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ABSTRACT 

Hypothesis 

The incorporation of semi-fluorinated alkanes into phospholipid monolayers modulates their 

interfacial behavior and structural organization through fluorocarbon-hydrocarbon interactions. 

While prior studies demonstrated hierarchical self-assembly of a semi-fluorinated tetrablock in 

dipalmitoylphosphatidylcholine (DPPC) monolayers, it remains unclear how variations in the 

hydrocarbon chain length and molecular architecture of the semi-fluorinated alkane influence 

phase behavior and multilayer formation. We hypothesize that comparing diblocks and 

tetrablocks will reveal key structural determinants governing nanodomain formation and 

vertical stacking. 

 

Experiments 

We studied Langmuir monolayers composed of DPPC mixed with semi-fluorinated diblocks 

C10F21CmH2m+1 (F10Hm, m = 16 and 20) and tetrablocks ((C10F21CH2)(CmH2m+1)CH-

CH(C10F21CH2)(CmH2m+1) (di(F10Hm), m = 16 and 20). Surface pressure-area and surface 

potential-area isotherms were recorded, and fluorescence and atomic force microscopies were 

employed to examine domain morphology. Additionally, compression-expansion cycles were 

performed to assess the stability of the observed assemblies. 

 

Findings 

All (F-alkyl)alkanes formed nanodomains at low surface pressures, which reorganized into 

vertically stacked multilayers upon compression. However, while di(F10H16) forms flower-

like hierarchical structures at the phase boundary of DPPC, driven by chain-length 

compatibility and dipolar interactions, di(F10H20) shows more diffuse assemblies. We analyze 

the difference in assembling behavior between the two derivatives and highlight the critical role 
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of hydrocarbon segments’ length and symmetry in governing vertical segregation and domain 

morphology, thus offering new insight into the design of responsive interfacial materials. 

 

 

INTRODUCTION 

Partially fluorinated alkanes, or semi-fluorinated alkanes, are unique amphiphilic 

molecules that exhibit self-organization at interfaces despite lacking conventional polar 

headgroups. These molecules spontaneously form stable monolayers and nanostructures due to 

the strong phase incompatibility between their perfluorinated and hydrocarbon segments[1-9]. 

In FnHm diblocks, the interaction between the perfluoroalkyl segment (F-chain) and the 

hydrogenated segment (H-chain) generates a CF2−CH2 dipole, which plays a crucial role in 

self-assembly[10]. This dipole, along with the repulsive dipole-dipole interactions at the chain 

termini, drives the formation of nanodomains (30−50 nm in diameter) at the air‒water interface 

and on solid substrates[5, 6, 8, 9]. These nanodomains can assemble into quasi-crystalline 2D 

arrays on water surfaces, even at zero surface pressure[11, 12]. Surface potential and grazing 

incidence X-ray diffraction studies suggest that the Hm segments are in contact with water, 

while the Fn moieties orient toward air[5, 13-15]. The structural robustness of these monolayers 

is further demonstrated in covalently linked tetrablocks (di(FnHm)), which form highly stable 

films[16-18]. 

Fluorinated amphiphiles, including FnHm diblocks, have been explored for biomedical 
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applications[19], such as ophthalmology[20, 21] and intravascular oxygen delivery[22-29]. 

They also show promise in synthetic lung surfactant formulations, where their ability to reduce 

surface tension makes them relevant to respiratory therapies[30-32]. Prior studies have 

demonstrated the potential of perfluorocarbons in lung surfactant replacement[33-36]. 

Additionally, mixed monolayers of dipalmitoylphosphatidylcholine (DPPC) and semi-

fluorinated amphiphiles have been studied in the context of surfactant replacement 

therapies[37]. 

