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There are several examples of surface micelles (hemi-
micelles) formed by self-assembly of small molecules and
macromolecules that are adsorbed on solid surfaces and in
equilibrium with aqueous solutions.[1] On the other hand,
reports on surface micelles in Langmuir monolayers are
essentially limited to copolymers.[2] Although their existence
has long been predicted,[3,4] so far only one example of surface
micelles made from small amphiphilic molecules exists.[5]

These surface micelles were made from strongly polar
surfactants. Furthermore no rule for predicting the size of
the hemimicelles has been found. We report here on novel
surface micelles made of a nonpolar amphiphile, namely, the
semifluorinated alkane C8F17C16H33 (F8H16), their structure,
and a model that accounts for their size.

Since the pioneering work of Gaines demonstrated that
semifluorinated alkanes CnFnþ1CmH2mþ1 (FnHm diblocks)
form Langmuir monolayers,[6] their structure has remained
controversial. A primary issue was the orientation of the
FnHm molecules at the air±water interface. Grazing-inci-
dence X-ray diffraction (GIXD) and X-ray reflectivity
(GIXR) studies on F12H18 concluded that the most probable
arrangement was a monolayer in which the Hm segments are
in contact with water and the Fn segments extend upwards
from the surface.[7] However, a bilayer structure in which the
diblocks are antiparallel, with tilted F8 segments outside and
interleaved H18 segments inside, was recently proposed on
the basis of X-ray reflectivity measurements.[8] In the bulk,
FnHm molecules crystallize in a large number of different
stable smectic phases, depending on temperature and on n and
m block lengths.[9±11] FnHm were instrumental in allowing
reversible vertical phase separation from phospholipids upon
compression of Langmuir monolayers.[12] They allowed sub-
stantial stabilization of fluorocarbon-in-water emulsions and
control over particle size.[13,14]

F8H16[15] was thoroughly purified by column chromatog-
raphy, and its purity (> 99 %) determined by GC, TLC, NMR
spectroscopy, and elemental analysis. Monolayers were
spread from a 1 mm solution of F8H16 in chloroform onto
pure water from a milli-Q system. Surface pressure Ps

(Wilhelmy plate method) versus molecular area isotherms
were recorded at 22.0� 0.5 8C on a Langmuir trough (Riegler
& Kirstein, Germany) equipped with two movable barriers.

F8H16 formed a monolayer that remained stable up to
about 8 mNm�1 (Figure 1) with a limiting area of about 30 ä2

that corresponds to the cross section of a perfluorinated chain,
which is larger than that of a typical hydrocarbon chain (ca.
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20 ä2).[16] Because the van der Waals radius of fluorine is
larger than half the C�C bond length, steric hindrance causes
the chain to adopt a (15/7) helical conformation, which
renders the carbon backbone rigid.[17] The isotherm was
reversible, without hysteresis, in compression/expansion cy-
cles. The monolayers were transferred onto a silicon wafer,
previously treated with a ™piranha solution∫ (conc. H2SO4/
30 % H2O2 3/1) by using the Langmuir±Blodgett technique.
The transferred films were analyzed with an atomic force
microscope (AFM, NanoScope III) in tapping mode with a
nitride cantilever. All scans were performed in the repulsive
regime.

Figure 2 a shows an AFM image of the F8H16 monolayer
transferred at 7 mNm�1 onto a silicon wafer. It shows the
presence of two-dimensional micelles that form a nanoscale
structure on the surface. The AFM images of these surface
micelles were analyzed quantitatively by two-dimensional
Fourier analysis (Figure 2 b). Diffusion rings were observed
that originate from hard-core repulsions. For both pressures

(0.5 and 7 mNm�1) investigated, the surface micelles have a
characteristic diameter of 300 ä. The size distribution of the
micelles was highly monodisperse. The average height H of a
micelle was assessed by a series of AFM line scans to be 23�
5 ä. At 7 mNm�1, the surface micelles pack in an hexagonal
arrangement, as assessed by the position of the Bragg peaks
(see the two rings in Figure 2 b).

When surface pressure was increased from 0 to 7 mNm�1,
the density of the micelles increased progressively. However,
the size of the micelles was independent of surface density.
When the pressure was further increased to 9 mNm�1, the
micelle arrangement became even more compact, but no
coalescence between domains was observed.

The F8H16 monolayers were also analyzed by X-ray
specular reflectivity. Figure 3 shows X-ray data obtained from
a monolayer compressed and transferred at 7 mNm�1. The

experimental curve was fitted to single- and two-layer models
with Parratt 32 software. The single-layer model gave poor
results, because the corresponding fit always had its second
minimum at three times the first minimum, which is clearly
not the case in the experimental curve. A two-layer model
provided good agreement with the experimental data.

