
Formed by molecules of comparable shape and volume, at
similar thermodynamic conditions, and governed solely by
dispersion forces, mixtures of alkanes + perfluoroalkanes could
be expected to be the ultimate example of an ideal mixture. On
the contrary, they typically display large regions of liquid-liquid
immiscibility, low-boiling azeotropes and very large and positive
excess volumes and enthalpies. This unexpected behaviour has
long been known and interpreted as a sign of abnormally weak
intermolecular dispersion forces between hydrogenated and
fluorinated chains, whose underlying physical causes remain
unexplained.

Therefore, systems where fluorinated and hydrogenated
chains coexist tend to display segregation. Indeed, different
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levels of organization and segregation have been observed,
such as diverse liquid crystal phases in pure semifluorinated
compounds,! the formation of micelles of semifluorinated
alkanes (SFA) in alkane or perfluoroalkane solvents,”> or small
nano-segregated domains in ionic liquids.®” It is thus plausible
that simple (alkane + perfluoroalkane) mixtures, above the
upper critical solution temperature (UCST), already display a
certain degree of nano-segregation, forming domains of different
local compositions. It should be emphasised however, that in
this case segregation is the result of a subtle balance between
relatively weak dispersion forces. The possibility of nano-
segregation in (alkane + perfluoroalkane) systems was suggested
by molecular dynamics simulation results in previous work by our
group,® and one of the objectives of the present study is to
examine this hypothesis using a combination of **Xe NMR and
molecular dynamics simulations.

The "*Xe isotope (26% natural abundance) is active in NMR
and its large polarizability gives it very high sensitivity to the
immediate molecular environment; the range of chemical
shifts for atomic xenon is larger than 200 ppm, depending only
on the solvent. Moreover, its intermolecular potential is similar
to that of n-alkanes'® and being a spherical particle, it should
cause only a negligible structural perturbation when dissolved
in a liquid and used as an NMR probe. In recent work on the
liquid structure of alkanes,'* an approach combining '*°Xe
NMR and molecular dynamics simulations allowed us to show,
among other effects, that xenon is preferentially solvated by the
methyl groups of n-alkane molecules, suggesting that these
liquids tend to create cavities near the ends of the molecules,
an effect that is more pronounced for the longer n-alkanes.
We have also demonstrated the utility of this approach when
applied to more complex systems such as ionic liquids;'? in this
case, "*°Xe NMR was able to identify changes in the liquid
structure along a homologous series of ILs and, in combination
with MD simulations, to demonstrate differences in the mobility
and accessibility of xenon to the polar and nonpolar regions of
the liquid structure. In a recent paper, Welton and co-workers'?
have used *°Xe NMR in combination with other experimental
techniques (SAXS and PALS) to elucidate the structure of ionic
liquid mixtures. Finally, Pines and co-workers'* have recently
reported a new class of >>Xe NMR contrast agents based on
PFC nanoemulsions, and demonstrated their potential use in
applications such as chemical sensing or molecular imaging.

A significant number of computer simulations of (alkane +
perfluoroalkane) mixtures can be found in the literature.'>
Using both united-atom and atomistic force fields, all these
studies have shown that substantial reductions of the cross
interaction energy parameter from the geometric mean value
need to be used to reproduce the experimental properties of the
mixtures (phase equilibria, cross virial coefficients, gas solubi-
lity and excess enthalpy). It is also known, however, that the
large positive excess volumes of these mixtures are in general
not reproduced by the simulations'”>* and that the mentioned
reduction of the cross-interaction energy parameter has a
negligible effect on the volume of mixing. In our opinion,
ignoring the large excess volumes displayed by these mixtures
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is a major drawback of previous models. Indeed, in recent
work,>* we demonstrated that an adequate description of the
volumetric behaviour is crucial to an overall correct modelling
of these systems. This can be achieved by optimizing both the
size and energy parameters of the cross interaction between
fluorinated and hydrogenated chains to simultaneously repro-
duce the excess enthalpies and volumes. This approach was
already followed by Zhang and Siepmann'® for the united-atom
TraPPE force field, and is here applied to a more detailed
atomistic model.

