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Micellization and Adsorption of Fluorinated Amphiphiles:
Questioning the 1CF,~ 1.5CH, Rule

Véronique M. Sadtler, Francoise Giulieri, Marie Pierre Krafft,* and Jean G. Riess

Abstract: The surface activity of a ser-
ies of partially fluorinated amphiphiles
with a dimorpholinophosphate polar
head, a perfluoroalkyl terminal and a
hydrocarbon spacer, C,F,,,;(CH,),,OP-
(O)[N(CH,CH,),0], (FnCmDMP, m =
1-11, n=4-10), was investigated, and
the contributions of the CF, and CH,
groups to the energies of adsorption and
micellization of the amphiphiles were
determined. In the literature, such data
are only available for amphiphiles with
either totally fluorinated or totally hy-

—4.140.6 kJmol™! per CF, group, con-
sistent with results reported on totally
fluorinated  surfactants (—3.3 to
—52kImol™!). In contrast, the values
for AG,,. and AG,, per CH, group
(-1.0+0.4 and —1.0+0.6 kImol~, re-
spectively) were substantially lower than
those measured for hydrocarbon ana-
logues of the FnCmDMPs (—2.4+0.4
and —2.5+0.5 kJmol™!), which fall in
the range observed for standard hy-
drocarbon  amphiphiles (—-2.4 to
—3.05 kI mol ). These results show that

nated chain does not fully participate in
the micellization and adsorption proc-
esses, and behaves as if it were shorter
by a factor of about three. Thus it is
primarily the length of the fluorinated
chain that controls micellization and
adsorption of such surfactants; the
spacer plays only a minor role, and great
caution must be exercised when apply-
ing the 1CF,~1.5CH, rule. It is pro-
posed that the hydrocarbon spacer
adopts a folded conformation in order
to better occupy the void volume which

drogenated hydrophobes. We deter-
mined the impact of the fluorocarbon
segment on the contribution of the

a hydrocarbon chain grafted to a fluori-

results from the difference in cross-
sections between fluorocarbon and hy-
drocarbon chains (ca. 30 vs. 20 Az,

hvd b he ad . Keywords: adsorption amphi- el
ydroc.ar I?n spacer to the aA (s;orptlolcli philes Ty E— respectively).
and micellization processes. mic Al surfactants - micelles - surfactants

AG,. were evaluated as —4.2+0.5 and

Introduction

Fluorinated chains are significantly more hydrophobic than
their hydrogenated counterparts, and they are lipophobic as
well. Fluorinated surfactants are highly surface-active and can
lower the surface tension of water to levels that cannot be
reached with standard hydrocarbon surfactants.'*! They also
have much lower critical micellar concentrations (cmc),
typically by around two orders of magnitude, and an excep-
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tional tendency to collect at interfaces. The cmc values for
fluorosurfactants are roughly equivalent to those of hydro-
carbon surfactants with a 50% longer chain.[>? Extensive
data have been reported on salts of carboxylic acids?® and
nonionic surfactants based on ethoxylated alcohols with
various ethylene oxide group numbers.> "'l A gradual change
in the hydrophilic character of the latter surfactants allowed
the determination of some intrinsic properties of the fluori-
nated chain. In some cases the energetic contributions to
adsorption and micellization per CF, group, for fluorinated
surfactants, and that per CH, group for their hydrogenated
analogues, were calculated.® ]

In the above carboxylic acids and ethoxylated alcohols, the
perfluoroalkyl chain was always directly grafted onto the
polar head. We wondered if, in the case of half-fluorinated,
half-hydrogenated hydrophobic chains, each of the segments
would participate in the micellization and adsorption proc-
esses as if it were independent, or if more subtle effects would
arise as a result of the forced confinement of the two
antinomic fluorocarbon and hydrocarbon segments within the
same chain. For this purpose we undertook a study of the
surface activity of a series of nonionic semifluorinated
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amphiphiles with a dimorpholinophosphate polar head:
C,F,,,1(CH,),,OP(O)[N(CH,CH,),0],, m=1-11, n=4-10
(FnCmDMP).

