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A study of excess thermodynamic functions is undertaken with mixtures of perfluoro(octyl) bromide (PFOB)
and C,F,, + 1C,,Hy,, + 1 (FrHm) diblock molecules and of bis-1,2-(F-butyl)ethene (F-44E) with FnHm at

25 °C in order to better understand the dramatic stabilization of fluorocarbon—egg yolk phospholipid (EYP)
emulsions achieved by adding mixed fluorocarbon/hydrocarbon diblock compounds. We establish here that
such mixtures behave differently from fluorocarbon/fluorocarbon and hydrocarbon/hydrocarbon mixtures.
The fluorine/hydrogen ratio in mixed FnHm compounds and the length of their fluorocarbon chain have a

large impact on the excess thermodynamic functions.

Introduction

Fluorocarbons (FC) have a range of specific properties' in
which the biomedical field is interested.*’ They have a high
solubilizing capacity for respiratory gases at 37 °C (40-50% v/v
of dioxygen versus only 2.3% v/v for water) and they are
remarkably chemically and biologically inert. These two fea-
tures led to the development of injectable oxygen carriers.>®
For example, concentrated emulsions of perfluoro(octyl) bro-
mide (CgF;Br, PFOB) or bis-1,2-(F-butyl)ethene (C4FoCH=—
CHC,Fo, F-44E) with egg yolk phospholipids (EYP) as the
surfactant have been investigated. FCs are also characterized
by extreme hydrophobicity and therefore by low water solubi-
lity. This is to be related to fluorine’s lower polarizability and
larger size when compared to hydrogen.! This feature was a
key to the development of injectable FC-loaded micron-size
gas bubbles, which are now used as contrast agents for ultra-
sound diagnostic imaging.” The presently investigated FC
emulsions, though more concentrated and more stable than
the first generation emulsions using F-decalin as the fluorocar-
bon and Pluronic F-68 as the surfactant, suffer from instability
over time. Indeed, perfluorocarbon chains (F-chains) have little
affinity with the hydrocarbon chains (H-chains) of EYP. It has
been established that the main mechanism of droplet size
increase over time in FC emulsions is governed by Ostwald
ripening, that is, molecular diffusion, rather than by droplet
coalescence.®™!!

We have also found that dramatic stabilization of concen-
trated FC/EYP emulsions can be obtained by incorporating
small quantities (e.g., 2-3% v/v) of C,F,, + 1C,,H»,, + 1 (FnH
m) or C,F,,+ CH=CHC,H,,, + | (FntHmE) diblock mole-
cules.'”> The amphiphilic structure of these molecules is be-
lieved to intervene at the EYP/FC interface and provides a
better cohesion between the fluorous phase (lipophobic) con-
sisting of the FC and the hydrocarbon (HC) phase (fluoro-
phobic) made of the fatty chains of EYP. The FnHm molecules
provide a co-surfactant effect'! and may play the role of
molecular dowels between FC and EYP.>!>!* Although the
amphiphilic structure of FnHm molecules appears to be an
essential factor for the stabilization of fluorocarbon emulsions,
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statements on the exact mechanism remain controversial.
Biological investigations on such FnHm diblock-stabilized
emulsions are ongoing.®'*

Literature shows that mixtures of different FCs usually have
an almost ideal behaviour.'>!® Likewise, mixtures of different
HCs with similar structures have an ideal behaviour. When the
structures are different, regular solutions'” are obtained and
display negative excess volumes and negative deviations of
vapour pressures with respect to Raoult’s law. Mixtures of
linear FCs + HCs (C4 + C;) were found to display positive
deviations with respect to Raoult’s law, with large domains of
demixing and excess volumes varying from 1 to 5 ml
mol~"."81? These deviations increased with the length of both
F-chains and H-chains. These general results may be explained
by the fact that the attractive interactions between F-chains are
weaker than the ones between H-chains, and that F-chains
have little affinity for H-chains.? In FC + FrnHm mixtures, the
interactions between the F-chains of the FC and the ones of the
fluorocarbon moiety coming from the diblock molecule occur
simultaneously with interactions between F-chains of the FC
and H-chains from the hydrocarbon moiety from the FnHm
diblock. Moreover, the amphiphilic structure of the diblock
molecules may lead to their aggregation within the fluorocar-
bon phase. Such aggregates have been described in perfluoro
(octane) for FnHm mixed compounds with n varying from
4to 14 and m = 12.2%%