In this work, '*°Xe NMR spectra were obtained, as a function
of temperature, for solutions of xenon in pure perfluoroalkanes
and in (hexane + perfluorohexane) mixtures. As previously
described, these mixtures display extremely large deviations
from ideality, including liquid-liquid immiscibility. As the
upper critical solution temperature (UCST) is approached,
reorganization at the molecular level can thus be expected.
Starting from a macroscopically homogeneous liquid, well
above the UCST, a gradual increase of mutual segregation
should take place, leading to the formation of gradually larger
and more stable inhomogeneities, domains or clusters and
finally to coexisting liquid-liquid domains (phase-separation).
Our '*°Xe NMR results distinctively show that xenon is able to
sense these gradual changes, occurring within its coordination
sphere, i.e., at the molecular level. The same systems were
studied by molecular dynamics simulations using an atomistic
force field. The results are interpreted together in order to
elucidate the local liquid structure of the pure and mixed
solvents, and their preferential molecular interactions with
xenon. Nano-segregation in the (alkane + perfluoroalkane)
mixtures above the liquid-liquid critical temperature is demon-
strated and quantified.

2. Experimental

Xenon gas (99.995%, natural isotopic abundance) was purchased
from Air Liquide. Perfluoropentane (F5) and perfluorononane (F9)
were obtained from Apollo Scientific, with 97% (85% n-isomer)
and 99% purities, respectively; perfluorohexane (F6, 99%),
perfluorooctane (F8, 98%) and n-hexane (H6, 99%) were
obtained from Aldrich. All substances were used as received.
For the determination of the *Xe chemical shift in the pure
solvents, gaseous xenon was bubbled through around 0.5 ml of
the liquid in a standard 5 mm NMR tube, for at least 1 minute
using a PTFE capillary; the NMR tube was then capped and
sealed with Parafilm. For the reference, a standard 5 mm NMR
tube was filled with xenon (which is denser than air), at atmo-
spheric pressure, and capped in a similar way. The H6 + F6
mixtures were prepared by weight, using a Mettler AE240
analytical balance, in 5 mm NMR tubes equipped with
J-Young glass + PTFE valves to prevent evaporation; first, xenon
was bubbled through an appropriate amount of H6 inside the
NMR tube (followed by weighing), and then F6 was added in
order to obtain the desired composition. A sealed capillary
glass tube filled with deuterated methanol was introduced into
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the sample tubes, in order to allow the use of a deuterium
frequency lock.

The spectra were obtained using a Bruker Avance III 500 MHz
spectrometer equipped with a broadband 5 mm probe. Radio
frequency pulses with a duration of 5 s, with an interpulse delay
of 10 s, were used to record each free induction decay (FID),
without spinning the sample. Between 20 and 200 scans were
typically necessary, at each experimental point, to obtain spectra
with good signal-to-noise ratios, and an exponential line broad-
ening of 5 Hz was applied to the recorded FIDs. The spectrum of
the reference sample was obtained in the beginning and at the
end of each day of measurements to ensure that no drift occurred
during the experiments.

The temperature of the NMR probe was measured with its
integrated thermocouple and digitally controlled using an
electrical resistor to heat a flow of either liquid nitrogen vapour
or cooled air, which passed around the sample tube. This
system was calibrated (sample T vs. set T) using a specially
constructed platinum resistance thermometer (Pt100) mounted
inside an NMR tube, which allowed not only the precise determi-
nation of temperature but also an estimate of the time necessary
to achieve thermal equilibrium in the sample after a change in the
set temperature, as well as of the temperature stability. Both the
accuracy and stability of the control system are expected to be
better than 0.5 K. Molar magnetic susceptibilities of the studied
perfluoroalkanes were determined in this work according to the
method of Frei and Bernstein.?” The measured values, as well as a
detailed description of the procedure, can be found as ESL¥