Interactions between FnHm diblocks and phospholipids have revealed lateral and vertical 

phase separation in mixed monolayers[38-40]. At low surface pressure, FnHm nanodomains 

coexist with phospholipid monolayers, while further compression leads to the vertical 

displacement of these domains atop the phospholipid layer[39]. Recently, we demonstrated that 

monolayers of DPPC and the semi-fluorinated tetrablock di(F10H16) formed complex flower-

like assemblies upon compression, localized near the liquid-expanded (LE) to liquid-condensed 

(LC) phase transition[41]. These unique structures appeared near the liquid-expanded (LE) to 

liquid-condensed (LC) phase transition, significantly altering the morphology of DPPC 

domains. The tetrablock acts as a linactant, accumulating at the LE/LC interface to modulate 

line tension. However, that prior study was limited to a single tetrablock molecule (di(F10H16)) 

and did not address how variations in molecular architecture affect vertical segregation and 

higher-order morphology. To fill this knowledge gap, the present study introduces a systematic 
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structural comparison between two types of amphiphiles, diblock (F10Hm) and tetrablock 

(di(F10Hm)), each designed with two different hydrocarbon chain lengths (m = 16 and 20). 

This allows us to evaluate the effects of molecular symmetry and chain-length compatibility on 

interfacial behavior. Notably, the inclusion of di(F10H20) represents a new molecular system 

not previously reported, enabling direct comparison with di(F10H16) and assessment of how 

small architectural differences lead to pronounced changes in self-assembly pathways, such as 

the presence or absence of flower-like hierarchical structures. This dual-axis design, which 

varies both molecular symmetry and chain length, offers a rational framework to investigate the 

underlying mechanisms of nanodomain formation, interfacial expulsion, and vertical stacking. 

Understanding these structure–function relationships is not only of fundamental interest for 

colloid and interface science but also offers insights relevant to nanostructured materials design 

and biomedical applications such as in microbubble stabilization[42]. Drawing parallels to 

protein-surfactant assemblies, such as keratin–surfactant complexes[43], we highlight how 

specific molecular features can be tuned to modulate self-assembly and interfacial functionality. 

To elucidate the structure and formation mechanism of these flower-like assemblies, we 

investigate DPPC/F10Hm and DPPC/di(F10Hm) (m = 16 and 20) monolayers using surface 

pressure-area (π−A) isotherms, surface potential-area (ΔV−A) isotherms, fluorescence 

microscopy (FM), and Brewster angle microscopy (BAM). Langmuir-Blodgett (LB) films were 

also analyzed using atomic force microscopy (AFM) to characterize their morphology post-
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transfer. The thermodynamic and structural properties of these novel 2D and 3D organizations 

are discussed in detail. 

 

MATERIALS AND METHODS 

Materials 

The fluorocarbon-hydrocarbon diblocks (F10Hm) and tetrablocks (di(F10Hm)), with 

m = 16 or 20 (Fig. 1), were synthesized following established methodologies reported in the 

literature[16, 17, 44]. Purity levels exceeding 99% were confirmed through thin-layer 

chromatography (TLC), nuclear magnetic resonance (NMR) spectroscopy, elemental analysis, 

and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry. These compounds possess chiral centers in their molecular structures; however, 

it was assumed that the products were obtained as racemic mixtures. 1,2-Dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC; >99%) and 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-

4-yl)amino]hexanoyl]-sn-glycero-3-phosphocholine (NBD-PC; >99%) were sourced from 

Avanti Polar Lipids (Alabaster, AL, USA). Chloroform (99.7%), utilized as the spreading 

solvent in Langmuir monolayer experiments, was procured from Kanto Chemical Co., Inc. 

(Tokyo, Japan). The subphase employed in all experiments consisted of thrice-distilled water, 

characterized by a surface tension of 72.0 mN m–1 at 298.2 K and an electrical resistivity of 18 

MΩ•cm. 
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Fig. 1  Chemical structures of F10H16, F10H20, di(F10H16), and di(F10H20). 

 

Methods 

Isotherm measurements 

To examine interfacial characteristics, Langmuir monolayers were studied under 

controlled temperature conditions (298.2 ± 0.1 K) by recording surface pressure (π) versus 

molecular area (A) isotherms and monitoring surface potential (ΔV). A combination of a KSV 

Minitrough and a KSV SPOT1 surface potential meter (KSV Instruments Ltd., Finland) was 

used. The surface pressure was measured via a Wilhelmy plate method utilizing a hydrophilic 

F10H16 

F10H20 

di(F10H16) 

di(F10H20) 
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filter paper strip (25 mm × 10 mm, periphery = 2.0 cm, e.g., Whatman Grade 541). Details 

regarding the experimental setup are available in prior studies[45, 46]. Stock solutions of 