The Lifshitz—Slyozov molecular diffusion theory'” states that
the mean volume of the droplets of the dispersed phase of an
emulsion varies linearly with time and with the solubility of the
dispersed phase (FC) in water:

da’/dr = (8/9)DeV>C/RT 1)

where da’/ds is the variation of the mean volume of the
droplets with time, D the diffusion coefficient of the solute
molecules in the solvent phase, ¢ the interfacial tension be-
tween the solvent and the solute, V., the molar volume of the
solute, C the solute solubility in the solvent, R the ideal gas
constant and 7 the absolute temperature.

In the vapour-liquid equilibrium achieved by an FC + FrnH
m mixture, where FrnHm is slightly volatile, the vapour pressure
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Pgc of the FC is lower than the vapour pressure of the pure
FC, Pgrc*. Pgc is proportional to the activity of FC in the
liquid; if the FC vapour is itself in equilibrium with an aqueous
solution of FC, Henry’s law is relevant because the solubility of
FC in water is very low:

Prc = KuXrc(H>0) )

where Xgc(H»O) is the molar fraction of FC in solution in the
water phase and Ky is Henry’s constant. Hence, the solubility
of FC in water is proportional to the vapour pressure Pgc in
the FC + FnHm mixture and depends on the mixture compo-
sition. If the mixture is considered ideal, Xrc(H,O) obeys
the relation:

Xrc(H20) = (Pec*/Kn)Xrc(M) (3)

which is obtained from Raoult’s law, and where Xgc(M) is the
molar fraction of FC in the ideal mixture.

The present paper aims to study the behaviour of mixtures of
FrnHm diblock compounds with FCs through vapour pressure
measurements. This allows excess thermodynamic functions to
be calculated. Our study clearly shows the role of the addition
of a FnHm diblock on the solubility of FCs in water and thus
on the molecular diffusion in FC-in-water emulsions.

Experimental

The mixed fluorocarbon—hydrocarbon diblocks C,F,, .+
CH=CHC,, H,,, + | (FrHmE; n = 6, m = 10;n = 8, m = 6;
n = 8, m = 10) and C4F3C1,H,s (FrHm) have been synthe-
sized by previously described methods.?* Their purity exceeded
99% (GC, FID) and, for FnHmE, the Z: E ratio was superior
to 75:25. The FCs (PFOB and F-44E, Z: E < 2:98) used in
this study, were generously provided by Atochem.

Vapour pressures were measured using a static method.?
The whole apparatus (sample-containing vessel and mercury
manometer) was placed in a thermostatted bath regulated at
25 £+ 0.1 °C. The manometer consisted of a U tube with an
internal diameter of 20 mm in order to minimize capillarity
errors. One arm of the tube was connected to the vessel via a
three-way vacuum tap to allow sample degassing. The other
arm was connected to a vacuum line (p ~ 107 torr). The
difference between mercury levels in the manometer was mea-
sured by a cathetometer. The manometer was tested by mea-
suring the vapour pressure of butan-1-ol (Carlo Erba; 99%) at
30.2 £ 0.1 °C. Mean values and standard deviations for six
measurements were p = 9.96 + 0.08 torr versus the reported
value of p = 10.0 torr.>*

An indirect method® allowed us to measure the vapour
pressures of diblock compounds FrHmE and FrnHm. The
values obtained for the compounds investigated ranged be-
tween 8 x 1072 torr (for FSH10E at 90 °C) and 1.6 x 1072 torr
(for FBHOE at 25 °C). These values being very small with
respect to the vapour pressures of F-44E (9.2 torr, 25 °C) and
PFOB (8.7 torr, 25 °C), their contribution to the total vapour
pressure was neglected in the temperature range considered in
this study (25-35 °C).