The electron density distribution of the two-layer model
(fitted curve in Figure 3) is given in Figure 4 a. It consists of an
upper layer (in contact with air) with a thickness of 10.0 ä and
an electron density of 487 e nm�3, and a lower layer with a
thickness of 19.3 ä and an electron density of 290 e nm�3. The
total thickness is 29.3 ä. It is noteworthy that the height of the
micelle, as measured by X-ray reflectivity, is in close agree-
ment with the length lC of a fully extended F8H16 molecule, as
calculated[18 ,19] from lC ¼ 1.3nþ 1.265mþ 2.58¼ 33.2 ä for
n¼ 8 and m¼ 16). Integration over the whole layer gives a
total electron density of D¼ 1050 e nm�2. F8H16 consists of
an F8 segment bearing 201 electrons and an H16 segment with
129 electrons. The mean area per molecule is obtained by
dividing the total number of electrons of a molecule by D,
which gives a molecular area of 31.5 ä2, which is the value
expected if the density is preserved during transfer onto the
wafer. However, note that the proportion of electrons in the
upper layer is only 46 %, while a simple model in which the
fluorinated segments of all molecules point towards air would
give an upper layer representing 61 % of the total. Likewise,
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Figure 1. Isotherm of surface pressure Ps versus molecular area A,
obtained by compressing F8H16 at an air±water interface at 22 8C. The
two arrows indicate the surface pressures of transfer for AFM imaging
(Figure 2).

Figure 2. a) AFM image (0.5 î 0.5 mm) of surface micelles in a F8H16
monolayer transferred to a silicon wafer at 7 mNm�1. b) Two-dimensional
Fourier transform of (a), showing two rings.

Figure 3. Experimental curve of X-ray reflectivity obtained from the
monolayer of F8H16 transferred to a silicon wafer at 7 mNm�1. The dotted
curve is the fit obtained with the model in Figure 4a.



the density of the lower layer is larger than that expected for a
alkane hydrocarbon layer.

Given the AFM and X-ray data, we tested two models for
the shape of the micelles. As the domains are roughly circular,
we assumed a circular shape. The X-ray data suggest that the
micelle height is close to the length of an extended molecule,
but a homogeneous layer of extended molecules whose
fluorinated parts point towards air would lead to an unrealisti-
cally low density for the hydrocarbon part. Bending the
molecules towards the surface at the edge of the domain can
substantially reduce this mismatch. The two models that we
considered are a disklike shape with quarter circles at the
borders and an ellipsoidal shape (Figure 5).

The fluorinated external layer is considered to be composed
of rigid F8 rods with a thickness of 11.5 ä and and an area per
chain of 30 ä2. The density of the hydrocarbon part can then
be deduced from the molecular constraint by simply calculat-

ing the volumes of the two layers. If we set the thickness of the
hydrocarbon layer to the measured X-ray value, the mean
electron density of the internal hydrocarbon layer becomes a
function of the radius R of the micelle. An estimation of the
density of the hydrocarbon part can be obtained by using the
van der Waals volumes of CH3 and CH2 [Eq. (1)] which leads
to an electron density of 282 e nm�3. For the disklike model we
find R¼ 13.0 nm, while the ellipsoid model gives R¼ 15.5 nm.
Varying the density by � 5 % leads to variation of R from 11.5
to 14.8 nm and from 13.5 to 17.8 nm, respectively. This shows
that closing of the domains to reduce the density mismatch
provides a reasonable explanation for the observed micelle
size.

V ¼ VCH3
þ 15VCH2

¼ 54:3 þ 15 � 26:9 ¼ 457:8 A
�3 ð1Þ

We then calculated the theoretical electron density profiles
for the two models (Figure 4 b). Only the disklike model
shows an upper region of higher electron density. Moreover,
we can also understand the apparent electron deficiency of
the upper layer by comparing the density profile of the
disklike model to that of a homogeneous layer. The hydro-
carbon volume fraction fH of the disklike surface micelle can
be calculated by using Equation (2) where VH is the hydro-
carbon volume of the surface micelle, VF þVH is the total
volume, HH and HF are the lengths of the fluorinated and
hydrocarbon segments of the semifluorinated alkane mole-
cule, and R is the radius of the surface micelle.

�H ¼ VH

VH þ VF

¼
ðR�ðHF þHHÞÞ2Hh þ �

2 ðR�ðHF þHHÞÞH2
H þ 2

3 H
3
H

� �

ðR�ðHF þHHÞÞ2ðHF þHHÞ þ �

2 ðR�ðHF þHHÞÞðHF þHHÞ2 þ 2
3 ðHF þHHÞ3

� �

ð2Þ

Since fH must be equal to the hydrocarbon volume fraction
of the semifluorinated alkane molecule and VH, VF, HH, and
HF depend on m and n, it appears that R is a simple function of
n and m. This means that we can predict the size of the surface
micelles for a given semifluorinated alkane molecule.

