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1. Introduction

Semi-fluorinated alkanes, CnF2n + 1CmH2m + 1 (FnHm diblocks) are
based on a covalent connection of fluorocarbon (Fn) and hy-
drocarbon (Hm) segments (Figure 1 a). Fluorocarbons and hy-
drocarbons are highly incompatible and differ significantly in
many structural and physicochemical properties.[1–2] For exam-

ple, fluorocarbon chains have a larger cross-sectional area (
�27–30 �2) than hydrocarbon chains (�18–21 �2) and take
a 15/7 helical conformation due to the larger steric require-
ments of fluorine. This results in a rigid rod-like Fn chain, in
contrast to a planar hydrocarbon chain, which takes an all-
trans conformation.[3] Moreover, the lower polarizability of fluo-
rine versus hydrogen lowers the cohesive energy of fluorocar-
bon chains as compared to their hydrogenated analogues. The
two types of moieties also show different affinities: fluorocar-
bon chains are not only hydrophobic but also lipophobic,
while hydrocarbon chains are both hydrophobic and fluoro-
phobic.[1] The combination of these two immiscible moieties
imparts an amphiphilic character to FnHm diblocks. The latter
self-assemble into micelles in both fluorocarbon and hydrocar-
bon solvents[2, 4] and form stable Langmuir monolayers at the
air/water interface although they are devoid of hydrophilic
moiety.[1] It has been shown that FnHm monolayers consist of
highly monodisperse, disk-like domains that form ordered hex-
agonal lattices.[5] These domains have a diameter of F �20–
40 nm, which is an order of magnitude larger than the molecu-
lar length (2–3 nm). The formation of these mesoscopic do-
mains was first revealed by atomic force microscopy (AFM) on
transferred monolayers[6] and later grazing incidence small-
angle X-ray scattering (GISAXS) at the air/water interface.[7] X-
ray and neutron reflectivity studies demonstrated that the
FnHm molecules are oriented vertically with the F-chains up
while the H-chains are down and in contact with water,[6, 8–11]

which is consistent with the higher hydrophobicity of fluoro-

The shape and size of self-assembled mesoscopic surface do-
mains of fluorocarbon–hydrocarbon (FnHm) diblocks and the
lateral correlation between these domains were quantitatively
determined from grazing incidence small-angle X-ray scatter-
ing (GISAXS). The full calculation of structure and form factors
unravels the influence of fluorocarbon and hydrocarbon block
lengths on the diameter and height of the domains, and pro-
vides the inter-domain correlation length. The diameter of the
domains, as determined from the form factor analysis, exhibits
a monotonic increase in response to the systematic lengthen-

ing of each block, which can be attributed to the increase in
van der Waals attraction between molecules. The pair correla-
tion function in real space calculated from the structure factor
implies that the inter-domain correlation can reach a distance
that is over 25 times larger than the domain’s size. The full cal-
culation of the GISAXS signals introduced here opens a poten-
tial towards the hierarchical design of mesoscale domains of
self-assembled small organic molecules, covering several
orders of magnitude in space.
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carbon chains. This molecular orientation was also supported
by surface potential measurements on Langmuir monolayers,
revealing a negative surface potential.[12–14] However, an anti-
parallel conformation for FnHm diblocks[15] and the formation
of a smectic bilayer[16] have been proposed, too. Disk-like and
striped surface domains were also reported for partially fluori-
nated carboxylic acids[17] and partially fluorinated diether glyc-
erols,[18] respectively. Surface domains of various shapes were
also published for combinations of fluorinated amphiphiles
(phosphates, diethyl glycerols) with hydrocarbon and fluoro-
carbon oils[19] or phospholipids.[20–21]

Since FnHm domains can be transferred onto solid sub-
strates even at a very low surface pressure p �0 mn m�1,[22] it
was suggested that the self-assembly of the FnHm is depen-
dent on surface concentration but not on surface pressure.
Previous studies have demonstrated that the ratio between Fn
and Hm segments influences the collapse pressure of the
FnHm monolayer[12–14] and modulates the domain size.[8, 23–24]

However, it should be noted that most of these studies are
AFM studies that deal with monolayers transferred onto solid
substrates, which may interfere with the initial structure.
Except the study by Bardin et al.[23] , there have been no studies
shedding light on the impact of Hm segment length on the
surface domain structures at the air/water interface.