F10Hm, di(F10Hm), and DPPC (1 mM) were prepared in chloroform. Twenty-five microliters 

of these solutions were carefully spread onto the air‒water interface, followed by a solvent 

evaporation period of 15 min. Compression speeds varied from approximately 0.016 to 0.080 

nm2 molecule−1 min−1, and it was confirmed that this variation did not significantly alter the 

isotherm profiles. Consequently, a standardized compression/expansion speed of ~0.080 nm2 

molecule−1 min−1 was adopted. The compressibility modulus (Cs−1) was determined from the 

π−A isotherms using the equation: 
TA

A 






∂
∂

−=− π1Cs   

The surface potential (ΔV) was measured concurrently with π during monolayer 

compression. A Kelvin probe system (KSV SPOT1, KSV Instruments Ltd.) positioned 1–2 mm 

above the interface recorded ΔV values, while a counter electrode remained submerged in the 

subphase. The instrument resolution was maintained at 1 mV. 

Note that, in this study, the molecular area calculated from the isotherm is based on the 

assumption that all molecules are present at the air–water interface. Even though vertical 

expulsion and stacking may occur at high surface pressures, this averaged molecular area is 

intentionally used as a unified parameter for systematic comparison. 

Fluorescence microscopy (FM) 

To visualize monolayer morphology, the KSV Minitrough was mounted onto an Olympus 
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BX51WI fluorescence microscope (Tokyo, Japan), equipped with a 100 W mercury lamp 

(USH-1030L), a high-magnification objective lens (SLMPlan; 50×, working distance = 15 mm), 

and a 3CCD camera with an integrated control unit (IKTU51CU, Toshiba, Japan)[46, 47]. Prior 

to spreading, the stock solutions of the amphiphiles were mixed with 1 mol% of the NBD-PC 

fluorescence probe to enable imaging. 

Atomic force microscopy (AFM) 

Langmuir-Blodgett (LB) films were prepared using the KSV Minitrough. Freshly cleaved 

mica substrates (Okenshoji Co., Tokyo, Japan) were employed for vertical deposition. At 

predetermined surface pressures, films were transferred at a dipping rate of 5 mm min–1 while 

maintaining a constant temperature of 298.2 K. LB films with a deposition rate of ~1 were used 

in the experiments. AFM imaging was performed in tapping mode under ambient conditions 

(~298.2 K) using an SPA 400 atomic force microscope (Seiko Instruments Co., Chiba, Japan). 
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RESULTS 

Isotherms of pure semi-fluorinated alkane di- and tetrablocks 

The π–A and ΔV–A isotherms of monolayers formed by semi-fluorinated diblocks (F10Hm, 

m = 16, 20) and tetrablocks (di(F10Hm)) at the air–water interface exhibited distinct features, 

reflecting differences in molecular architecture (Fig. 2). At large molecular areas (A > 0.40 nm2 

for diblocks and A > 0.75 nm2 for tetrablocks), surface pressure remained low, indicating the 

presence of loosely packed molecules. Upon further compression, both systems exhibited a 

sharp rise in surface pressure, indicative of a phase transition from an expanded to a more 

condensed monolayer phase. The extrapolated molecular areas (A0) for diblocks were ~0.35 

nm2, consistent with the cross-sectional area of F-alkyl chains (~0.30 nm2)[1, 8], whereas those 

of tetrablocks (~0.65 nm2) were approximately twice this value[18]. The collapse pressure (πc) 

was consistently higher for diblocks than for tetrablocks, suggesting that the diblock molecules 

possess reduced conformational freedom and exhibit tighter molecular packing. The surface 

potential ΔV decreased with compression for all samples, reaching −900 ± 30 mV at the point 

of monolayer collapse. These negative values indicate the orientation of the perfluorinated 

chains toward the air phase, while the hydrocarbon segments remain in contact with water. 

Within each series, longer Hm chains resulted in more negative ΔV values, consistent with 

enhanced dipole alignment along the surface normal. 
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Figure 2.   π–A and ∆V–A isotherms of F10H16, F10H20, di(F10H16), and di(F10H20) 

monolayers spread on water at 298.2 K. 