Results and discussion

Vapour pressures of PFOB/FrnHm (or FnHmE) and
F-44E/FnHm (or FnHmE) mixtures at 25 °C

Depending on the mixtures’ constituents and their proportions,
the variations of vapour pressures for mixtures of FCs and
FnHm present either positive deviations with respect to
Raoult’s law, or both positive and negative deviations (Figs. 1
and 2). These results, which depend on the amphiphilic nature
of the FnHm diblocks, clearly differentiate FC + FnHm
mixtures from FC + HC mixtures.'> A similar behaviour is
found in some polar mixtures such as pyridine + water binary
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Fig. 1 Vapour pressures of PFOB/FnHm (or FntHmE) mixtures as a

function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.

systems, which generate hydrogen bonds.!® It may also be
noted that no demixing was observed.

Small quantities (1-3% v/v) of mixed diblocks are sufficient
to strongly stabilize injectable FC emulsions.>'? For this
reason, we can focus on mixtures poor in FnHm. For a given
diblock molar fraction, we observe that the decrease of the
vapour pressure becomes all the more important as the fluorine
atoms content of the FnHm diblock increases. This indicates
that a better stabilization of FC-in-water emulsions should be

B F-44E/F8H10E
® F-44E/F6H12
—Raoult law

P/torr
h

0 T T T T T T T T T +

0.0 02 0.4 % 0.8 19
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Fig. 2 Vapour pressures of F-44E/FnHm (or FnHmE) mixtures as a
function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.
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favoured by using a fluorine-rich FnHm diblock. In addition,
when the F/H ratio equalled 0.56 (PFOB + F6HI10E) or 0.52
(F-44E + F6H12), the HC moiety of the diblock increased the
vapour pressure of the FC phase with respect to Raoult’s law.
These results reflect the competition between the repulsive
interactions between FC and HC chains and the attractive
interactions between FC and FC or HC and HC chains, the
latter being stronger than the former.

Regarding the vapour pressures of PFOB + F8HI10E and
PFOB + F8HOE mixtures, for which the F/H ratios are
0.74 and 1.1, respectively, one notices that the deviations with
respect to Raoult’s law are reversed for molar fractions Xg,ymg
of the diblock around 0.6 and 0.67, respectively. This confirms
the importance of the F/H ratio. For PFOB + F6HI12
mixtures where this ratio is only 0.52, the decrease of the
vapour pressure is even weaker, which is in good relation with
the above trend.

Comparing PFOB + F6H12 (Fig. 1) and F-44E + F6HI12
(Fig. 2) mixtures, one sees that, in the region of interest, the
deviation with respect to ideality is somewhat negative for the
first mixture and definitely positive for the second. The F-44E
molecule being predominantly in the E configuration (Z: E <
2:98), the two FCs have similar fluorine chain structures.
Consequently, the presence of a bromine atom in PFOB
appears as an essential factor in lowering the vapour pressure
with respect to Raoult’s law. Bromine being more lipophilic
than fluorine, PFOB has a better affinity towards the HC
chains of FnHm diblock molecules.

Excess Gibbs energy in PFOB/FrnHm (or FnHmE) and
F-44E/FnHm (or FntHmE) mixtures

The molar excess Gibbs energy is obtained through measure-
ments of the total vapour pressure of a mixture using the
relation:

G° = X,RTIn(P,/P\') + X,RTIn(P»/P5) )

where X, and X, are the molar fractions of FC and FnHm,
respectively, P; and P, their experimental vapour pressures
and P;' and P,' their ideal vapour pressures according to
Raoult’s law. R is the constant of ideal gases and T the
absolute temperature in Kelvins. The contribution to the total
vapour pressure of FnHm was deemed low enough to be
neglected.