Although these amphiphiles are single-tailed and nonchiral,
they were found to exhibit a strong proclivity to self-assemble
into vesicles as well as microtubules.'?l They also permitted
the preparation of stable water-in-fluorocarbon reverse
emulsions with potential as controlled-release drug-delivery
systems.['*l In this paper, we report on the surface tensions of
FnCmDMPs, their cmc, polar head surface area, maximal
surface pressure, and energy of micellization and adsorption,
and we compare these data to those found for their hydro-
carbon analogues, C,,H,, ;OP(O)[N(CH,CH,),0],, m=10
and 15 (CmDMP).

The contributions of the CF, and CH, groups to the
energies of micellization and adsorption of these surfactants
are collected and discussed.

Results

FnCmDMP surface activity data: Figure 1 shows y/logC
curves for the FuCmDMPs and CmDMPs listed in Table 1; y,
is the surface tension of the surfactant and C its concentration.
The clearly marked break points correspond to the cmcs. The
high purity of the amphiphiles is evidenced by the plateau
observed for concentrations above the cmcs.

The simplified Gibbs adsorption equation allows calcula-
tion of the surface excess concentration I'=—1/(2.3RT)dy/
dlog C; dy/dlog C is determined from the slope of the linear
portion of the y/logC curve below the cmc.'! The minimal
area per molecule, o, is equal to 10%*/NT.

The free energy of micellization is given by AG..=
2.3RTI1og X e, Where X, is the mole fraction of the surfactant
in the liquid phase at the cmc. Since the cmc is always small
compared with the molar concentration of water (w), x.,,. can
be taken as cmc/w.") Therefore, AG,,;.=2.3RT (logcmc —
log55.5) [Eq. (1)]. The surface pressure /1, is the difference
between the surface tension of pure water y, and that of the
solution at the cmc, y,.. The standard chemical potential of
adsorption, AG,q, is equal to 2.3RT(logcmc —1log55.5) —
1,0
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Figure 1. Variation of the surface tension y, at 25°C (60°C in the case of
F10C2DMP) of aqueous solutions of FnCmDMPs as a function of
concentration C.

Table 1 displays the values of critical micelle concentration
(cmc), surface excess concentration (I'), polar head surface
(0), surface tension at the cmc (y,n), surface pressure (I1..),
energy of micellization (AG,,.), and energy of adsorption
(AG ,q) of the FuCmDMPs and CmDMPs. The y,,,. values for
the FnCmDMPs are in the 22.1-24.4 mNm™' range, that is,
much lower than those of the CmDMPs (30.0 and
32.5mNm™"), showing higher effectiveness, in line with
previous data on fluorinated surfactants.?> %181 The length
of the hydrophobic chain has little influence on the y . values,
in line with what is known for nonionic surfactants in general.

The maximum surface pressure, 1., is related to lateral
interactions between hydrophobic chains, in other words to
the cohesion of the surfactant film.['"" The I7,,,. values were in
the 47.6-49.9 mNm~! range for the FnCmDMPs, while they
did not exceed 42 mNm~' for the CmmDMPs. This demon-
strates a closer packing of the fluorinated amphiphiles and
supports our view that lateral interactions are stronger among
fluorinated chains than among hydrogenated ones, in spite of
lower van der Waals interactions.!'8!

For FnCmDMPs, the values of the head surface area, o,
appear to be primarily determined by the length of the
fluorinated chain (independently from the length of the

Table 1. Critical micellar concentration, surface excess concentration, polar head area, surface tension at the cmc, surface pressure, energy of micellization,
and energy of adsorption of the perfluoroalkylated dimorpholinophosphates, FnCmDMPs, and of their hydrogenated analogues, CmmDMPs, at 25°C.