 

Isotherms of di- and tetrablocks/DPPC mixed monolayers 

The π–A and ΔV–A isotherms of monolayers composed of DPPC, semi-fluorinated di- and 

tetrablocks, and their binary mixtures are presented in Fig. 3 as a function of the mole fraction 

of the (F-alkyl)alkane block component (XF-AA). Pure DPPC monolayers exhibit a first-order 

phase transition from the liquid-expanded (LE) to the liquid-condensed (LC) phase at 

approximately 12 mN m‒1, followed by monolayer collapse near 55 mN m‒1. 
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Figure 3. The π–A and ∆V–A isotherms of the two-component (A) DPPC/F10H16, (B) 

DPPC/di(F10H16), (C) DPPC/(F10H20) and (D) DPPC/di(F10H20) monolayers on 
water at 298.2 K. 

 

In the binary monolayers, the isotherms shift to smaller molecular areas, which may suggest a 

partial incorporation and/or expulsion of the di- and tetrablock components at the interface. 
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While such reduction in area could preliminarily indicate molecular reorganization, including 

potential vertical stacking, further evidence from ΔV–A isotherms, FM, and AFM observations 

is necessary to support this hypothesis and is discussed in the following sections. For XF-AA ≤ 

0.7, elevated collapse pressures (>60 mN m‒1) are maintained, suggesting a stabilizing effect of 

the (F-alkyl)alkane components within the mixed monolayers. The characteristic LE/LC 

transition plateau of DPPC becomes progressively less distinct with increasing XF-AA, but 

remains detectable up to XF-AA = 0.7; it is nearly absent at XF-AA = 0.9. For XF-AA = 0.5 and 0.7, 

additional inflection points appear in both π–A and ΔV–A isotherms, indicating structural 

rearrangements within the interfacial layer. The ΔV–A isotherm of DPPC alone exhibits a 

gradual increase in surface potential, reaching ~600 mV, with a plateau corresponding to the 

LE/LC transition region. In the mixed monolayers, ΔV transitions from positive to negative 

values as XF-AA increases. Notably, for XF-AA = 0.5, the ΔV–A isotherms display non-monotonic 

behavior, indicative of competing molecular orientations at the interface. 

 

Quantitative analyses of the expulsion of the (F-alkyl)alkanes from 

the DPPC interface 

Figure 4 presents the mean molecular area (A) at a surface pressure of 5 mN m‒1 as a 

function of XF-AA for DPPC/F10H16 and DPPC/di(F10H16) systems (Fig. 4A), and for 

DPPC/F10H20 and DPPC/di(F10H20) systems (Fig. 4B). In both systems, the experimentally 
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measured A values (solid symbols) lie below the ideal values (dashed lines) predicted by the 

additivity rule, indicating a negative deviation from ideal mixing behavior. This behavior shows 

that (F-alkyl)alkanes are partially expelled (“squeezed out”) from the DPPC monolayer 

interface even at low surface pressure.  

Figure 5 shows the loss ratio of (F-alkyl)alkanes at 5 mN m‒1, calculated as (Aideal – 

A)/AF-AA XF-AA, is plotted against XF-AA. Across the entire XF-AA range, all (F-alkyl)alkanes 

species exhibit partial expulsion from the DPPC monolayers, even at a surface pressure of 5 

mN m‒1. This surface pressure is well below the collapse pressure (πc) of the pure (F-

alkyl)alkane monolayers. At XF-AA = 0.9, the loss ratio remains relatively low, indicating 

minimal expulsion under these conditions. In the binary systems with XF-AA between 0.1 and 

0.7, the expulsion of (F-alkyl)alkanes is significantly enhanced. Notably, in the range of XF-AA 

= 0.3–0.7, approximately 50–70% of the (F-alkyl)alkane molecules are excluded from the 

interface and are believed to be displaced onto the upper surface of the DPPC monolayer. Figure 

S1 in the Supplementary material complements this by showing the DPPC-based loss ratio at 5 

mN m‒1; (Aideal – A)/ADPPC (1–XF-AA). At high F-alkyl fractions (XF-AA ≥0.7), the loss ratio 

exceeds 100 %, which is far from indicating unphysical over-expulsion of DPPC, provides 

strong indirect evidence that DPPC remains at the interface while F-alkane is selectively 

expelled. Here, the vanishingly small denominator of ADPPC (1–XF-AA) mathematically amplifies 

the contrast between negligible DPPC loss and substantial F-alkane loss. 
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A comparison between the diblock and tetrablock compounds reveals a clear difference 

in their expulsion behavior from the DPPC monolayers. Notably, compounds containing longer 

hydrocarbon chains (H20) exhibit a higher propensity to be expelled, regardless of their 

molecular architecture. This trend is particularly evident in DPPC-rich mixtures (XF-AA = 0.1–