2.1 Molecular dynamics

Alkanes and perfluoroalkanes (PFA) were modelled according
to the OPLS-AA force field of Jorgensen et al.,***” and xenon
was represented as a Lennard-Jones sphere, with the para-
meters proposed by Bohn et al.>® Molecular dynamics simula-
tions were performed using the DL_POLY Classic?® code, in the
NpT ensemble with periodic boundary conditions in all directions.
Temperature and pressure were maintained using the Nosé-
Hoover thermostat and barostat with coupling constants of 0.5
and 2 ps, respectively. A cut-off distance of 14 A was used for
both non-bonded Lennard-Jones and electrostatic potentials,
applying standard analytic tail corrections for the dispersive
energy and virial coefficients and the Ewald summation
method to the electrostatic interactions beyond the cut-off.
All bonds involving hydrogen atoms were constrained to their
equilibrium distances using the SHAKE algorithm, and the
equations of motion were integrated in 2 fs time-steps.

The structure of the solutions of xenon in PFA was analysed
from 20 ns long simulations of one xenon atom in between
80 to 120 solvent molecules, from which radial distribution
functions were obtained. These simulations were run at 1 atm
and at the same reduced temperature 7, = 0.58, in order to
compare the behaviour of the systems in similar thermo-
dynamic states.

For the simulations of (H6 + F6) mixtures, a total of 256
molecules were used, and at least 5 ns of simulation time was
used to average the desired properties. After establishing the
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fluorine-hydrogen binary interaction parameters, a single xenon
atom was inserted in each simulation box using the Packmol
software®® and the radial distribution functions were obtained
from 20 ns runs, after 1 ns of equilibration time. The simulation
parameters were the same as above.

3. Results and discussion
3.1 Xenon in pure perfluoroalkanes

The measured chemical shift, J..,, of a given nucleus can be
regarded as the sum of the chemical shift in the isolated
molecule, §°, the effect of the bulk magnetic susceptibility of
the solvent, Jy,, and the chemical shift due to intermolecular
interactions, 0, (eqn (1)). The latter term, also named the
medium shift, is the quantity more relevant to the present study.

Sexp = 0° + Op + Om €))

2%Xe chemical shifts have been measured as a function of
temperature for solutions of xenon in 4 linear perfluoroalkanes
(perfluoropentane (F5), perfluorohexane (F6), perfluorooctane
(F8) and perfluorononane (F9)) from the melting point of the
solvent to either its boiling point or the temperature limit of the
used NMR probe. The experimental values were then corrected
for the effect of the bulk susceptibility of the solvent and
referenced to the chemical shift of gaseous xenon extrapolated
to zero pressure, as discussed in more detail in previous work."*
The calculated medium shifts are reported in Table 1 and
shown in Fig. 1a. The bulk susceptibility corrections were
calculated using the molar magnetic susceptibilities deter-
mined in this work and the experimental densities previously
reported.®'

As can be seen, the "“"Xe medium shifts are always lower
than 100 ppm, which is a clear sign of very weak inter-
actions between xenon and perfluoroalkanes. To the best of
our knowledge, these are among the lowest chemical shifts
reported for xenon in a liquid solvent. In r-alkanes, for example,
129%e medium shifts range between 130 and 200 ppm. The **Xe
medium shift measured in liquid ethane®* at 296 K (orthobaric
conditions) has a value of 93 ppm, which falls within the range of
values measured in the present work. However, ethane in those

129

Table 1 *?°Xe medium shifts (5,y)) in perfluoroalkanes

Perfluoropentane Perfluorohexane Perfluorooctane Perfluorononane

T/K om/ppm  T/K  On/ppm T/K  Sn/ppm  T/K Om/pPpm
175.4 98.8 238.7 85.3 254.9 86.0 287.2 79.9
198.0 93.8 249.4 83.1 260.3 85.0 293.0 78.8
220.7 88.2 260.3 80.1 281.8 303.5 77.0
238.7 82.7 271.6 78.8% 293.2 77.3 325.0 72.8
243.3 824 281.8 75.4 303.5 75.7
2549 78.7 2909 734 325.0 71.6
266.0 77.0 292.3 74.1°
288.7 71.5 303.5 70.8

313.0 69.3¢

318.1 67.4

325.0 66.0

“ Results used in the analysis of the (H6 + F6) mixture.
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Fig. 1 129%e medium shifts in perfluoroalkanes (left) as a function of temperature and (right) as a function of the reduced temperature of the solvent.

conditions is very close to its critical point (7, = 0.97) and has an
extremely low liquid density, unlike the solvents now studied.

