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Surfactants exhibit characteristic phenomena, including the reduction of interfacial free energy, self-assembly into
aggregates, and even the formation of lyotropic liquid crystalline phases at high concentrations. Our research has shown
that a semifluorinated phosphonic acid can act as the two-dimensional analogue of a surfactant-a linactant-by
reducing the line tension between hydrocarbon-rich and fluorocarbon-rich phases in a Langmuir monolayer. This
linactant can also self-assemble into nanoscale clusters in a monolayer. Here, we explore the dependence of linactant
behavior on molecular structure. Members of a homologous series of partially fluorinated phosphonic acids were
synthesized and tested as linactants: CF3(CF2)n-1(CH2)mPO3H (abbreviated as FnHmPO3). The tests revealed that
linactants with longer hydrophobic chains were most efficient in lowering line tension. For linactants with the same
overall chain length, the length of the fluorocarbon block was correlated with efficiency. Thus, the linactant efficiency
was ranked in the order F8H8PO3 < F10H6PO3 < F8H11PO3 < F10H9PO3. In all cases, linactant-containing
Langmuir-Blodgett monolayers exhibited nanoscale molecular clusters with characteristic dimensions of 20-30 nm;
enhanced linactant efficiency was systematically correlated with larger clusters.

Introduction

The performance of surfactant molecules in lowering the
interfacial tension of a solution is classically characterized by
two macroscopic properties: efficiency and effectiveness.1 The
surfactant efficiency is related to the change in bulk surfactant
concentration necessary to reduce the surface tension by a given
amount. Effectiveness, on the other hand, refers to the maximum
reduction in surface tension that can be obtained by the addition
of a given surfactant. Surfactant efficiency is strongly influenced
by the length of the hydrophobic chain; typically, the longer the
hydrophobic chain, the more efficient the surfactant.1 Fluori-
nated surfactants have been shown to exhibit high efficiency in
reducing surface tension2,3 due to relatively low cohesive energy
density and associated weak intermolecular interactions. The
effectiveness of a surfactant is related to the value of the surface
tension at the critical aggregate concentration (cac), which is the
concentration at which surfactant molecules self-assemble into
well-defined structures such as micelles or bilayers. Increasing the
surfactant concentration beyond the cac typically leads to only a
small additional reduction in the surface tension.

By analogy to surfactants in three-dimensional (3D) systems, a
new class ofmolecules that we call “linactants” plays a surfactant-
like role in Langmuir monolayers-monolayers of insoluble
surfactant at the air/water interface. Linactants can be used to
stabilize coexisting nano- and mesoscale two-dimensional (2D)
domains within a monolayer by reducing the line tension.4 There
has been a recent renewed interest in immiscibility and inhomo-
geneity within monolayers and bilayers for several reasons,

including the development of patterned biomimetic bilayers for
sensor applications, and recent discoveries related to phase
separation in pulmonary surfactant layers5-9 and “lipid rafts”
within biological membranes.10,11 Rafts are submicron domains
that are enriched in cholesterol and sphingolipids; they have a
demonstrated role in cell signaling. It has been proposed that rafts
are formed due to the differential miscibility of various lipids
within bilayer membranes.12-14 The putative size of lipid rafts is
in the 40-100 nm range, making the reduction of line tension a
requirement for raft stability.

We15,16 and others17-21 have also observed linactants and
similar partially fluorinated compounds to form self-organized
molecular nanostructures at high surface concentrations. In
typical 3D surfactant self-assembly, aggregates are formedhaving
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at least one characteristic dimension that is related to twice the
molecular length (e.g., micelle diameter or bilayer thickness). This
dimension corresponds to the head-tail:tail-head arrangement
that is common in surfactant aggregates and is consistent with
hydrophobic interactions. The lateral size of linactant nanostruc-
tures in monolayers, however, was found to be 20-30 nm,15,16

which is roughly 50 times larger than the cross-sectional diameter
of the linactant molecule and at least 10 times the molecular
length. The molecular-level basis for these 2D aggregates is
not fully understood; however, we have proposed that these
dome-shaped structures are caused by the mismatch of close-
packing preferences of the hydrocarbon block and the bulkier
fluorocarbon block,16 which gives rise to a subtle splay of the
molecular axis in close-packed aggregates.