0.7). In this range, F10H20 shows the highest loss ratio, reaching nearly 75% at XF-AA = 0.3–

0.5, suggesting substantial incompatibility with the DPPC matrix. The expulsion of di(F10H20) 

is also pronounced, although less so than its diblock counterpart. On the other hand, F10H16 

and di(F10H16) exhibit relatively moderate loss ratios in the same region, implying better 

interfacial compatibility with DPPC. These differences are likely due to the combined effects 

of molecular rigidity, chain length, and packing constraints, which influence the insertion and 

retention of the fluorinated molecules within the DPPC monolayer. The findings indicate that 

both chain length and molecular symmetry significantly affect interfacial behavior, particularly 

under conditions where DPPC dominates the monolayer composition. 
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Figure 4.   Mean molecular area of (A) the DPPC/F10H16 and DPPC/di(F10H16), and (B) 

the DPPC/F10H20 and DPPC/di(F10H20) monolayers as a function of XF-AA at 5 mN 
m−1. The dashed lines were calculated by assuming the additivity rule; the solid points 
represent experimental values. 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.   The ratio of (F-alkyl)alkane di- and tetrablocks excluded from the surface 

monolayer for the binary systems as a function of XF-AA at 5 mN m−1 under the 
assumptions of an ideal mixing or immiscible interaction between the two 
components and of no elimination of DPPC from the interface on lateral 
compression. 

(A) (B) 
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Vertical stacking of di(F10H16) and di(F10H20) on DPPC 

monolayers 

Figure 6 shows the π–A, ΔV–A, and Cs‒1–A isotherms of DPPC/di(F10H16) and 

DPPC/di(F10H20) monolayers at Xdi(F10Hm) = 0.3. For the DPPC/di(F10H16) system (Fig. 6A), 

distinct inflection points in both ΔV–A and Cs−1–A isotherms are observed at defined molecular 

areas, suggesting stepwise structural reorganizations during compression. At larger molecular 

areas, fluorinated amphiphiles are initially dispersed within the monolayer (Scheme 1a). As 

compression proceeds, vertical displacement of di(F10H16) above the DPPC monolayer occurs 

around A ≈ 0.71 nm2 (Scheme 1b), as evidenced by a marked negative shift in ΔV. This decrease 

in surface potential reflects the reorientation of molecular dipoles, particularly the upward 

movement of the fluorocarbon segments toward the air phase, thereby reducing the net dipole 

moment normal to the interface. Such a shift strongly supports the notion of vertical segregation 

and stacking. Continued compression results in a second change in the ΔV slope, indicative of 

further molecular stacking or reorganization (Scheme 1c). A third transition near A ≈ 0.48 nm2 

and π ≈ 12 mN m‒1 corresponds to the LE/LC phase transition of DPPC (Scheme 1d). These 

inflection points were each measured independently three times, and all replicate curves are 

overlaid in Fig. S2 to visually demonstrate the variability and reproducibility of the isotherms. 

In contrast, the DPPC/di(F10H20) monolayer (Fig. 6B) displays a similar inflection in the π–A 

isotherm near the LE/LC transition (~12 mN m‒1). However, both the ΔV–A and Cs−1–A profiles 
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are smoother and do not exhibit distinct slope changes, suggesting a more continuous and less 

stepwise reorganization. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  The π–A, Cs−1−A, and ∆V–A isotherms of the two-component (A) 

DPPC/di(F10H16) and (B) DPPC/di(F10H20) monolayers at XF-AA = 0.3 on water at 
298.2 K. Enclosed letters a−d correspond to Scheme 1a−d. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

b c a d b c a 

d 

A B 
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Scheme 1.  Vertical stacking of surface micelles of F10H16 and di(F10H16) on the top of 
DPPC monolayers during lateral compression. 