In conclusion, we have found that the nonpolar semi-
fluorinated alkane F8H16 self-assembles into Langmuir
monolayers which, transferred to silicon wafers, consist of
highly monodisperse stable surface micelles. The hydrocarbon
segments of the F8H16 molecules are directed toward the
substrate, while the fluorinated segments point outwards
toward the air. We demonstrated that the size of these
micelles is controlled by the density mismatch between the
fluorinated and hydrogenated segments. The radius of the
surface micelle is a function of the lengths of the hydrocarbon
and fluorinated segments of the FnHm molecules. These
results demonstrate the possibility of decorating surfaces with
molecular clusters of predetermined size in the nanometer
range.
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Figure 4. a) Variation of the electron density D as a function of height Z
corresponding to the fit of the experimental reflectivity curve (Figure 3).
This clearly shows that the first layer is less dense than the second.
b) Theoretical electron density profiles (D) for the disklike model (full
line) and ellipsoidal model (dashed line) depicted in Figure 5. The density
of a homogeneous layer is represented by a dotted line.

Figure 5. Schematic representation of the cross section of a surface micelle
of F8H16 after transfer of the monolayer onto a silicon wafer: a) disklike
model; b) ellipsoidal model. The gray area represents the region of
fluorinated segments F8, and the dotted area the region of hydrocarbon
segments H16.



Novel pH-Reporter MRI Contrast Agents**

Silvio Aime,* Daniela Delli Castelli, and
Enzo Terreno

The contrast obtained in magnetic resonance imaging
(MRI) relies essentially on differences in the intensity of the
1H water signal. Therefore, the contrast can be augmented by
the use of chemicals (contrast agents, CAs) able to enhance
the relaxation properties of water protons.[1] Recently, a novel
class of paramagnetic CAs has been proposed for MRI
applications.[2,3] Such chemicals contain paramagnetically
shifted mobile protons whose exchange with the bulk water
is slow on the NMR timescale (j kex j< jDw j ). Thus, irradi-
ation of the mobile protons of the agent determines a decrease
of the 1H water signal through the so-called chemical
exchange saturation transfer (CEST) effect.[4,5]

One of the major advantages of the CEST agents relies on
the possibility of designing responsive agents in which the
effectiveness of the CA is not dependent on its concentration.
This goal can be pursued when the CEST properties of two
independent exchanging pools are monitored in the same
experiment (ratiometric method).[6] This possibility has been
demonstrated using a mixture of two compounds.[3] An

improvement in such ratiometric methods would be obtained
if the two proton-exchanging pools were parts of the same
molecule (single-molecule CEST procedure). Paramagnetic
[Ln(dotamGly)]� complexes (dotam¼ 1,4,7,10-tetrakis(carb-
amoylmethyl)-1,4,7,10-tetrazacyclododecane) would be ap-

propriate for this purpose since they are characterized by the
presence of two kinds of mobile protons, namely, the four
equivalent amide protons and the two protons of the water
molecule coordinated to the LnIII ion. It has been previously
shown that the use of a cocktail formed by [Yb(dotamGly)]�

and [Eu(dotamGly)]� allows the set-up of a ratiometric
method for pH measurements by making use of the two
exchanging pools provided by the amide protons of the
Yb derivative and by the metal-coordinated water protons of
the Eu complex, respectively. Herein we demonstrate that the
paramagnetic dotamGly complexes of the lighter LnIII ions
(Pr, Nd, and Eu) behave as pH-responsive ™single-molecule
CEST∫ agents. The efficiency of saturation transfer (ST), once
the irradiation time is sufficiently long to reach a steady-state
ST value,[3] is directly related to the exchange rate of the
irradiated protons (kex), their molar concentration (defined by
the product n[C], where n is the number of irradiated protons
and [C] is the molar concentration of the agent), and inversely
related to the longitudinal relaxation rate of the bulk water
protons during the irradiation R1,irr [Eq. (1)].

ST% ¼ 1� IS

I0

� �
100 ¼ kex n½C�

111:2R1;irr þ kex n½C� 100 ð1Þ

The latter parameter, in the presence of a paramagnetic
LnIII complex, is mainly determined by the relaxation rate of
the metal-coordinated water protons, and this is directly
dependent on the intrinsic paramagnetism of the metal ion
(meff).[7]

IS and I0 refer to the intensity of the bulk water signal when
the irradiation pulse is set on-resonance (frequency non, signal
intensity IS) and off-resonance with respect to the frequency
of the bulk water protons (noff ¼�non, I0). The off-resonance
measurement is necessary to take into account the direct
saturation effect on the bulk water signal which is determined
by the irradiation pulse.

The data reported in Figure 1 clearly show that all the three
complexes ([C]¼ 30 mm) yield significant ST effects (at 312 K
and pH 7.4) upon selective irradiation of their pools of mobile
protons. In the case of [Eu(dotamGly)]� , the ST effect from
the coordinated water is so efficient that a 10 % effect is still
detectable when the concentration of the complex is as low as
1 mm. This result makes this system the most efficient CEST
agent so far reported if the ST effect is normalized to the
number of irradiated spins.[2,4,8] The ST effect from the amide
protons (ST)NH follows a reverse order with respect to the
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