Compounds cme (x 107%) I'(x1073) o yeme ITcmc — AGie — AGy,
molL! mol 1000m~2) A2molec! mNm™! mNm™! kJmol™! kJmol™!
F4C2DMP 2950 2.52 65.9 24.4 47.6 24.4 43.2
F6C2DMP 97.3 2.75 60.3 22.1 49.9 32.8 50.9
F6C11DMP 254 2.76 60.1 23.5 48.5 36.0 53.6
F7C1DMP 26.3 2.77 59.9 22.5 49.5 36.1 53.9
F8C2DMP 2.5 4.20 39.5 22.5 49.5 41.9 53.6
F8C5DMP 0.9 3.96 42.0 22.5 49.5 44.4 56.9
F8C11DMPI2 0.8 nd ~40 nd nd nd nd
F9C1IDMP 0.7 422 39.3 23 49.0 45.0 56.6
F10C2DMP!! 1.0 4.42 41.9 23.5 48.5 49.3 61.5
C10DMP 250 4.10 40.5 30.0 42.0 30.5 40.7
C15DMP 1.63 3.97 41.8 32,5 39.5 429 52.9
[a] Calculated. [b] At 60°C.
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hydrocarbon spacer) and present an as yet unexplained break
when the number of fluorinated carbon atoms reaches 8 (o =
60—66 A2 for n <7, and 6 ~39-42 A2 for n>8).

Micellization: In line with previous works,®1% 18] the data
presented in Table 1 show that the fluorinated FnCmDMPs
have a higher tendency to form micelles than do their direct
hydrogenated analogues Cm'DMPs (m’'=m + n, same num-
ber of carbon atoms). This is exemplified by comparing the
AG,; values of FS8C2DMP and C10DMP (—41.9 and
—30.5 kJmol™!, respectively). The AG,;. of C15DMP
(—429kJmol!) is comparable to that of FS8C2DMP;
F8C2DMP was indeed considered as a perfluorinated surfac-
tant (the two methylene groups of its spacer being too short to
play any significant role), for which the 1CF,~1.5CH,!
equivalency rule is applicable. Figure 2 shows the variation

-20}

AG,,; (kI mol1)

-307

-40]

number of CF, groups

Figure 2. Variation of AG,,;. as a function of the number of CF, groups.

of AG,,. as a function of the number of CF, groups present in
the hydrophobic tails. One can see that for short hydrocarbon
spacers (m=1, 2), AG,,. decreases linearly (r=0.997) with
the number of fluorinated carbons. However, it can also be
noted that the FnCmDMPs with longer hydrocarbon spacers,
such as F6C11DMP and F8SCSDMP, can be positioned on this
line with a still acceptable r of 0.960. This appears to indicate
that the length of the hydrocarbon spacer has little influence
on AG .

In order to quantify this phenomenon, AG,;. can be split
into contributions from the various groups that compose the
surfactant, as in Equation (2), for a fluorinated surfactant, and
Equation (3), for a hydrocarbon surfactant, where W repre-
sents the hydrophilic group.['4]

AG = AGiCF; + (n — 1) AGi CF, + m AG,; . CHy + AG i W 2)
AG = AGiCH; + (n — 1) AG,;c.CH, + AG i W (3)

For the FnCmDMPs, we calculated that AG,;CF,=
—42kImol™!, and AG, CH,=—-1.0kJmol.. The values
are essentially identical whether o is taken as 40 or as 60 A2,
On the other hand, AG,,;.CF; + AG,,;;W depends of course on
the value of ¢ (—11.6 or —9.9 kJmol~! for 0 =40 or 60 A2,
respectively). For the CmDMPs, AG,,,.CH, was found to be
—24kJmol. Knowing from published data that
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AG,,;;CH;=—8.8 kImol 1 the free energy for a 40 A2
polar head was calculated to be approximately +0.9 kJ mol 1.
This enabled us to calculate the energy due to the terminal
fluorinated group, AG,,;.CF;, to be about —12.5 kJ mol~' for a
40 A2 polar head, assuming that the energetic impact of the
head does not change whether the chain is fluorinated or not.
It is indeed likely that AG,,;.CF; does not vary with the size of
the polar head.

Adsorption: The capacity of FnCmDMPs to adsorb at the
surface was found to be much higher than that of CrmDMPs.
One can compare, for example, the AG,4 of FAC2DMP and
F6C2DMP (—43.2 kJmol~' and —50.9 kJ mol~, respectively)
with that of CIODMP (—40.7 kJmol™') (Table 1). Figure 3
illustrates the variation of AG,4 as a function of the number of

-40

AG 445 (kJ mol™t)

-50

WF8C2DMP

-604

F10C2DMP

'70 T L} 1
4 6 8 10

number of CF, groups

Figure 3. Variation of AG, as a function of the number of CF, groups.