In our previous work,4 two partially fluorinated linactant
molecules (with one and two tails, respectively) were synthesized,
and their line activity was tested with respect to the two-dimen-
sional coexisting phases in a mixed monolayer composed of
pentadecanoic acid (H14) and perfluoroundecanoic acid (F10).
The line tension between hydrocarbon-rich and fluorocarbon-
rich phases was measured by monitoring the relaxation kinetics
of bola-deformed domains back to their equilibrium circular
shape.22-28 We reported that the addition of a small amount of
either linactant significantly reduced the line tension between
the coexisting 2D phases. Notably, the single-tail linactant
(F8H11PO3) was dramatically more efficient than the double-tail
linactant. These results motivated us to investigate further the
structural basis of linactant efficiency by examining a homolo-
gous series of single-tail semifluorinated phosphonic acids and to
use this system to establish the relationship(s) between linactant
self-organization and efficiency.

Materials and Methods

The molecular structures of the semifluorinated phosphonic
acid linactants are shown inFigure 1. The synthesis ofF8H11PO3

was described previously.15 The other semifluorinated linactants
(F8H8PO3, F10H6PO3, and F10H9PO3) were prepared using
analogous strategies and methods. Pentadecanoic acid (H14;
Acros Organics) and perfluoroundecanoic acid (F10; Oakwood
Products Inc.) were dissolved in choloroform (Fisher Scientific).
All partially fluorinated phosphonic acid linactants were
dissolved in tetrahydrofuran (Fisher Scientific).

Mixed Langmuir monolayers were spread dropwise using a
microliter syringe at the air-water interface of a custom-built
Langmuir trough. The pH of the subphase was adjusted to 3 by
additionofhydrochloric acid (Mallinckrodt).After spreading, the
monolayers were allowed to relax for at least 10 min to ensure
solvent evaporation. Themonolayer was compressed by amotor-
ized barrier at a constant rate of 20 mm/min. The monolayer
structure at the air-water interfacewas visualizedusing a custom-
built Brewster angle microscope (BAM).29,30 Domain deforma-
tion was achieved by shearing the interfacial layer, which was

performed manually using a syringe needle. The interfacial shear
was sufficient to create some domains exhibiting a bola shape,
consisting of two disks of radiusR connected by a thin string. The
BAM was mounted on a joystick-controlled motorized XY
translation stage, allowing us to track the bola-shaped domains
and to follow the entire relaxation process of individual domains.
Theboladomains relaxedprimarily byagradual shorteningof the
string (at constant velocityV) connecting the two disks. Videos of
domain relaxation were analyzed frame-by-frame to determine
the domain relaxation velocity. The line tension, λ, of a given
mixture was determined from measurements of domain recovery
kinetics as a function of bola disk radius, R, according to the
formula V = 3λ/8ηR, where η is the subphase viscosity.22 In
particular, the best value of λ and the uncertainty in λ were
determined from linear fits to data where V was plotted versus
R-1. This process was repeated for each monolayer composition.
Further details of this approach were described previously.4

LB monolayers were transferred to freshly cleaved mica sub-
strates by vertical dipping (on the upstroke) at a surface pressure
of 4 mN/m. These samples were imaged with a Nanoscope
MMAFM (Digital Instruments-now Veeco). Images were
obtained in tapping mode using silicon nitride tips at room
temperature (23 ( 1 �C) under ambient atmospheric conditions.
The size and the height of clusters were measured by analyzing
cross-sectional height profiles from AFM images; for close-
packed clusters, the characteristic cluster size was taken as the
distance between minima in the cross-section profile.

Results

Line Tension Isotherms. It is convenient to divide the
linactants into two series based on total chain length: series 1
(F8H8PO3 and F10H6PO3) and series 2 (F8H11PO3 and
F10H9PO3). Within each series, the total chain length is fixed
while the relative lengths of the hydrocarbon and fluorocarbon
blocks vary (see Figure 1).