The Xe medium shifts in PFA decrease linearly with tem-
perature for each substance, following the decrease of density
and, at constant temperature, increase with the chain length
of the solvent. In a previous paper we demonstrated how
important it is to compare the behaviour of different systems
at similar thermodynamic conditions. As an attempt to do so,
the same '*°Xe medium shifts are also shown in Fig. 1 as a
function of the reduced temperature (7, = T/T.) of the solvent.
As can be seen, the values for each solvent at the same T}
become closer, but seem to have a larger dispersion than was
observed for the n-alkanes."® This behaviour, already seen in
other physical properties, may be related to differences in the
structure of the solvent in the vicinity of xenon when the chain
length increases. However, it should be considered that at least
part of the effect might come from the presence of isomeric
impurities in the used perfluoroalkanes; as was seen for
alkanes, xenon dissolved in different isomers can have very
different chemical shifts.

Xe chemical shifts depend on the number, nature, distance
and orientation of the groups within xenon’s coordination
sphere. The average number and distance of groups can be
calculated from the solvent molar density,®* assuming a uniform
distribution of the groups throughout the liquid. The measured
2%Xe medium shifts are shown in Fig. 2 as a function of the mean
molar density of carbon atoms for each solvent. Using this
representation, we can compare the interactivity between xenon
and the CF, and CF; groups of perfluoroalkanes, assuming that
the local density of the solvent in the vicinity of xenon atoms is
equal to the mean bulk density and that the xenon atoms are
randomly distributed within the solvent, i.e., no specific locations
are preferred by the solute.

In this representation the *°Xe shifts in different solvents
form a series of straight parallel lines with positive slope. This
supports the assumption that, for a given solvent, the density
of shielding groups in the close vicinity of xenon is linearly
related to the bulk density. It can now be seen that the shorter
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Fig. 2 12°Xe medium shifts in perfluoroalkanes, as a function of the mean
molar density of carbon atoms of the solvent. The dashed line represents
the estimated xenon medium shift in a perfluoroalkane formed exclusively
of CF, groups and x is the experimental *2°Xe medium shift in PTFE.*

perfluoroalkanes, which have a larger proportion of CF; groups,
are more interactive towards xenon than the longer ones, in
which the CF, groups predominate. Moreover, there is a regular
evolution of the xenon medium shift with the increase in the
size of the perfluoroalkane, allowing the correlation of this
quantity with the molar density of CF, and of CF; groups in the
solution; a multilinear regression yields 0, = 5.673p(CF;) +
3.539p(CF,) — 53.876 ppm, which reproduces the observed
medium shifts with a standard deviation of 0.5 ppm. This
correlation allows us to calculate the medium shift of xenon
in any n-perfluoroalkane, providing its density is known.

The same correlation was used to predict the chemical shift
of xenon in poly(tetrafluoroethylene) (PTFE or Teflon), which
can be regarded as an infinite perfluoroalkane formed only of
CF, groups. This prediction is shown in Fig. 2 as a dashed line.
At this temperature PTFE is a solid, formed by variable propor-
tions of crystalline and amorphous regions. It can be assumed
that the experimentally measured **°Xe chemical shift is only
due to xenon atoms dissolved in amorphous regions whose
structure is probably comparable to a liquid perfluoroalkane.

Phys. Chem. Chem. Phys., 2019, 21, 3742-3751 | 3745
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Fig. 3 (left) Xenon—fluorine radial distribution functions for the studied PFA solutions; (right) ratio between the local fraction of —CF3 fluorine atoms in

the coordination sphere of xenon and their global molar fraction, as a function of the radius of the sphere.

