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Stripes of partially fluorinated alkyl chains: Dipolar Langmuir monolayers
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Stripelike domains of Langmuir monolayers formed by surfactants with partially fluorinated lipid
anchorgF-alkyl lipids) are observed at the gas-liquid phase coexistence. The average periodicity of
the stripes, measured by fluorescence microscopy, is in the micrometer range, varying between 2 and
8 um. The observed stripelike patterns are stabilized due to dipole-dipole interactions between
terminal— Ck groups. These interactions are particularly strong as compared with nonfluorinated
lipids due to the low dielectric constant of the surrounding médig. These long-range dipolar
interactions tend to elongate the domains, in contrast to the line tension that tends to minimize the
length of the domain boundary. This behavior should be compared with that of the lipid monolayer
having alkyl chains, and which form spherical microdomaifmibbles at the gas-liquid
coexistence. The measured stripe periodicity agrees quantitatively with a theoretical model.
Moreover, the reduction in line tension by adding tra¢@sd mol %) of cholesterol results, as
expected, in a decrease in the domain periodicity2@5 American Institute of Physics
[DOI: 10.1063/1.1858852

I. INTRODUCTION florescence microscopy and Brewster angle microscepy
ables us to monitor domain size and shapes in the phase
Microscopic/mesoscopic “stripes” and “bubbles” in two ¢oexistence regioﬁ.
and three dimensions can be found in a large variety of sys- |n the present study we focus on surfactants with par-
tems, including ferrofluids,diblock copolymers, noble gas  tially fluoroalkylated hydrophobic tails(F-alkyl chaing,
adsorbed on surfacésand surfactant fllméThese equilib— which have been used for the design of new types of colloi-
rium patterns exhibit modulation in some order parametefja| Suspensions and versatile medical app“caﬁﬁ}?sDue
(such as polarizatignand are stabilized by the interplay of o the larger van der Waals radius of fluorine of about
competing intermolecular interactiohs. 1.35 A, F-alkyl chains are known to form helices of six
Domain shapes and shape transitions in lipid membraneg;ns! Several studies have been conducted to study the
have been a subject of intensive research for many yearphase behavior of F-alkyl lipids at the air/water interface. For
The motivation to study lipid domains arises, for example,example, surface potential measurements of F-alkyl lipid
from the fundamental questions about the self-assemblinghonolayers in the liquid phase revealed that the molecular
process of microdomains in plasma membranes, such &finole of F-alkyl chains is stronger and points in the opposite
functional “rafts” of glycosphingolipidg.Mor_e specifically,  girection than that of alkyl chairté:**However, although the
insoluble Langmuir monolayers at the air/water interfacequence of molecular dipoles on the line tension is expected

have been studies in recent decades, where the thermody; e more evident for the phase coexistence at low surface
namic variables such as surface concentrat@ea per mol-  esqyres, a systematic characterization of such diluted
ecule, lateral pressure and temperature can be controlled a%ases is still missing

measured using a Langmuir film balance. Furthermore, com-

e X ) . i : In the present paper, we study the phase behavior of
bination of film balance with microscopic techniquesg.,

F-alkyl lipids anchored at air/water interface, by combining
film balance experiments, fluorescence microscopy, and sur-
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HO/Y\ O(CH2)8 (CF2)8F O(CH2)16H

O(CH2)8 (CF2)8F ®) O(CH2)16H

FIG. 1. Chemical structures ¢&) F-alkyl lipid (FL-8-8) and(b) alky! lipid
(AL-16) used as a reference. Note that only the lipid tails(#@h are
fluorinated.

ce Pressure [mN/m]

attributed to the competition between electrostatic dipolar§ 10
energy and line tension. This is discussed in the following
sections.

Il. MATERIALS AND METHODS
(a) Area per Molecule [A%]

A. Materials

The chemical structure of the F-alk{ffL-8-8) and alkyl
(AL-16) lipids is given in Fig. 1. The synthesis of FL-8-8 has
been reported elsewhettFluorescent tracers of DHP@-
hexadecyl phosphatidyl ethanolaminabeled with Texas-
Red from Molecular Probes In¢Leiden, Netherlandswas
added for selective labeling of lipids in the liquid phase.
De-ionized watefMillipore, Molsheim, Francewas used as
a subphase for monolayer experiments.