In the absence of shear, BAM images of two-componentH14/
F10 monolayers exhibited circular domains of H14-rich phase
surrounded by a matrix of F10-rich phase as shown in Figure 2a.
Monolayers containing linactant were qualitatively similar, but
with systematically smaller domain sizes, as shown in Figure 2b.
In the absence of linactant, the domain size (and average domain
coverage) was dramatically heterogeneous over macroscopic
length scales, to the extent that it was not practical to measure
the domain size distribution. As described above, following the

Figure 1. Structures of the semifluorinated phosphonic acid linactants.
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application of interfacial shear, some of the domains were
deformed into unstable bola shapes as shown in Figure 2c.

We previously4 measured the bare line tension of the two-
componentH14/F10mixture to be λ=1.96( 0.05 pN. Figure 3
shows the measured values of the modified line tension in the
presence of various linactants as a function of the linactant mole
fraction within the three-componentmixedmonolayer.We found
that the line tension decreased systematically as the linactant
concentration was increased. In general, we were unable to
determine the line tension below values of ∼1.55 pN. For lower
values of line tension, a domain-shaped instability preceded the
formation of peanut-shaped instabilities or curved domains,31

and we were unable to create bola-shaped domains in these
monolayers. In particular, this behavior meant that we were
unable to extend measurements of the F10H9PO3 linactant
beyond a mole fraction of 2 � 10-4.

The slopes (∂λ/∂C) of the line tension versus linactant concen-
tration curves (i.e., the linactant efficiencies) are summarized
in Table 1. These values show that most of the linactants
investigated tended to reduce the line tension, although the
efficiency of F8H8PO3 was essentially negligible. In series 1, we
found that the linactant with the longer fluorinated block
(F10H6PO3) was significantly more efficient than F8H8PO3.
The same trend was observed for series 2, where the linactant
with the longer fluorinated block (F10H9PO3) induced a signifi-
cantly larger decrease of the line tension. Notably, the linactants

of series 2 were more efficient than those of series 1. These results
suggest that the overall chain length and the length of the
fluorocarbon block are both factors that enhance linactant
efficiency. Interestingly, the relatively subtle changes inmolecular
architecture gave rise to significant changes in linactant activity.
In fact, the linactant efficiency varied by more than an order of
magnitude within these four compounds. Notably, 3D surfactant
efficiency is also generally enhanced by increased chain length or
the presence of fluorocarbon moieties.

For 3D surfactant solutions, measurements of surface tension
isotherms permit a calculation of the surface excess surfactant
concentration using theGibbs equation.Ananalogous expression
can be derived in 2D to calculate the line excess concentration of
linactant. At the low linactant concentrations used in the line
tension experiments reported here (i.e., well below the critical
concentration for 2D aggregate formation), the linactant activity
is approximately proportional to the linactant concentration, and
an appropriate expression is

Γ ¼ -
1

RT

Dλ
D ln C

� �
T,π

¼ -
C

RT

Dλ
DC

� �
T,π

where Γ is the line excess concentration, R is the gas constant, T
is the absolute temperature,C is the linactant concentration, and λ
is the line tension. Assuming that all isotherms are approximately
linear in the dilute regime shown in Figure 3, these calcula-
tions gave small values of the line excess concentration that were
<0.1 molecule/nm, which is approximately an order of magni-
tude smaller than one would expect for a close-packed layer of
linactant at the phase boundary. This result suggests that our
method ofmeasuring the line tension is limited, by the occurrence
of the domain-shaped instability, to the initial Henry’s law region
of the adsorption isotherm.
Domain Boundary Structure. In our previous work,4 AFM

images of the two-component H14/F10 monolayer showed that
the boundaries between the hydrocarbon-rich and fluorocarbon-
rich areas were well-defined and relatively smooth. When a small
amount of F8H11PO3 was added, the boundaries became rough
and highly ramified, with fingers extending into the surrounding
phase. Similar structures were observed with all of the linactants
investigated here. As a representative example, Figure 4 shows
AFM images of domain edges in theH14/F10 binary system and

Figure 2. BAM images of two- and three-component monolayers. (a) Two-component monolayer composed of H14 (96.5%) and F10

(3.5%) atπ=6mN/m. (b) Three-componentmonolayer (at π=6mN/m)with the sameH14/F10 ratio as in (a) but with the addition of 2�
10-4 mole fraction of F10H9PO3 linactant. (c) The same composition as in (b) but after the application of interfacial shear.