CF, groups. It can be seen in particular that FntCmDMPs with
short hydrocarbon spacers (m =1, 2) fit correctly on a straight
line. Again the AG,4, values for FOC11DMP and FSCSDMP
are quite close to this line.

As for micellization, the adsorption energy of the amphi-
phile can be considered as the sum of contributions of the
groups which constitute the molecule: AG,4=AG,CF;+
(n—1) AGCF,+mAG,CH,+ AG,,W. Calculations per-
formed considering 6=40 or 60 A% lead to values of
AG,4CF,=—4.1kJmol™' and AG,,CH,=—1.0kJmol™! in
both cases. The energy due to the hydrophilic group was lower
(by — 6.9 kI mol~!) for F4C2DMP, F6C2DMP, and F7C1DMP
than for FSC2DMP, FSCSDMP, and FOC1DMP. The larger the
head surface area, the higher the adsorption.

Discussion

The above series of partially fluorinated, partially hydro-
genated amphiphiles allowed us to establish that the CH,
groups of a hydrocarbon spacer located between the dimor-
pholinophosphate polar head group and the terminal, highly
hydrophobic fluorinated chain do not, by far, have the same
impact on micellization and adsorption than when the hydro-
phobic chain is totally hydrogenated. Table 2 contains the
values of adsorption and micellization free energies found for
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Table 2. Free energies of micellization and adsorption of the hydrophobic groups at 25°C.

contribution to these processes. It is likely that

AG ;. (kJmol™?)

This work Literature This work

AG,q (kITmolt)
Literature

the hydrocarbon spacer adopts a folded confor-
mation in order to better occupy the void volume

CF, — 426 (£05) —4.54 —47f) —5200
CH,el  —1.061 (£04)
CH,P)  —2.4l) (£0.4) —2.9,0 —3,050f

—1.061 (£0.6)

— 416 (£0.6) —3.3d —510

=256 (£0.5) —24]0 -2.6 —2.9

that results from the difference in cross-section
between fluorocarbon and hydrocarbon chain
(ca. 30 vs. 20 A% respectively). Our results

[a] In partly fluorinated hydrophobic tails. [b]In standard hydrogenated tails.
[c] FutCmDMP (this work). [d] Calculated from ref. [10]. [e] Calculated from ref. [11].
[f] From ref. [9]. [g] CmDMP (this work). [h] From ref. [20]. [i] From ref. [8].

the dimorpholinophosphate derivatives, along with those
published in the literature for either totally fluorinated or
totally hydrogenated surfactants.

The contribution of the CH, groups to the micellar free
energy was found to be only — 1.0+ 0.4 kImol~! when they
are present as a spacer in a fluorinated surfactant, while it is
known to be in the —2.9 to —3.05 kJmol~! range when it is
part of the hydrophobic chain of a nonfluorinated surfac-
tant.l> 2 In the case of the hydrogenated dimorpholinophos-
phates, AG,,,CH, was measured to be —2.4 kJmol~!. These
values suggest that 4CH, groups within the spacer are
equivalent to only 1 CF,, which is dramatically different from
the standard accepted 1.5CH, for 1CF, ratio, which was
determined when comparing perfluoroalkylated surfactants
to hydrogenated ones. The energetic contribution to micelli-
zation of a CH, group inside a partially fluorinated amphi-
phile can thus be aproximately three times lower than when it
is part of a totally hydrogenated hydrophobic chain.

Where adsorption of the surfactant is concerned, the value
found for AG,CH, is —1.0+£0.6 kJmol~! for CH, groups
taken within the FuCmDMP series, compared to AG,4CH, =
—2.5kJmol™! for CH,s belonging to totally hydrogenated
analogues. These values show the same trends as those
determined for the micellization process: AG,4CF, is in
agreement with the literature values (from — 3.3 kI mol~['7 to
—5.1kImol '8l and AG,4CH, is always much lower than
the value measured or reported for the hydrogenated
surfactant (—2.4, —2.6, and —2.9 kImol '), Here again,
these values suggest that the impact of four CH, groups
located in the spacer are equivalent to only one CF,.