In this study, the structure of FnHm monolayers at the air/
water interface was investigated using GISAXS (Figure 1) while
systematically varying the lengths of the Fn and Hm blocks. In
contrast to the previous studies focusing on the lattice param-
eters of FnHm domains,[23] we performed the full calculation of
form factor F(qy) and structure factor S(qy). These factors al-
lowed direct determination of the diameter, height, and extent
of lateral correlation between FnHm domains.

2. Results and Discussion

Figure 2 a shows the scattering pattern of a F10H16 monolayer
recorded at p = 5 mn m�1 as a representative example of two-
dimensional reciprocal space map. The dark rectangular region
near qy = 0 represents the beam stop for the direct beam. The
maximum scattering intensity is observed at qz �0.28 nm�1

(Yoneda peak), which decays rapidly by increasing qz, reaching
a plateau at qz �0.4 nm�1 (Figure S1). This extended rod-like
scattering patterns indicate that the interfacial films of FnHm
are composed of a monolayer with a two dimensional lattice
of highly correlated nano-domains.[7, 23, 25–26] Figure 2 b repre-
sents the intensity profile along qy. To improve the statistics,
the intensity profile was obtained by integrating the scattering
intensity between qz = 0.7 and 0.9 nm�1 (red lines in Figure 2 a).
This region was chosen in order to exclude artifacts from the
beam stop.

The scattering function I(qy) collected by GISAXS is given by
the combination of the structure factor S(qy) and the form
factor F(qy) according to [Eq. (1)]:

IðqyÞ ¼ A� jFðqyÞj2 � SðqyÞ ð1Þ

where A is a scaling factor. F(qy) accounts for the shape and
size of the objects, while S(qy) reflects their lateral organization.
In this study, we selected F(qy) of an oblate hemispheroid with
a diameter F and height H (inset, Figure 2 b and equation S2)
based on previous AFM studies.[5–6] The choice of the form
factor was verified by comparing c2 values with other models,
such as facetted sphere (Figure S3). The best fit obtained by
the latter model exhibited a 2.5 times larger c2. The form

Figure 1. a) Chemical structure of the FnHm diblocks used in this study, b) typical pressure-area isotherm of a F10H16 monolayer recorded at the air/water in-
terface. GISAXS experiments were performed at a constant surface pressure p = 5 mN m�1 (arrow). c) Schematic illustration of the experimental setup.
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factor was considered within the framework of the distorted
wave Born approximation (DWBA) in order to take the multiple
scattering events into account.[27–30] The structure factor S(qy)
was modeled by a two dimensional hexagonal lattice with a lat-
tice parameter L within the framework of the paracrystal
theory (inset, Figure 2 b and equation S4).[31] This model was
chosen based on previous AFM and X-ray scattering stud-
ies,[6–7, 22–25] and shows excellent agreement with the relative
positions of the scattering peaks. It should be noted that the
best fit could not be obtained by considering only the form
factor. As shown in Figure 2 b, the impact of the structure
factor on the scattering intensity profile cannot be neglected.

The GISAXS analysis suggests that a F10H16 domain has a di-
ameter F= 30�5 nm and a height H = 4.9�0.9 nm. The calcu-
lated lattice parameter of the domains at the air/water inter-
face is identical to the domain’s diameter, indicating that the
domains are tightly packed in a hexagonal lattice.

To further understand the influence of the F- and H-block
length on the mesoscopic structure of the surface domains,
the monolayers of various FnHm diblocks were characterized
by GISAXS at p = 5 mN m�1. In a first step, we systematically
varied the fluorocarbon chain length (n = 8, 10 and 12), while
keeping the hydrocarbon chain length constant, m = 16.
Figure 3 shows the integrated GISAXS signals from F8H16 (Fig-
ure 3 a) and F12H16 (Figure 3 b) monolayers. The solid and
broken gray lines coincide with S(qy) and F(qy), respectively,
and the red lines are the combined fitting curves. It should be
noted that the selected models reproduce the experimental
data very well.