Using an estimate of the density of pure amorphous PTFE,*
the experimental Xe chemical shift in PTFE at 298 K** is also
included in Fig. 2 and, as can be seen, the agreement with our
prediction is very good.

Links between the observed chemical shifts and the structure
of xenon’s coordination shell (in terms of number, distance, and
arrangement of groups) can be established through molecular
dynamics simulations, by examining the radial distribution
functions between xenon and the two types of fluorine atoms of
the different solvents (F in CF;, and F in CF,). The results are
shown in Fig. 3(left).

As can be seen, the rdfs between xenon and the fluorine
atoms of CF; groups are more intense at shorter distances,
up to around 5.5 A, meaning that the close vicinity of the xenon
atom is enriched in CF; groups, relative to the mean density.
This suggests that, similarly to what was observed for Xe in
n-alkanes, the small solute is preferentially solvated by the ends
of the solvent chains. Between the studied perfluoroalkanes the
differences are subtler, as could be expected due to their similar
sizes. Nevertheless, it can be observed that the Xe-CF; peaks
increase with the chain length of the PFA whereas the Xe-CF,
peaks decrease, showing that the enrichment in CF; groups
becomes more important as the chain length of the solvent
grows. This effect is clearly seen in Fig. 3(right), where the ratio
between the local fraction of fluorine atoms belonging to a CF;
group and their bulk molar fraction is represented as a function
of the radius of xenon’s coordination sphere. In all the studied
PFA solvents, and up to a coordination radius of more than
6.5 A, Xe is surrounded by more CF; groups than could be
expected from their bulk ratio, and this enrichment grows with
increasing chain length.

3.2 Xenon in (hexane + perfluorohexane) mixtures

129%e NMR spectra were also obtained for mixtures of (hexane +
perfluorohexane) (H6 + F6) as a function of temperature
and composition. Since this mixture separates into two liquid
phases at temperatures close to room temperature, great care

3746 | Phys. Chem. Chem. Phys., 2019, 21, 3742-3751

was taken to ensure that the samples were introduced into the
spectrometer above the upper critical solution temperature
(UCST). Moreover, the spectra were obtained sequentially for
each sample, in a path of descending temperature, and the
phase separation was detected by an evident and abrupt change
in the variation of the '*°Xe chemical shift with temperature.
For the solution with the composition xgs = 0.375, two *°Xe NMR
peaks were observed below the de-mixing temperature, since the
interface between both liquid phases was located inside the
measurement region of the spectrometer probe used.

Chemical shifts of *°Xe dissolved in pure hexane were also
measured in the present work, in the range of temperatures
used for the (H6 + F6) mixtures. Although the obtained values
compare very well with those in our previous work,"" we
considered that the results for the pure components used in
this part of the study should be from the same batch of solvents
that was used to prepare the mixtures. This approach has been
chosen since the xenon chemical shift can be very sensitive to
small amounts of isomeric impurities present in the samples,
which can slightly vary from one batch to the other. For the same
reason, only the points obtained for the batch of perfluorohexane
used in the preparation of the (H6 + F6) mixtures (identified in
Table 1) were considered in this section. The full set of experi-
mental results is reported in Table 2 and displayed in Fig. 4.

The first striking feature of Fig. 4 is the shape of the liquid-liquid
coexistence phase diagram of (H6 + F6), which is immediately
apparent. Above the UCST, in the one-phase region, for each
composition, the **Xe chemical shift varies with temperature
in an essentially linear fashion, following the change in solvent
density. By lowering the temperature, the mixture reaches the
liquid-liquid phase envelope and the chemical shifts start to
follow the change in composition of the coexisting phases.
From this figure, the UCST was estimated to be 293 K, in good
agreement with the range of UCSTs (294 K to 296 K) reported in
the literature.*>*

In order to further analyse the results, the experimental
chemical shifts were referenced to the resonance of gaseous