Conclusion

The main results from this study can be summarized as
follows: 1) the AG,,.CF, and AG,4CF, values found for the
FnCmDMPs are comparable to those reported for totally
fluorinated surfactants;®'1 2) on the other hand, the
AG,,.CH, and AG,4,CH, values are substantially lower than
those reported for hydrocarbon amphiphiles; 3) the AG,;.CH,
and AG,4CH, values calculated for the CmDMPs are in good
agreement with standard values reported for hydrocarbon
amphiphiles. Taken together, these results show that, when
located between a fluorinated chain and the polar head, a
hydrocarbon chain does not fully participate in the micelliza-
tion and adsorption processes of the surfactant, and behaves
as if it were shorter by a factor of 3. This means that the length
of the fluorinated chain actually controls the micellization and
adsorption of the surfactant, the spacer making only a minor
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indicate that due caution must be exercised when
applying the 1 CF,~ 1.5 CH, rule.

Experimental Section

Materials: The (F-alkyl)alkyldimorpholinophosphates investigated here
and their hydrogenated analogues were synthesized and purified as
reported previously.?" 22!

Methods: The surface tensions (y;) of aqueous solutions of the FnCmDMPs
were measured with an automatic Lauda tensiometer (Lecomte du Noiily
method; platinum ring). Deionized water (y,=72 mNm~') came from an
Elgastat purification system. The solutions were equilibrated for 24 h in an
incubator at 25°C. They were then placed in a double-walled thermostated
vessel (£0.1°C). The Harkins—Jordan correction was applied.”’] Exper-
imental errors were in the 0.2 mNm~! range. All measurements were made
at 25 °C, except those for FIOC2DMP, for which a temperature of 60 °C was
required in order to be above the Krafft point. The errors in the
determination of the energies of micellization and adsorption were
determined from the estimated errors in the cmc measurements.

Equilibration of aqueous solutions of FntCmDMPs: Surface tension values
were measured after equilibration of the surface, that is, when the vy, values
remained constant with time. This requires careful monitoring, since it
takes significantly longer for fluorinated surfactants to equilibrate than for
their hydrogenated analogues. The variation of y, vs. time for aqueous
solutions of FSCSDMP shows, for example, that two to four hours are
needed, depending on concentration, to reach equilibrium. In addition,
before each measurement the surface of the solution was carefully pulled
out with the ring, then allowed to relax without breaking the film. This
operation was repeated three to five times to allow faster diffusion of the
surfactant on the meniscus. The need for such precautions was reported for
other hydrophobic surfactants and attributed to the slower formation of the
monolayer.”! In the case of FSC11DMP, it was not possible to obtain
reproducible values of ys at concentrations below 5 x 10-* molL"%. As a
consequence, the cmc of this surfactant could not be determined
experimentally and was calculated (see below).

Determination of cmcs by means of an empirical equation: We have found
that the AG,,;. of the amphiphiles investigated decreases as the number of
fluorinated carbons increases. Such an effect has been reported for other
homologous series of perfluoroalkylated or hydrogenated surfactants by
monitoring the variation of AG,, with the number of CF, or CH, groups.!'’]
The relation between the cmc and the number of carbon atoms of the
hydrophobic chain can be deduced by combining Equations (1) and (2)!'¥]
to give Equation (4), where A =10g55.5+ (AG;.\W+ AG,,.CF;)/2.3RT,
B =-AG,,CF,2.3RT, and C=— AG,,;CH,/2.3RT.

logecmec=A —(n—1)B—mC 4)

At 25°C, the calculation gives: logemc =—0.20 —0.73(n — 1) — 0.16m, if
(n+m)>8, and logemec =0.09 —0.73(n — 1) — 0.16m, if (n+m) <7. This
equation allowed the calculation of the cmc of FSC11DMP (8.5 x
1077 mol L~!) which cannot be determined experimentally.
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