FF8H16 = 29�5 nm, FF10H16 = 30�5 nm and FF12H16 = 33�
5 nm. Following the elongation of the Fn segments, the height
of the hemispheroidal domains also increases; HF8H16 = 3.8�
0.7 nm, HF10H16 = 4.9�0.9 nm, and HF12H16 = 6�1 nm.

Figure 4 represents the integrated GISAXS signals corre-
sponding to the hydrocarbon chain length (m = 14, 16, 18 and
20), while keeping the fluorocarbon chain length constant (n =

8). As for Figure 2 b and Figure 3, the combined model (red
curves) and the experimental data (symbols) exhibit excellent
agreement, validating the models of S(qy) and F(qy) in this
study. The elongation of the Hm segment from m = 14 to 20
results in a monotonic increase in the domain size from

Figure 2. GISAXS signals from a F10H16 monolayer at the air/water interface measured at p= 5 mN m�1. a) Two-dimensional detector readouts and b) intensi-
ty profile along qy integrated between the two red lines indicated in panel (a). The measured GISAXS signals (black open circles) were fitted by the combina-
tion of structure factor (solid gray line) and form factor (broken gray line). The best combined fit is presented by a red line. The top and side views of an
oblate hemispheroid as well as the lattice model used for the fit are shown in an inset.

Figure 3. Integrated GISAXS signals (open black circles) and best fits (red
curves) for a) F8H16 and b) F12H16 monolayers measured at p= 5 mN m�1.
Solid and broken gray lines correspond to the structure factor S(qy) and
form factor jF(qy) j 2, respectively.
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FF8H14 = 28�4 nm to FF8H20 = 36�7 nm. On the other hand,
the height of the domains remains constant at H �3.6�
0.6 nm for m = 14, 16, and 18, suggesting that the hydrocar-
bon chains cannot adopt an ordered all-trans conformation
due to the steric constrain exerted by the bulky fluorocarbon
chains. It is notable that F8H20 domains are much thicker
(HF8H20 = 6.1�1.2 nm) than the domains of the other F8Hm di-
blocks, suggesting that F8H20 molecules might form a different
type of surface domains due to stronger cohesion between
Hm segments.

2.1. Influence of Block Lengths on Domain Size

Figure 5 summarizes the change in the diameter of the surface
domains (black) as a function of fluorocarbon chain length, n
(Figure 5 a) and hydrocarbon chain length m (Figure 5 b). As
summarized in Table S5, the calculated domain sizes agree well
with those reported in previous GISAXS studies.[7, 23] However, it
should be noted that these former studies solely relied on the
position of the GISAXS peaks, and used the lattice parameters
to determine the domain size. In general, such an approach
might cause an overestimation of the domain size, when do-
mains are not tightly packed in a hexagonal lattice. Especially,
this strategy is not applicable when the domains of ordered
small molecules are diluted in a disordered matrix.

A more efficient alternative approach is to measure grazing-
incidence X-ray diffraction at wide angle, and to determine the
size S of the crystallites, that is, the coherence length, accord-
ing to the Scherrer equation [Eq. (2)]:

S � 0:9� 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FWHMð Þ2� Dqy

� �2
q

ð2Þ

where FWHM is the full width at half maximum of the wide-
angle diffraction peak and Dqy the angular resolution of the
detector.[21] In case a domain consists of a single crystallite, the
domain size F corresponds to the coherence length S and can
be calculated from the width of the wide angle diffraction
peak using equation 2.[21] However, the previous GID analysis[23]

yielded a coherence length of 2–5 nm for F8Hm (m = 16, 18,
20), suggesting that a domain of F8Hm is not composed of
one single crystallite. Therefore, in this study we performed
the full calculation of structure factor S(qy) and form factor
F(qy) of mesoscopic domains of organic surfactants self-assem-
bled at the air/water interface for the first time, and calculated
the domain size from F(qy).