For PFOB (Fig. 3), and with the exception of mixtures
containing FOH10E, the excess Gibbs energy for PFOB + F
nHmE mixtures is negative when the mixture is rich in FC (0 <
Xemane < 0.2), which corresponds to the most thermodyna-
mically stable mixtures. Maximum stability is reached with
F8HG6E, which has the highest F/H ratio. When these mixtures
become richer in FnHm, or FnHmE, the excess Gibbs free
energy becomes positive. For all compositions of PFOB +
F6HI0E mixtures, the excess Gibbs free energy remains
positive.

The excess Gibbs free energy is known to be positive for
FC + HC mixtures in which the carbon content varies between
C, and C;%°. In these mixtures, the maxima of the excess Gibbs
free energy are high and vary between 1000 and 1500 J mol .
The mixtures that we have studied show maxima that are
smaller than the above mentioned, ranging between 200 and
700 J mol™'. The F-44E + FnHm or FnHmE mixtures (Fig. 4)
behave similarly, and the absence of a lipophilic bromine atom
in F6H12 may be the reason for no negative excess of G° in
this case.

Excess enthalpy in PFOB/FrnHm (or FnHmE) and
F-44E/FnHm (or FnHmE) mixtures

Excess enthalpy H® was deducted from the relation H° = G° +
TS®, the excess entropy being obtained from the relation S¢ =
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Fig. 3 Excess Gibbs energy of PFOB/FrnHm (or FuHmE) mixtures as
a function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.

—(0G°/0T), using vapour pressure measurements recorded at
three different temperatures (25, 30 and 35 °C).

When mixtures were poor in FnHm, the excess enthalpy was
found to be positive except for F-44E + F6H12 mixtures (Figs.
5 and 6). The excess enthalpy, which is the same as the mixture
enthalpy, is, in a way, an estimate of the number of van der
Waals interactions between FnHm molecules that are broken
when the mixture is formed. The relatively high enthalpy found
indicates that a large number of such interactions are broken
upon mixing. This facilitates the insertion of molecular di-
blocks between FC molecules, such an insertion being respon-
sible for the observed decrease in the vapour pressure. The fact
that the enthalpy increases with the number of C-H bonds
present in the FnHm molecules indicates that the HC chains
play an essential role in the cohesion of the mixture. These

700

400

300

G*/J mol™?

200

u F-44E/FSH10E

o F-44E/F6H12

100

Fig. 4 Excess Gibbs energy of F-44E/FrnHm (or FnHmE) mixtures as
a function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.
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Fig. 5 Excess enthalpy of PFOB/FrnHm (or FnHmE) mixtures as a
function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.

results are compatible with the formation of FrnHm micelles in
the FC phase.”!

High H® values with respect to G° values have also been
observed for FC + HC mixtures poor in FC, as well as in
mixtures of ethanol + HC poor in ethanol.'> In the latter
mixtures, hydrogen bonds play the role attributed to van der
Waals interactions between the FnHm molecules investigated
in this paper.

Excess entropy of PFOB/FnHm (or FntHmE) and
F-44E /FnHm (or FnHmE) mixtures

Except for the previously considered F-44E + F6H12 mix-
tures, excess entropy was found to be positive when the
mixtures contained only small amounts of the FnHm com-
pound (Figs. 7 and 8). As a matter of fact, the diblock
molecules lose their orientational order on forming the mix-
ture. On the other hand, the entropy becomes negative when
the FnHm concentration increases because an arrangement is

3000

2000

* F-44E/F6H12
1000 4 = F-44E/F8H10E

Xrnmn

0.2 0.4 0.6 0.8 1.0

H°/J mol™?