Figure 3. Measured line tension as a function of linactant
concentration for a monolayer composed of H14 (96.5%)
and F10 (3.5%) at π = 6 mN/m and for monolayers with the
sameH14:F10 ratio with small amounts of additional linactant.

Table 1. Linactant Efficiencies and Self-Assembled Cluster Sizes

linactant -(∂λ/∂X) (10-10 N) cluster size (nm)

series 1 F8H8PO3 0.3( 1 19( 2
F10H6PO3 3( 1 21( 1

series 2 F8H11PO3 6( 1 28( 2
F10H9PO3 13( 5 34( 1

(31) McConnell, H. M.; Moy, V. T. J. Phys. Chem. 1988, 92 (15), 4520-4525.
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theH14/F10/F10H9PO3 system. The qualitative difference in the
nanoscale appearance of the domain edges provides further
support for our hypothesis that the linactant partitions to the
domain boundaries. However, we believe that it is likely that the
specific structure of the boundaries may form during the LB
deposition process. For example, the domain shown in Figure 4b
exhibits roughness on length scales of several micrometers, which
should be visible using BAM; however, we see no evidence of
rough boundaries in BAM images at the air/water interface.
Previous work in our group has suggested that long-range
interactions of the monolayer with the solid substrate during
LB deposition can cause fingering instabilities32,33 under appro-
priate conditions. The key point here is that there is a qualitative
difference in the boundary morphology of the deposited domains
with or without very small quantities of added linactant.
Linactant Self-Assembly in Two-Dimensions. To establish

a relation between the linactant efficiency and self-organization,
single-component monolayers of the various linactants were
transferred by Langmuir-Blodgett (LB) method to mica sub-
strates and analyzed using AFM. As previously reported for
monolayers of related semifluorinated phosphonic acids,15 as well
as for monolayers of other semifluorinated compounds,17-21 the
AFM images showed the presence of 2D molecular clusters with
characteristic sizes of 19-34 nm (see Figure 5). Since these
monolayers were composed of pure linactant, the appropriate
analogy with 3D surfactant systems would be to lyotropic liquid
crystal phases at very high concentrations. Like typical lyotropic
phases, many of the LB monolayers exhibited long-range liquid
crystalline order with respect to the arrangement of clusters.

Table 1 summarizes the size of the clusters measured using a
cross-sectional analysis. The apparent height of the clusters, for
all linactants, was significantly smaller than the extended mole-
cular lengths, suggesting that the molecules were not fully
extended, that the low areas did not correspond to bare substrate,
and/or that the clusters were so closely crowded that the AFM tip
was not able to probe fully the lower regions separating them.

Table 1 shows that the characteristic lateral dimension of the
clusters increases significantly with total chain length (series 1 vs
series 2); a less dramatic increase in cluster size is observed with
increasing fluorocarbon block length within a given series.
Notably, this same trend was observed for linactant efficiency.
Indeed, Table 1 shows a systematic correlation between the
measured linactant efficiency (in a three-component monolayer)

and the observed cluster size (in a one-component monolayer).
Although these observations are empirical, they establish an
interesting correlation between the macroscopic properties of
the linactant compounds (associated with line-tension modifica-
tion) and the nanometer-scale properties associated with mole-
cular packing. The correlation might be due to the fact that both
properties are related to the internal chemical incompatibility of
the molecules associated with covalently linked hydrocarbon and
fluorocarbon blocks.