This journal is © the Owner Societies 2019
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Table 2 Uncorrected chemical shifts (dexp) for 2°Xe dissolved in hexane
and in hexane + perfluorohexane mixtures

n-Hexane (xgs = 0.0) Xpe = 0.199 Xpe = 0.375
T/K Oexp/PPM T/K Jexp/PPM  T/K Sexp/PPM
271.6 165.6 276.8% 151.3 271.6% 154.8; 90.4
292.3 158.9 284.0° 144.9 282.0° 146.7; 94.2
313.0 152.2 289.2° 138.2 287.1¢ 141.0; 97.9
290.3% 136.3 289.2¢ 137.9; 100.3
291.3 134.4 291.3¢ 133.8; 104.0
292.3 134.1 292.84 128.3; 109.4
293.4 133.6 293.44 122.5
294.4 133.3 293.9 118.0
295.4 132.9 294.4 117.8
297.5 132.2 295.4 117.4
302.7 130.4 296.5 116.9
307.9 128.6 297.5 116.5
313.0 126.8 302.7 114.5
318.2 125.0 307.9 112.7
313.0 110.8
318.2 109.0
Xpe = 0.497 X = 0.512 Xpg = 0.745
T/K Oexp/PPM T/K Sexp/PPM T/K Sexp/PPM
276.8% 91.8 294.4 106.5 273.7¢ 91.0
284.0° 95.3 295.4 106.1 277.8¢ 92.3
288.2° 98.7 296.0 105.9 278.9% 92.7
291.3° 103.5 296.5 105.7 279.9 92.6
292.3° 106.3 297.5 105.4 282.0 92.0
293.4 108.4 298.5 104.9 287.1 90.4
294.4 108.0 299.6 104.6 292.3 88.8
297.5 106.8 300.6 104.2 297.5 87.2
302.7 104.9 302.7 103.5 302.7 85.7
307.9 103.1 303.7 103.1 307.9 84.2
313.0 101.2 306.8 102.0 313.0 82.6
318.2 99.5 307.9 101.7 318.2 81.1
313.0 99.9
318.2 98.2

% Points below the phase separation temperature. The values correspond
to the '*°Xe chemical shift in one of the coexisting phases.
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xenon at zero pressure and corrected for the effect of the bulk
susceptibility of the (H6 + F6) mixture. For this binary solvent,
and assuming that the concentration of xenon is very low, the
bulk susceptibility term can be calculated as:

=~ () (6l + Fltmrs) @

where ym,ue and ym,re are the molar magnetic susceptibilities
and [H6] and [F6] are the molar concentrations of hexane
and perfluorohexane. These were calculated from the pure
component densities’** and the temperature dependent
excess volumes of this system.?”

Luhmer and Bartik proposed®® that the dependence of the
xenon medium shift on the density of a solvent can be explicitly
taken into account by defining the molar medium shift as
Om* = Om/p (With p as the molar density in moles per litre,
identical to the concentration in molarity units). The medium
shift of xenon in a mixture can thus be calculated as the sum of
the products of the molar medium shifts in the pure solvents and
the respective molar densities in the mixture. In the case of our
binary mixture, the xenon medium shift can be expressed as

5m,predicted = [H6:|5rn,H6’F + [F6]5m,F6’F (3)

where 6n, 176* and Jm pe* are the molar medium shifts calculated
for xenon in the pure solvents. It should be noticed that both
Jom* have a small linear dependence on temperature, which was
taken into account in the following analysis.

Because this equation assumes that the local proportion
of both components in the coordination sphere of xenon is
the same as their bulk concentration, the chemical shifts
calculated in this way are the predicted chemical shifts for a
random mixture, where there is no preferential solvation of
xenon. Following the same line of reasoning, any differences
between the calculated and the experimental medium shifts
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Fig. 4 Chemical shifts for 129 e dissolved in n-hexane + perfluorohexane mixtures. Points represent the experimental values. The lines were predicted
for each mole fraction from the molar medium shifts of the pure components (egn (3)).
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indicate that the local concentration within xenon’s coordina-
tion sphere is different from the nominal composition for
the mixture and a sign of local enrichment in one of the
components.