The equilibrium domain radius is governed by the balance
between i) the line tension l, which tends to minimize the do-
main’s boundary length and ii) the repulsive dipole-dipole in-
teraction between the molecules within the domain.[32] McCon-
nell suggested the equilibrium domain radius to be Req/
exp(l/m2), where m is the difference in dipole density between
the domain and its surrounding phase.[32] Since the dipole
moment of FnHm molecules is mainly determined by their ter-
minal CF3 group and the CF2-CH2 junction between their
hydro- and fluorocarbon blocks, it is expected to be independ-
ent from the molecular length, which was supported by semi-

Figure 4. Integrated GISAXS signals (open black circles) and best fits (red
curves) for a) F8H14, b) F8H16, c) F8H18, and d) F8H20 monolayers measured
at p= 5 mn m�1. Solid dark and broken light and gray lines correspond to
the structure factor S(qy) and form factor jF(qy) j 2, respectively.
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empirical calculations as well as by surface potential measure-
ments.[12, 33] Therefore, the increase in domain size with increas-
ing hydrocarbon and fluorocarbon chain lengths can be attrib-
uted to an increase in the line tension due to the increase in
attractive van der Waals interactions. In addition, the less pro-
nounced impact of the F-chain length on domain size might
be ascribed to the lower polarizability of fluorocarbon com-
pared to hydrocarbon chains.

2.2. Influence of Block Lengths on Lateral Correlation

In addition to the analysis mentioned above, the calculation of
radial distribution functions allows for the precise estimation
of how far the correlation between particles extends through
many particle interactions. Since the structure factor can be
considered as the Fourier transformation of the real space pair
correlation function g(r), this can be used to determine the cor-
relation length x within the framework of the short-range
order (SRO) model [Eq. (3)]:[34–35]

x ¼ hdi3=ð2s2Þ ð3Þ

where hdi represents the mean distance between two adjacent
domains, which corresponds to the diameter F of the surface
domains. s describes the root mean square standard deviation
of hdi that coincides with the width of the first correlation
peak in g(r).[34] As presented in Figure 5 a (red), the correlation
length of FnH16 at p = 5 mN m�1 monotonically increases from
xF8H16 �350 nm to xF12H16 �870 nm according to the elongation
of the Fn segment. The same tendency is found for F8Hm mol-
ecules (Figure 5 b, red), where the correlation increases from
xF8H14 �300 nm to xF8H20 �1000 nm, following the elongation
of the Hm segment. These values are distinctly larger than the
correlation lengths previously reported for F8Hm, x �175–
215 nm.[23] In the latter account, x was calculated from the
width of the scattering peak using the Scherrer equation (so-
called “long-range order model” in which the structure factor
exhibits a constant peak width). This analysis ignored the pos-
sible contribution of the form factor (gray broken lines,

Figure 3 and Figure 4), which may cause an underestimation of
the correlation length.

In contrast, within the framework of the “short-range order
model” that we introduced in the present study, the peak
width of the structure factor S(qy) becomes larger with increas-
ing qy and accordingly the peak width of the pair correlation
function. Therefore, the Fourier transformation of S(qy) used
here allows for a more precise determination of the correlation
length x. The comparison of the values calculated in this study
with those from the previous account are presented in the
Supporting Information (Table S5). To further highlight the
impact of the hydrocarbon or fluorocarbon chain lengths on
the lateral packing order of the FnHm domains, we normalized
the correlation length x by the domain diameter F (Figure 6).
The normalized correlation length x/F exhibits two clear char-
acteristic features. First, for all the FnHm molecules investigat-
ed, the lateral correlation between the domains can reach dis-
tances over 10–26 times longer than a single domain size, im-
plying that mesoscopic domains of FnHm are strongly correlat-
ed at the air/water interface. The normalized correlation length

Figure 5. Calculated domain diameter F (black) and correlation length x (red) as a function of a) fluorocarbon block length (FnH16; n = 8, 10, and 12) and
b) hydrocarbon block length (F8Hm ; m = 14, 16, 18, and 20).