 

 

In situ morphological analyses of DPPC/(F-alkyl)alkane 

monolayers 

Fluorescence microscopy (FM) imaging of DPPC monolayers revealed distinct 

pressure-dependent morphological features that varied with the presence and molecular type of 

(F-alkyl)alkane additives. Pure DPPC monolayers exhibited characteristic phase-separated 

morphologies above ~12 mN m−1, with bright regions corresponding to the LE phase and dark, 

bean-shaped domains representing the LC phase that expanded progressively upon compression. 

In the DPPC/F10Hm (diblock) systems, FM images showed a complete disappearance of the 

LC domains across the entire pressure range (Figs. S3 and S4), indicating substantial disruption 

of DPPC domain formation by the incorporated diblocks. The DPPC/di(F10H16) monolayers 

at X = 0.3 exhibited a notable pressure-dependent morphological evolution, as visualized in 

Figs. 7 and S3C. Below 12 mN m−1, the images appeared uniformly bright, indicating a 

homogeneous LE phase. Above this threshold, large “flower-like” microstructures emerged, 

characterized by bright central cores, radially extending arms, and terminal bright spots. These 

hierarchical structures were most prominent between 15 and 50 mN m−1 (Fig. S5). Upon further 

compression to 55 mN m−1, most LE domains transitioned into the LC phase. 
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In contrast, the DPPC/di(F10H20) monolayers exhibited uniformly bright FM images 

throughout the entire pressure range (Figs. 7 and S6), with no indication of flower-like or 

radially organized structures, even at intermediate and high mole fractions (XF-AA = 0.5 and 0.7, 

see Fig. S6D,E). Similarly, the DPPC/F10H20 diblock systems displayed uniform brightness 

across all pressures (Fig. S4B), consistent with enhanced lateral miscibility and a lack of 

pressure-induced morphological transformations. 

 
Figure 7.    FM images of (A) DPPC/di(F10H16) and (B) DPPC/di(F10H20) monolayers for 

Xdi(F10H16) = 0.3 at 35 mN m−1 on water at 298.2 K. The monolayers contained 1 
mol% Fluorescent probe (NBD-PC). The scale bar in the lower right represents 100 
μm. 

 

AFM topographies of binary monolayers 

Langmuir–Blodgett (LB) films of DPPC/diblock and DPPC/tetrablock mixtures at X 

= 0.3 were transferred onto mica substrates and imaged using atomic force microscopy (AFM) 

(Fig. 8). In the DPPC/diblock systems, circular nanodomains (~40 nm in diameter) were 

observed on the LC regions of the DPPC monolayers, with measured heights of ~2.5 nm for 

F10H16 and ~2.8 nm for F10H20. These observed heights are lower than the estimated full 
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molecular lengths (3.7–4.2 nm), suggesting molecular tilting or bending at the CH2–CF2 

junction. Compared to the surface density in pure diblock films (Fig. S7), the nanodomains in 

DPPC/diblock films appeared more sparsely and heterogeneously distributed. In the 

DPPC/di(F10H16) films, AFM imaging revealed prominent flower-like structures exhibiting 

radially protruding features with height differences of up to ~2.0 nm relative to the adjacent LC 

domains. DPPC/di(F10H20) films exhibited compact, circular nanodomains (~0.8–1.2 nm in 

height above the LC phase), which are significantly shorter than the estimated molecular length 

(~4.2 nm)[8]. This discrepancy likely reflects molecular tilting or folding at the CH2–CF2 

junction, resulting in partial submersion of the H20 segments within the DPPC matrix or lateral 

orientation at the interface. By contrast, the DPPC/di(F10H20) systems do not indicate 

extended or hierarchical flower-like morphology. In both tetrablock-containing systems, the 

nanodomains preferentially localized to the LE regions rather than the LC domains. This spatial 

distribution likely reflects favorable interactions between the hydrocarbon (Hm) segments of 

the tetrablocks and the more disordered hydrophobic chains of DPPC in the LE phase. 
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Figure 8.  AFM topographic images of the binary DPPC/(F-alkyl)alkane monolayers (XF-AA 

= 0.3) transferred at 5 (for DPPC/di(F10H16)) and 25 mN m−1 (for the others)) on mica. 
The cross-sectional profiles along the scanning line (white) are provided below each 
image. The scale bars in the lower right represent 500 nm. The labels (a–d) correspond 
to the following features observed in the AFM images: (a) nanodomains excluded from 
the DPPC LC phase, (b) LC phase regions of DPPC, (c) LE phase regions of DPPC, 
(d) flower-like protrusions (finger-like moieties) characteristic of the 
DPPC/di(F10H16) system. 
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DISCUSSION 

The compression-induced increase in surface pressure (π), along with the difference in 

limiting molecular area (A0) between diblock and tetrablock amphiphiles, reflects distinct 

molecular packing behavior arising from their fluorocarbon-hydrocarbon architecture[48, 49]. 