-1000

-2000

-4000 -

Fig. 6 Excess enthalpy of F-44E/FnHm (or FnHmE) mixtures as a
function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.
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Fig. 7 Excess entropy (7'S%) of PFOB/FrnHm (or FntHmE) mixtures as
a function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.

being imposed in terms of orientation and position of the FnH
m molecules. The asymmetry observed for the 7'S® function is
similar to the one observed for the H® function.

When comparing the cases of the PFOB + F8H6E and
PFOB + F8HI0E mixtures, it will be noticed that lengthening
the H-chain results in an increase of excess entropy of the
system. This is consistent with micelle formation, which is a
substantially positive entropic process.

On the other hand, F6HI12 causes less disorder than
F8HI10E, although the H-chain of the former compound
is longer—the geometry of the molecule is then to be consid-
ered—the overall chain lengths of the two compounds are
almost equivalent, but the predominance of the Z configura-
tion in FSH10E may lead to higher disorder in the mixture. The
very weak insertion of F6H12 molecules into the F-44E phase
leads to negative values of excess entropy over the whole range
of compositions; the curve is symmetric and the minimum
value is —3500 J mol ™! for Xgenin = 0.5.

© F44E/F6HIZ
= FA4E/FSH10E
1200 {
200 Kyt
9 0.2 04 06 0.8
o
-
a -800
5
]
-1800 i
=2800 -
-3800 -

Fig. 8 Excess entropy (7'S°) of F-44E/FnHm (or FnHmE) mixtures as
a function of molar fraction X of mixed fluorocarbon/hydrocarbon
diblock compounds at 25 °C.
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Conclusions

The data show that the behaviour of FC + FnHm (or FnHmE)
mixtures is different from that of FC + FC, FC + HC and HC +
HC mixtures.”® Most of the FC + FrnHm or FnHmE mixtures are
ideal for a given composition ratio and show opposite deviations
with respect to ideality on either side of this composition ratio.

The introduction of mixed FC/HC diblock compounds in
small amounts into an FC phase generally produces a thermo-
dynamic stabilization of the system with respect to ideality. The
F/H ratio in the diblock molecules plays a dominant role in this
stabilization. Thermodynamic stabilization, with respect to ide-
ality, increases when the F/H ratio increases. It has also been
noticed that the presence of a lipophilic atom, such as bromine,
within the dispersed FC molecule favours stabilization.

The addition of a FnHm diblock compound to a FC phase
decreases the vapour pressure of the FC; if we consider the case
where the liquid mixture (FC + FnHm) is in contact with an
aqueous phase, the solubility of the FC in this phase decreases.
In the submicronic FC-in-water emulsions used as oxygen
delivery media, the liquid interface is curved rather than planar;
the vapour pressure of the FC is larger than in bulk FC in
accordance with Kelvin’s equation.’” The addition of
FrHm diblock molecules in the dispersed FC phase also influ-
ences the vapour pressure of the FC. This addition is expected to
diminish the rate of Ostwald ripening since this rate is propor-
tional to the solubility of FC in the aqueous phase, according to
the Lifshits—Slyozov equation.>!® The decrease of vapour pres-
sure, and therefore of the water solubility, of the FC phase is
expected to depend on temperature. Experimental evidence
indicates that for a PFOB-EYP-FS8H8E (90:4:2.8% w/v)
emulsion, the droplet size does not vary in a significant way
with temperature over time.'> This suggests that the observed
lowering of the vapour pressure of the FC phase by addition of a
small amount of FnHm or FnHmE diblock is not the only factor
responsible for the stabilization of injectable FC emulsions. The
decrease of FC—water interfacial tension in the presence of
phospholipids obtained upon addition of diblock molecules,
hence the involvement of these diblock molecules at the inter-
face,!! is also likely to contribute to the stabilization of FC-in-
water emulsions observed when FrnHm diblocks are present.
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