Discussion

Semifluorinated linactants exhibit phenomena, both macro-
scopic and microscopic, in 2D that are analogous to those of
surfactants in 3D solutions. In three-component monolayers, the
linactants reduce the line tension associated with boundaries
between hydrocarbon-rich and fluorocarbon-rich monolayer
phases. The degree of line tension reduction increases with
linactant concentration, and the efficiency of the reduction
increases with hydrophobic chain length. All of these effects are

Figure 4. AFM images of Langmuir-Blodgett monolayers transferred at 4 mN/m. (a) Two-component monolayer composed of H14

(96.5%) and F10 (3.5%). (b) Three-component monolayer with the same H14/F10 ratio as in (a) but with the addition of 2 � 10-4 mole
fraction of F10H9PO3 linactant.

Figure 5. AFM images of one-component linactant LB mono-
layers composed of semifluorinated phosphonic acids (the parti-
cular linactant compounds are indicated by the annotation of the
images). The monolayers were transferred onto mica at 4 mN/m.

(32) Sikes, H. D.; Schwartz, D. K. Langmuir 1997, 13 (17), 4704-4709.
(33) Sikes, H. D.; Woodward, J. T.; Schwartz, D. K. J. Phys. Chem. 1996, 100

(21), 9093-9097.
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directly analogous to the effects that typical surfactants have on
interfacial tension (e.g., in oil/water systems). Furthermore, the
presence of linactants led to a reduction in the size of discrete
micrometer-scale hydrocarbon-rich domains. In the absence of
linactants, these domains often coalesced into macroscopic
regions. These observations are reminiscent of the stabilizing
effects that surfactants exert upon oil/water emulsions. The
mechanism by which this stabilization occurs in 3D systems
involves the reduction of droplet coalescence rates due to the
Gibbs-Marangoni effect. We have yet to develop a mechanistic
understanding of how linactants stabilize the observed 2D
fluorocarbon/hydrocarbon “emulsions”.

At nanometer-length scales, linactants are observed to form
well-defined aggregates in neat one-component monolayers; in
some cases, these aggregates exhibit long-range liquid crystalline
order. This behavior appears to be analogous to the formation
and lateral organization (into lyotropic liquid crystal phases) of
micelles or other aggregates in concentrated surfactant solutions.
However, in contrast with 3D aggregates, whose characteristic
dimension is typically twice the molecular length, the 2D aggre-
gates are significant larger in their lateral dimensions. This
phenomenon suggests that the specific molecular mechanisms
leading to aggregation are likely to be somewhat different. We
previously proposed15,16 that the formation of finite-sized clusters
in these systems could be due to the incompatibility between the
close-packing requirements of the hydrocarbon (nearest-neighbor
distance of 0.48 nm)34 and fluorocarbon (nearest-neighbor dis-
tance of 0.585 nm)35 blocks. Packing frustration due to incompa-
tible blocks has been shown to lead to transitions between surface
phases in melts of semifluorinated alkanes.36 One strategy to
compensate for this incompatibility, while preserving both hydro-
carbon-hydrocarbon and fluorocarbon-fluorocarbon interac-
tions to some degree, involves packing the slightly wedge-shaped
molecules in a splayed configuration. This arrangement leads to
spontaneous curvature as shown in Figure 6. A related structure
was considered by Moeller and co-workers18 for the unidirec-
tional “ribbons” that they observed in thin films of partially
fluorinated alkanes.

The approximate angle associatedwith such amolecularwedge
can be estimated with the formula Δθ= Δd/l, where Δd refers to

the difference between the fluorocarbon and hydrocarbon
nearest-neighbor distances and l is the molecular length. This
approximation gives a value of Δθ ≈ (0.1 nm)/(2 nm) = 0.05.
Close packing of such wedges standing on a flat surface would
lead to frustration when the accumulated angle reached π, which
would require approximately π/Δθ = 62 molecules. Given the
nearest-neighbor distance of ∼0.5 nm, such a cluster would
be roughly 30 nm in diameter, which is similar to what we
observe. The domelike shapes of the F8H8PO3 clusters observed
previously with AFM are consistent with this picture.16 While we
readily admit that this model is oversimplified, and one cannot
expect quantitative agreement between predicted and measured
length scales, it is nevertheless interesting to consider the trends
that such a model would predict. Given that the wedge angle
is inversely proportional to total chain length, this model suggests
that longer molecules would give rise to larger clusters, which is
qualitatively consistent with our observations in Table 1. It is also
intuitive that for twomolecules with the same overall chain length
the molecule with a longer fluorocarbon block would have a
larger wedge angle, although tomake this prediction quantitative
would require a more refined estimate of the wedge angle.