This architecture plays a central role in dictating both lateral organization and monolayer 

stability[50]. Notably, diblocks exhibit higher collapse pressure (πc), suggesting tighter packing 

and reduced conformational freedom compared to tetrablocks. In contrast, the more flexible 

tetrablock architecture compromises packing efficiency, leading to lower πc values. These 

observations are consistent with surface potential (ΔV) measurements: strongly negative ΔV at 

collapse reflects an upright molecular orientation, with perfluorinated segments facing air and 

hydrocarbon chains directed toward the subphase[51]. Furthermore, increasing hydrocarbon 

chain length (Hm) leads to more negative ΔV values, likely due to enhanced dipole alignment 

and deeper insertion into the subphase. In mixed systems with DPPC, the progressive 

suppression of the LE/LC transition plateau and the appearance of multiple inflection points in 

the isotherms point to phase separation and interfacial restructuring. The non-monotonic ΔV–A 

behavior, especially at XF–AA > 0.5, indicates competing molecular orientations. Tetrablocks 

induce more substantial changes than diblocks, highlighting their stronger and more disruptive 

interactions with the phospholipid matrix [52]. 

Unlike prior studies reporting lateral phase separation in DPPC monolayers with non-
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fluorinated amphiphiles (e.g., tetrazine and glycyrrhizin derivatives)[45-47], our findings reveal 

a distinctly vertical segregation mechanism. This behavior is attributed to the asymmetric 

molecular architecture of the fluorinated amphiphiles, where immiscibility between the 

fluorocarbon and hydrocarbon segments drives directional partitioning. The appearance of 

stepwise plateaus and ΔV reductions in the isotherms supports the notion that tetrablocks 

migrate to the top of the DPPC monolayer upon compression. These findings emphasize the 

critical influence of fluorinated molecular design on interfacial self-assembly, offering a 

structural basis for developing amphiphilic systems with tailored stacking behavior. 

The negative deviation of experimental molecular areas (A) from the ideal mixing line 

(Fig. 4) suggests limited miscibility between (F-alkyl)alkanes and DPPC at the air–water 

interface. Additionally, the low collapse pressure (~20 mN m–1), which is less than half that of 

DPPC (~45 mN m–1), reflects their reduced interfacial stability and tendency for selective 

expulsion under compression. This selective migration is likely driven by favorable van der 

Waals interactions between the H-chains of the fluorinated compounds and the hydrocarbon 

tails of DPPC, which are energetically more favorable than interactions with water. Taken 

together, these results are consistent with prior observations of fluorinated nanodomain 

displacement and reinforce the vertical phase separation model[41]. Interestingly, both H16- 

and H20-based systems show similar deviations from ideal mixing, implying that chain-length 

variation exerts minimal effect on the expulsion behavior under the current conditions. Upon 
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compression, expelled (F-alkyl)alkane molecules migrate to the upper surfaces of the DPPC 

layer (“squeezing-out”), thereby decreasing the average molecular area at the interface. This 

observation is consistent with previous findings showing that even minor disparities in chain 

length can significantly alter the mechanical properties of DPPC-based membranes[53]. The 

presumption that DPPC remains interfacially anchored is supported by its known strong 

interfacial activity. Moreover, the low loss ratio at XF–AA = 0.9 (Fig. 5) indicates insufficient 

hydrocarbon content to stabilize Hm segments at low DPPC concentrations. In contrast, DPPC-

rich systems facilitate greater upward migration of fluorinated compounds. Because this 

selective expulsion occurs well below collapse pressures (5 mN m‒1), it cannot be attributed to 

collapse-induced effects. Instead, these findings support the view that dipolar interactions and 

interfacial compatibility, rather than mechanical compression alone, dictate vertical segregation 

behavior. This insight highlights the critical role of molecular design in engineering hierarchical 

interfaces. 