Surface Pressure [mN/m]

B. Film balance experiments

Langmuir isotherms and optical microscopic pictures are

taken simultaneously. The surface pressure is measured usir 50 60 70 80 %0 100 110
the Wilhelmy method coupled to a self-built rectangular te- (b) Area per Molecule [A?)
flon trough with a total area of 47 &n The mixture — i isoth o) AL-16 and (b) FL-8-8 | .

. . . . £. Langmuir isotherms - an -0-0 monolayers al
of ﬂuo”nated !Iplds and . fluorescence probsolar ratio: T=20 °C. In addition, fluorescence microscopy pictures are showa) fior
1000/) is dissolved in a chloroform/methanol/water 39, 43, and 61 A and in(b) for 85, 89, 92, and 97 A AL-16 monolayers
(65:25:4v/vlv) solution, and deposited onto the subphaseform spherical domaingbubbles, which are similar to those formed by
After evaporation of the solver80 min), the film is com- other alkyl lipids. In contrasti-L-8-8 monolayers at an area per molecule

d at te of1 A2/ | | ' Th | . between 85 and 97 Zform stripelike microdomains with an average stripe
_presse ata _ra e S per mO (?CU €. Ihe MoNoIayer s cyness ranging from 2 to Am. These domains disappear near the onset
illuminated with a monochromatic lighih =581 nm from a  of the surface pressure increase, corresponding to area per molecule of
mercury lamp. The fluorescence sigfaiA=601 nm is col- 85 A%
lected with a 40< LDW plan objective(Olympus, Hamburg,
Germany and a SIT camergHamamatsu, Herrsching, Ger- higher radius of the fluorinated groups in the lipid tails
many), and was recorded with a VCR. The images are therFL-8-8 (Fig. 1), which leads to a helical conformation of
digitalized through open source software, NIH imad#H,  the fluorcarbon chains as opposed to antalhs (zigzag
USA). Surface potentials are measured under well-definedonformation as known from studies of hydrocarbon
thermodynamic conditions using the vibrating plate probechains'*

coupled to auSpot mini-trough(Kibron QY, Helsinki, Fin- At very dilute monolayer states, above 108 ger mol-

land). ecule, no fluorescence emission can be detected from the
Langmuir monolayer, indicating a gaseous phé&gsta not

. RESULTS shown but see™ However, further compression of the film

leads to the formation of bright domaif§&igs. 3a and

Figure 2 shows Langmuir isotherms and fluorescenc(b)]. As presented in Fig. (2) alkyl lipids start to form
images of alkyl lipid (AL-16) in (a) and F-alkyl lipid circular bubblelike domains around 6% Awhereas fluori-
(FL-8-8) in (b). The monolayers are kept @a=20 °C. As  nated lipid monolayer$Fig. 2(b)] form stripelike domains
can be seen in the figure, FL-8-8 occupies a larger areappearing around 95% Both domains can be attributed to
than AL-16 at all surface pressures. For example]lat the coexistence region of gas and liquid phases, because the
=25 mN/m the area per FL-8-8 molecule is 5% Avhile  dye-labeled lipid( DHPE Texas-Redemits light only when
the corresponding value for AL-16 is only 3&AThese surrounded by lipids in a liquid phase. This is further sup-
values are in good agreement with the cross sectional argaorted by the fact that homogenous fluorescence imdiges
twice that of a single F-alkyl chain, 30°Aand that of a uid phasg can be obtained by further compression to mo-
single alkyl chain, 19 A because there are two alkyl lecular areas below 50 for AL-16(8 or 85 A? for FL-8-8
chains per lipid molecule. This is a consequence of the(b), respectively.
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previous studie’® we were able to determine the surface
potential for diluted phasegarger than 90 A per moleculg
and found values ranging between —420 and -390 mV. In-
crease in the surface pressure is highly correlated with an
abrupt decrease in surface potential as is further addressed in
the following section.

This finding demonstrates two remarkable features of
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— \, , Seszmoopmzmemennmeeaf F-alkyl lipids that are quite different from other lipids with
60 80 100 120 140 160 140 alkyl chains:(i) the surface potential remains negative for the

o

Area per Molecule [A7] entire range of measured surface areas and presgiijes;

FIG. 3. The surface potential of a FL-8-8 monolayeght axis, solid ling compressm.n of the film makes the §urface potential even
plotted as a function of the area per F-alkyl molecule measured at 20 °dnore negative. In fact, the corresponding surface potential of
The isotherm with the same area per molecule is also diveken line, left ~ AL-16 as a function of area per molecule is quite different

axisg). The onset of the transition from the gas to liquid phase as observed byrom that of FL-8-8. butsimilar to many other aIkyI Iipids
fluorescence microscopy is connected to an abrupt decrease in surface p !

tential. An average surface potential close to the gas-liquid coexistenc@jjata not shown
(=90 A? per moleculg was between —420 and —390 mV.