Gallyamov and co-workers37 derived a related geometric
model to describe the lateral size of toroidal structures formed
by partially fluorinated alkanes. Their simplified formula did not
account explicitly for the effect of the fluorocarbon block length
and predicted that the aggregate diameter dependedmainly on the
length of the hydrocarbon block.While this prediction is not quite
in agreement with our observations, we note that their formula
gives aggregate diameters that are within∼30% of our measured
values.

How might linactant molecules be arranged at the boundary
between hydrocarbon-rich and fluorocarbon-rich monolayer
phases? If one accepts that the linactant molecules have a
tendency to pack in a slightly splayed arrangement, one can
imagine a partial cluster structure at the boundary that would
maximize molecular interactions. Such a structure is illustrated
in Figure 7a. This structure, however, has a large excess of
linactant molecules at the boundary, which, although possible,
is not consistent with the situation under the conditions of our
experiments, where the boundary adsorption is quite weak.
A speculative arrangement consistent with a small boundary
excess of linactant is illustrated in Figure 7b.

Figure 6. Proposed packing of semifluorinated phosphonic acid linactants in one-component monolayers.

Figure 7. Proposed arrangement of linactants at the boundary between a hydrocarbon-rich and fluorocarbon-rich monolayer phase.
(a)Hypothetical linactant arrangement under the conditions of concentrated boundary adsorption. (b)Dilute linactant adsorption consistent
with the isotherms reported here.

(34) Barton, S. W.; Thomas, B. N.; Flom, E. B.; Rice, S. A.; Lin, B.; Peng, J. B.;
Ketterson, J. B.; Dutta, P. J. Chem. Phys. 1988, 89 (4), 2257-2270.
(35) Barton, S.W.; Goudot, A.; Bouloussa, O.; Rondelez, F.; Lin, B. H.; Novak,

F.; Acero, A.; Rice, S. A. J. Chem. Phys. 1992, 96 (2), 1343-1351.
(36) Gang, O.; Ellmann, J.; Moller, M.; Kraack, H.; Sirota, E. B.; Ocko, B. M.;

Deutsch, M. Europhys. Lett. 2000, 49 (6), 761-767.

(37) Gallyamov, M. O.; Mourran, A.; Tartsch, B.; Vinokur, R. A.; Nikitin,
L. N.; Khokhlov, A. R.; Schaumburg, K.; Moeller, M. Phys. Chem. Chem. Phys.
2006, 8, 2642-2649.
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Conclusions

The various linactants investigated in this paper (F8H8PO3,
F10H6PO3, F8H11PO3, and F10H9PO3) reduce the line tension
in three-component monolayers and also self-assemble into
nanometer-scale aggregates in one-component monolayers. Our
results suggest a molecular design strategy for linactants that
incorporates three distinct moieties: an anchoring headgroup and
a dual-component tail consisting of two different segments,
each of which is compatible with one of the coexisting phases
(fluorocarbon and hydrocarbon in our case). We hypothesize
that the incompatibility of close-packing requirements for the
hydrocarbon and fluorocarbon segments causes frustration in
the long-range order within one-component linactant mono-
layers, leading to the finite-sized aggregates or even periodic

structures in some cases. This behavior might be a general feature
of linactant monolayers. Both linactant efficiency and the details
of the self-assembly are closely correlated to the molecular
structure of the linactant molecule. In particular, linactants
with longer hydrophobic chains are more efficient, and for a
given total chain length, linactants with longer fluorocarbon
blocks aremore efficient. These samemolecular properties dictate
the characteristic length scale of the self-assembled aggregates,
offering a direct correlation between linactant efficiency and
aggregate size.
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