The '*°Xe medium shifts predicted by eqn (3) are also pre-
sented in Fig. 4 as dashed lines. As can be seen, the experimental
points for all the mixtures fall above the predicted lines, demon-
strating that the average coordination sphere of xenon is always
richer in hexane than the nominal composition of the mixture.
The enrichment can be quantified using the same eqn (3) to
calculate the composition that corresponds to each experimen-
tally measured medium shift. These values can be identified as
the average local compositions in the vicinity of the dissolved
xenon atoms.

The differences between the calculated local compositions
within xenon’s coordination sphere and the nominal (or bulk)
compositions of the solvent mixtures are shown in Fig. 5.
As can be seen, these differences are negative for all the
mixtures at all temperatures. Again this demonstrates that
the xenon atoms are located in an environment which has a
lower proportion of the fluorinated component than the bulk
and, conversely, that xenon is preferentially solvated by the
hydrogenated solvent. The effect of temperature is shown in
Fig. 5a, where it is seen that the local compositions became
closer to the nominal ones as the temperature increases, which
could be expected since thermal agitation contributes to better
mixing. In Fig. 5b it can be seen that the maximum enrichment
is located at a composition close to equimolar. Nevertheless,
the shape of the curves is skewed towards the higher compositions,
suggesting that the effect is more pronounced when hexane is the
minority in the mixture.

The structure of the (hexane + perfluorohexane) mixtures
was further investigated by atomistic molecular dynamics
simulations. It is well known that when modelling (alkane +
perfluoroalkane) mixtures with either theoretical approaches
or molecular simulations, a large reduction of the cross-
interaction energy parameter (¢;,) relative to the geometric
mean combining rule (Berthelot’s rule) is needed to reproduce
the vapour-liquid and liquid-liquid equilibria, cross virial
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Paper
coefficients and excess enthalpy.'®"**"**>° However, as we
have recently pointed out,® even with a 10% reduction of the
total unlike dispersive energy, the simulations fail to account
for the large excess volumes displayed by these systems, which
are of the order of 5 cm® mol . This result indicates that the
volumetric behaviour of (alkane + perfluoroalkane) mixtures is
not only a consequence of weak dispersive interactions, but
should also be connected to the repulsive component of the
intermolecular potential. In the context of the OPLS-AA force
field used in this work, which is based on the Lennard-Jones
potential, this translates into the need for increasing the cross-
size parameter (04,) relative to the geometric mean rule value.
Some alternative combining rules have been proposed,'®*! but
none has been shown to provide a simultaneous successful
description of the energetic and volumetric behaviour of
mixtures of alkanes + perfluoroalkanes.

In this work, simulations have thus been performed
optimizing both the energy (¢) and size (o) parameters of the
cross hydrogen-fluorine interaction to simultaneously match
the experimental excess enthalpy and volume. The carbon-
hydrogen and carbon-fluorine cross parameters were kept at
their original OPLS-AA values (geometric mean). We found that
a 20% reduction of ¢y and a 4% increase of oy (relative
to their corresponding geometric mean values) are needed to
give simultaneous agreement between the simulated and
experimental excess enthalpy and volume (Fig. S1, ESIY). The
simulations now quantitatively reproduce the excess volumes,
including their temperature dependence, and good agreement
with the experimental excess enthalpies is also achieved.
In order to test transferability, simulations were also performed
for the (n-butane + perfluorobutane) equimolar mixture at
260 K. The obtained excess volume (4.5 cm® mol ') and excess
enthalpy (1.6 k] mol ') also compare favourably with the
experimental results of Simons and Mausteller* (4.4 cm® mol "
and 2.1 kJ mol ™, respectively).

Simulations were performed for systems consisting of one
xenon atom dissolved in mixtures of (hexane + perfluorohexane)
with different concentrations at 298 K. Radial distribution
functions were obtained from the simulated trajectories.
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Fig. 5 Differences between the local composition within xenon’s coordination sphere and the nominal composition of the studied mixtures: (a) as a

function of temperature; (b) as a function of the bulk composition.
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hydrogen rdfs and (c) xenon—fluorine rdfs for (hexane + perfluorohexane) mixtures at different compositions.