IV. DISCUSSION AND THEORETICAL MODELING
As presented in Fig.(®) the width of the FL-8-8 stripe

patterns varies between 2+8n. The area fraction of the As confirmed by Fig. ), the observed stripelike pat-
liquid domains remains about 15%. Interestingly, the area pelerns are not caused by any kinetic effects, such as finite rate
molecule seems to have only a minor influence on the widttf film compression, because they are stable for a long times.
and on the area fraction in the phase coexistence régen The first-order phase transition between gas and liquid
tween 97 and 89 A, up until a point near the onset of the phases occurs as the attractive interaction between molecules
pressure increase. There, all stripes disapp@ard?). It is ~ becomes dominant against the entropy of mixing, similar to
well known that the transition from the gaseous to the liquidany condensation transition. The shape and thickness of co-
phase is difficult to determine from the pressure-are&€Xisting domains is determined by two competing
isoﬂ'l(;)rrnj"6 therefore no p|ateau in the isotherm can be objnteractionsl.g The first is the line tension, namely, the energy
served. needed to create a domain boundary between two phases at
It is worthwhile to mention that the images of the FL-8-8 coexistence. This is proportional to the length of the line
monolayer appear homogeneously fluorescent over the entiféirrounding the domain and, therefore, tends to favor circu-
area even at high surface pressufBs>25 mN/m). This lar shapes, as observed for alkyl lipids. The second term is
suggests that the fluorescent lipids in a FL-8-8 monolayethe molecular dipole moment, which tends to elongate
remain in a fluid(disorderedl environment even when the (stretch isolated domains due to their electrostatic interac-
film reaches the minimum molecular area. The observed imtion. Previous theoretical studies have actually postulated
ages are clearly different from a “dark” image of AL-16 that the electrostatic repulsion in the gas-liquid phase coex-
taken at 25 mN/ndata not shown This difference can be istence stabilizes the phases with modulated density, by as-
explained by the mismatch in the cross-sectional area of th&uming the dipole contributions from polar head grotiss.
ordered hydrocarbof18—19 &),*” and fluorocarbon chains Effective molecular dipole moments in Langmuir mono-
(30 AZ)_ll Here, the alkyl chains of a FL-8-8 molecule are layers can be analytically estimated by surface potential
disordered due to the strain in the lateral chain packing, almeasurement§ using the Helmholtz equation,
though the film is compressed to the area per molecule of ©
60 A2, V=—o,
Furthermore, it was found that these stripelike domains oA
do not coalesce with each other, but rather maintain theiwherey is the lipid dipole momentA is the area per dipole,
elongated shape as individual domains. To eliminate kineti@nde is the media dielectric constant. To calculate the effec-
effects arising from the finite compression speed, the FL-8-8ive molecular dipole moment in Langmuir monolayers,
monolayer is kept for over 30 min at a constant ai@A?  three contributing factors are generally taken into account:
per moleculg Subsequent fluorescence images taken afi) contribution from the polar head groufii) influence of
5 min intervals showed no changes in the global shape of theriented(i.e., polarized water molecules adjacent to the di-
domains. It is possible to conclude that the observed strippolar head group, andii) contribution from asymmetric
microdomains are thermodynamically stable. The F-alkyl bechain termini. In our experiment, the intermediate chain re-
havior can be compared with the image of the AL-16 mono-gions do not contribute to the net molecular dipole because
layer in the vicinity of the gas-liquid coexistené@0 A% per  the successive dipoles along the linear chain cancel each
moleculg. The latter exhibits circular fluorescent domainsother. As the contributions frorti) and(ii) are identical for
[Fig. 2a)], as reported for other alkyl surfactarts. F-alkyl (FL-8-8) and alkyl(AL-16) lipids, the difference in
Figure 3 depicts the surface potential of &8 mono-  surface potential seems to be dominated by the fluorinated
layer as a function of the area per fluorinated molecule, ashain termini. As found in previous studit&?® these chain
well as the simultaneously measured Langmuir isotherm. Inermini have a dipole moment which points away from the
spite of some practical difficulties, as known from numerousmonolayer towards the air. This is supported by the experi-

(1)
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mental observation of an increase in the absolute value of the

(negative surface potential as the film is compressédy.