Figure 6. Correlation length x normalized by surface domain diameter F as
a function of the hydrocarbon block length m (solid circles, F8Hm) and fluo-
rocarbon block length n (open squares, FnH16).
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of FnHm is distinctly larger than that reported for the domains
of perfluorinated surfactants in phospholipid matrices, which
correspond to x/F= 3–4.[21] Second, the elongation of the
chains leads to a monotonic increase in x/F, suggesting that
the increase in correlation length x is not only caused by the
increase in size F. This finding indicates that the larger the do-
mains are, the stronger the inter-domain repulsion becomes.

It is noteworthy that previous AFM studies on FnHm di-
blocks monolayers transferred onto silicon wafers showed the
presence of elongated, worm-like micelles together with circu-
lar domains.[24] The fraction and length of these elongated mi-
celles were reported to increase with the molecular length and
to decrease with increasing surface pressure. This suggests
that the correlation length should decrease with increasing
block length which is in contrast to our findings. To further
verify whether the elongated micelles are present at the air/
water interface, we also compared the scattering patterns of
F10H16 at p= 2 mN m�1 and 10 mN m�1 (Figure S6). For this
compound, Zhang et al. reported a decrease in the area frac-
tion of elongated micelles from �10 % at p = 2 mN m�1 to
�1.5 % at p= 10 mN m�1.[8, 24] However, we found that the scat-
tering pattern did not show any significant change of the
width of the first peak and hence of the degree of lateral
order. Hence, as previously suggested[23] , it is possible that the
formation of elongated micelles is an artifact from the transfer
of monolayers onto silicon substrates. Changes in molecular
conformational order upon transfer of monolayers onto a solid
substrate have been reported for partially fluorinated fatty
acids.[36]

2.3. ”Deformability” of Surface Micelles

The strong correlation of uniform FnHm domains suggests that
they resist against deformation and avoid coalescence. In fact,
the pressure-area isotherms of FnHm monolayers (Supporting
Information, Figure S7) clearly show that FnHm monolayers are
very poorly compressible. The lateral compressibility of FnHm
monolayers calculated from pressure-area isotherms,
k�1 ¼ �ð1=AÞð@A=@pÞ�10 m/N at p = 5 mN m�1, is compara-
ble to that of a liquid condensed phase of fatty acids, k�1�4–
10 m/N.[37] Figure 7 shows the diameter of domains F calculat-
ed from GISAXS signals measured at difference surface pres-
sures p. The domain size of both FnH16 (Figure 7 a) and F8Hm
(Figure 7 b) does not decrease significantly when surface pres-
sure increases. The same tendency is observed for F10Hm (Fig-
ure S8). When the lattice parameter L (inter-domain distance)
calculated from the structure factor S(qy) is normalized by its
own diameter F, the L/F ratio calculated for all the domains
remains at 0.8–1.0 at p>0 mN m�1. This finding implies that
FnHm domains are not deformed during monolayer compres-
sion and retain their initial shape. These results indicate that
the formation of highly ordered hexagonal lattices originates
from the repulsive interactions between FnHm domains, which
reach up to distances 26 times larger than the domain’s diame-
ter.

3. Conclusions

Semi-fluorinated diblocks FnHm self-assemble into highly mon-
odisperse, circular domains. In this study, full calculation of
GISAXS signals collected at the air/water interface, allowed
direct and precise quantitative determination of the structure
and form factors, and hence, the impact of the block lengths
on the size, shape, and lateral correlation.

The increase in Hm segment length leads to a monotonic in-
crease in domain diameter F, for example, FF8H14 = 28 nm and
FF8H20 = 36 nm. The same tendency was observed when the Fn
segment length was increased, for example, FF8H16 = 29 nm
and FF12H16 = 33 nm. The increase in surface domain diameter
is attributed to an increase in the line tension caused by the
increase in attractive van der Waals interactions between
longer hydro- and fluorocarbon blocks.