For the equimolar mixture, the rdfs of the different solvent
atoms around xenon are shown in Fig. 6a. It is evident that the
rdfs involving hexane are significantly more intense than those
involving perfluorohexane (hydrogen vs. fluorine, methyl
carbon vs. perfluoromethyl carbon, and methylene carbon vs.
perfluoromethylene carbon). This clearly demonstrates that
xenon is sensitive to the nano-segregation between hydroge-
nated and fluorinated domains identified®® in previous work:
when xenon is dissolved in an equimolar (hexane + perfluor-
ohexane) mixture, it is preferentially found in environments
richer in the hydrogenated component.

In Fig. 6b and c, the xenon-hydrogen and xenon-fluorine
rdfs are shown for the full range of compositions studied.
As can be seen, the lowest xenon-hydrogen peak occurs in
pure hexane and its intensity increases as hexane becomes
more diluted. The opposite happens for xenon-fluorine,
where the highest peak is seen in pure perfluorohexane and
then decreases as the concentration of perfluorohexane
becomes smaller. This is additional proof that xenon is
preferentially located in the vicinity of hexane molecules: at
high concentrations of hexane, xenon ‘“avoids” the vicinity of
perfluorohexane, originating the decrease of the Xe-F peak,
whereas at low hexane concentrations xenon tends to stay
close to the few hydrogenated molecules present, increasing
the Xe-H peak. A more quantitative measure of the local
composition of the coordination sphere of xenon was
obtained by integrating the rdfs and then calculating the local
fluorine mole fraction as a function of the radius of the
coordination sphere. The values obtained for all the studied
compositions, for distances between 4 A and 6 A, are always
lower than the bulk composition by between 0.02 and 0.06
in mole fraction units, in excellent agreement with those
obtained from the analysis of the experimental results
presented in Fig. 5b.

This journal is © the Owner Societies 2019

4. Conclusions

The liquid structure of four perfluoroalkanes (perfluoropen-
tane, perfluorohexane, perfluorooctane and perfluorononane)
was studied using '>°Xe as a NMR probe for the first time.
Spectra were obtained as a function of temperature to allow the
comparison of the different solvents at similar thermodynamic
conditions. The results were rationalized in terms of the
density, nature, and organization of the chemical groups within
xenon’s coordination sphere. It is clearly shown that the CF;
group is more interactive than CF, and that xenon is not
randomly distributed throughout the liquid, but preferentially
located near the ends of solvent molecules, resulting in an
enrichment of CF; groups around xenon in comparison with
the bulk proportion. Molecular dynamics simulations confirm
all these hypotheses.

The performed analysis, together with a similar procedure
recently reported for the n-alkanes, allows the prediction of the
medium shift of xenon in alkanes, perfluoroalkanes and their
mixtures at any composition and temperature, providing the
density is known.

Liquid mixtures of (hexane + perfluorohexane) were also
studied as a function of temperature. From the '*Xe NMR
spectra the liquid-liquid phase diagram is obtained in close
agreement with literature results.

Experimental evidence was obtained indicating that mixtures
of (hexane + perfluorohexane), above the upper critical solution
temperature, segregate forming domains at the nanometric scale.
The results suggest the presence of domains richer in the hydro-
genated component, in which xenon “prefers” to be solvated.
Conversely, this implies the existence of domains richer in the
perfluorinated component.

The experimental results show that the average local concen-
tration in the vicinity of xenon is 0.05 higher in hexane mole
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fraction than the nominal concentration of the mixture.
Atomistic molecular dynamics simulations support this analysis
in close agreement with the experimental data.

It should be emphasised that nano-segregation is here
observed in fluids governed exclusively by dispersion interactions,
in contrast to other examples in which hydrogen bonding and
polarity play important roles. Given its simplicity, this example is
thus prone to have a general impact in understanding the early
mechanisms of segregation, phase separation and self-assembly.
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