3). This can be attributed to the lower surface area per mol-

ecule[see Eq(1)] and/or an in average more perpendicular

orientation of the F-alkyl chains as the film is compressed.
If terminal- CF; dipoles reside in air, the electrostatic

energy of the dipolar layer is given by

1(4aE
Fo=-= | =—d7, 2
el ZJ A ()

whereE is the electric field induced by the permanent di-
poles andA is the area per dipole. The line tensigiiin units

of energy per unit lengthaccounts for the energy cost
needed to create a domain of liquid phase in a gas back-
ground on the two-dimensional monolayer. For an ideal, peFIG. 4. Fluorescence image of a FL-8-8 monolayer with 0.1 mol % choles-
riodic arrangement of stripelike domains with periodidily ~ terol. taken at 90 Aper molecule{same area as in Fig(t9] and 20 °C.
=D, +Dg, the contribution of the line tension to the domain The doping of cholesterol leads to a decrease in the stripe periodicity from

h 2-81to 1-2um.
energy is
2y
F=5 ® B 1, %

=+
KTB (¢ - ¢c)
The electrostatic energy can be calculated within the assump- gy taking y=1.6x10722N,?® ¢=1, and the measured

tion of an alternating arrangement of infinitely long stripes ofgface potential into account, the equilibrium thickness of
liquid and gas domains having thickness andDg, respec- pea_q m s obtained. This value is in good agreement

tively. Using an additional assumption that the domain wall§ i, the experimental results presented in Fig) Zwidth of
at the gas-liquid boundary are rather “sharp,” the free energy ot 2-8um). As is confirmed experimentally, the as-

for the stripe geometry is given by sumption that phase coexistence reached thermodynamical is

kT, ) justified, and is clearly different from the nucleation and
Fei= w_a[X¢L+(1_X)¢G] growth processes reported previou?glyt should be noted
. that the choice of the dielectric constant value is critical due
_ b_3(¢ — bo)? Iog(D S'n(TfX)) 4) to the exponential dependence @fon . To get the above
mD - ¢ T ’ estimate oD% we chose the dielectric constant surrounding

B B ) _ ) the— CK dipoles to be that of airg=1. If one takese=2
W_zerexh_ D/ D—_D|A/(1I/32,_+DG) Is the alrea flract|o|n of Lheble',q' (approximated dielectric constant of fluorine medihe re-
uid ~ phase, a=( 's & molecular length, sulting D{ increases by a factor of about 100. In fact, mov-

—,,2 H
=uel[KTey(ente)] andkT 1S the.thermal energy. Herg, ing the dipoles from above to below the air/water interface,
ande,, represent the local dielectric constant near the dipoles

and the dielectric constant of water, respectively, adbe i.e., if one assumes that the dominant dipoles come from

are the concentration@nolecules per unit ar¢af the two hegd groups in water, will result in a reduction.of th_e inter_—
phases. The first two terms in Et) represent the overall action energy by a factor of 6400 due to the high dielectric

average contribution of the electrostatic energy, which is inconstant of wate(e,=80). The negative surface potential,
dependent from the periodici. The third term is an exact Which is not found in regular alkyl lipids, indicates that the
summation of the dipole-dipole interaction. It contains bothdiPole moment originates mainly from the chain termini.

intrastripe contributions proportional to(B/a)/D, and in- Therefore, this is additional evidence that the dipolar major
terstripe contributions proportional to [Bin(mx)/=]/D.?* contribution comes from the chain residing above the water

The total free energy difference between the stripe phase arfd!rface.

a reference gas-liquid coexistence phase, therefdre, is Equations(6) and(7) also suggest that a decrease in line
_ tensiony can cause a pronounced decrease in the periodicity
_ ke’ ) Dsinmx) 2y D. The influence of line tension dR is studied by adding a
AF=-——(¢ —Pg)log| — | + —. (5) S . .
7D D trace of cholesterol, which is known to reduce line tension

significantly?® When 0.1 mol % of cholesterol is added to
the fluorinated lipids, the average periodicity of stripe do-
mains is decreased from 2—8 to 1ufn (Fig. 4). We note

By minimizing Eq.(5) with respect to the periodiciti,
the equilibrium thickness of the strip& can be obtained,

eq_ P that it is experimentally difficult to reduce the doping ratio of
D"'=a sin(mx) expg, (6)  cholesterol below 0.1 mol% or smaller. While doping of
0.2 mol % of cholesterol results in the complete disappear-
where ance of the stripelike domains. However, the observed ten-
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