Moreover, the pair correlation function g(r) in real space was
deduced from the structure factor S(qy) in order to calculate
the inter-domain correlation lengths x. The results revealed
a high degree of spatial correlation of the FnHm domains, for
which lateral correlation can reach a distance that is 10–26
times larger than the domain size. Moreover, the increase in Fn
and Hm segment length leads to a monotonic increase in x/F
ratio. Last but not least, we found that the diameter of the
FnHm domains remains almost constant independently of sur-

Figure 7. Influence of surface pressure p on domain diameter F, summar-
ized for a) FnH16 (n = 8, 10, and 12) and b) F8Hm (m = 14, 16, 18, and 20).
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face pressure p, implying that the FnHm domains can resist de-
formation due to the strong repulsive inter-domain interac-
tions.

Our results demonstrate the large potential of the full
GISAXS calculation approach in structural studies of mesoscop-
ic domains of organic molecules. This approach can be utilized
to monitor the fine-tuning of hierarchical structural correlation
from molecular structures to domain formation, and to lateral
correlation between domains, for which length scales can span
almost three orders of magnitude.

Experimental Section

Materials: The compounds tested in this study: F8H14, F8H16,
F8H18, F8H20, F10H16, F10H18 and F12H16 were synthesized ac-
cording to[38] and purified by repeated crystallizations from metha-
nol. Chemical purity (>99 %) was determined by TLC, NMR, ele-
mental analysis and MALDI-TOF mass spectrometry. Double deion-
ized water (MilliQ, Molsheim) with a specific resistivity 1>18 MW

cm was used throughout this study.

GISAXS: The experiments were performed at the beam line ID10
of the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). The monolayers were prepared by spreading 150 ml of
a 1 mm solution of FnHm in CHCl3 onto the water surface of a Lang-
muir film balance (surface area �692 cm2) equipped with a mova-
ble barrier. The trough was enclosed in a gastight box and all ex-
periments were performed in a helium atmosphere at T = 293 K.
After evaporation of the solvent (>20 min), the monolayer was
compressed at a speed of �35 mm2 s�1 to a surface pressure of
p= 5 mN m�1 which was kept constant during GISAXS experi-
ments. A typical pressure-area isotherm of a monolayer of F10H16
is shown in Figure 1 b, while those of the other FnHm compounds
are shown in Figure S7. A monochromatic X-ray beam of 10 keV
impinged the interface at an incident angle of ai = 0.28 or at an
energy of 8 keV and ai = 0.128 near the critical angle of total exter-
nal reflection. The geometry of the GISAXS experiment is illustrated
in Figure 1 c. The scattering intensity was detected using a 2D-pixel
detector (MaxiPix). The background scattering was measured on
a pure water subphase. After background subtraction, the scatter-
ing patterns were analyzed using the FitGISAXS software[39] on the
IGOR PRO platform (WaveMetrics, Portland, USA). The scattering
profile along qy was averaged over a range qz = (0.8�0.1) nm�1.
The obtained scattering intensity profiles were fitted within the
distorted wave Born approximation using the implemented func-
tions for a hexagonal paracrystal of monodisperse oblate hemi-
spheroids as a model for the FnHm monolayers. Structure factors
S(qy) and form factors F(qy) were obtained from the best fit by
stepwise optimizing the fitting parameters: background intensity,
scaling factor A [Equation (1)] , hemispheroid diameter F, standard
deviation of the of F, the ratio H/F, where H represents the hemi-
spheroid height and the ratio L/F, where L corresponds to the lat-
tice constant. The final fit was obtained by letting all parameters
float.
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Size, Shape, and Lateral Correlation of
Highly Uniform, Mesoscopic, Self-
Assembled Domains of Fluorocarbon–
Hydrocarbon Diblocks at the Air/
Water Interface: A GISAXS Study

Hierarchical self-assembly: Semi-fluori-
nated alkanes (FnHm) self-assemble into
highly monodisperse nano-domains at
the air/water interface. Grazing inci-
dence small angle X-ray scattering
(GISAXS) is used to elucidate the meso-
scopic structure of FnHm Langmuir
monolayers. The full calculation of form
and structure factors reveals the impact
of the fluoro- and hydrocarbon block
lengths on the size, shape and lateral
organization of the nano-domains.
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