The stepwise changes observed in the isotherms of the DPPC/di(F10H16) monolayer 

(see Scheme 1a–d) provide clear evidence for vertical reorganization process of the fluorinated 

amphiphile. At large molecular areas, di(F10H16) molecules initially reside at the air–water 

interface. Upon compression, they migrate vertically to form a layer atop the DPPC monolayer 

(Scheme 1b), followed by stacking (Scheme 1c) and reorientation that coincides with the LE to 

LC phase transition of DPPC (Scheme 1d). These observations suggest a strong coupling 
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between lateral phase behavior and vertical assembly in the di(F10H16) system. 

In contrast, the ΔV–A isotherm for the DPPC/di(F10H20) system (Fig. 6B) lacks 

abrupt slope changes, indicating a more diffuse or incomplete vertical stacking process. This 

difference can be attributed to the longer H20 segment, which likely imparts greater 

conformational flexibility and enhances miscibility with DPPC. While longer hydrocarbon 

chains generally promote packing via van der Waals forces, previous studies have shown that 

excessive chain length introduces entropic penalties, particularly in disordered or mixed 

systems[54, 55]. This entropy-driven flexibility counteracts the stabilizing effects of van der 

Waals interactions, favoring mixing and thereby inhibiting vertical segregation. These findings 

highlight how small architectural variations, such as chain length, can dramatically impact 

interfacial assembly dynamics and structural outcomes. 

Cyclic isotherm measurements further support the vertical reorganization model. The 

high reproducibility across compression–expansion cycles indicates a robust and resilient 

DPPC/di(F10H16) interface (see Fig. S8). Notably, the hysteresis observed during expansion, 

including a distinct kink, indicates reversible migration of fluorinated nanodomains back to the 

air–water interface. This behavior reflects strong vertical interactions and a capacity for 

dynamic reconfiguration. The irreversible changes seen in the first cycle, followed by consistent 

behavior thereafter, suggest a curing or annealing process that promotes nanodomain ordering 

and stabilizes the interface. In contrast, the DPPC/di(F10H20) system exhibited much weaker 
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hysteresis, with nearly overlapping compression–expansion isotherms and no obvious kinks in 

the ΔV–A profiles, indicating minimal vertical rearrangement or nanodomain restructuring. This 

difference likely stems from the enhanced lateral miscibility and conformational flexibility 

associated with the longer H20 chains, which suppresses hierarchical stacking behavior. These 

findings underscore the potential of fluorinated tetrablocks in applications where robust, 

reconfigurable interfacial architectures are essential, such as lung surfactant analogs or 

interfacial drug delivery platforms. Remarkably, such reversible, thixotropic behavior, which is 

typically attributed to complex macromolecular surfactants, is here achieved using simple, low-

molecular-weight semifluorinated amphiphiles. This highlights how precise molecular design 

can impart biological-like responsiveness to fully synthetic materials. The reproducibility and 

tunability of nanostructure formation in the DPPC/di(F10H16) system affirm the feasibility of 

engineering functional, adaptive interfacial architectures using small molecules. 

These structural insights are supported by FM observation (Fig. 7). The 

DPPC/di(F10H16) monolayers exhibit distinct flower-like microstructures, confirming the 

formation of stable, spatially organized nanodomains. In contrast, DPPC/di(F10H20) 

monolayers display uniform, featureless bright regions, indicative of disordered or fully mixed 

assemblies. As illustrated in Scheme 2, these contrasting morphologies can be attributed to 

differences in molecular architecture. In the di(F10H16) system, the H16 segments closely 

match the C16 tails of DPPC, facilitating optimal van der Waals interactions, tighter lateral 
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packing, and even interdigitated-like arrangements. This structural proximity enhances 

oleophobic repulsion between hydrocarbon and fluorocarbon segments, promoting 

accumulation of di(F10H16) at LE/LC boundaries and leading to vertical stacking and flower-

like patterns. In contrast, the longer H20 chains in di(F10H20) increase the spatial gap between 

fluorocarbon blocks and DPPC chains, weakening oleophobic interactions and increasing 

miscibility. As a result, ordered microstructure formation is suppressed. This observation aligns 

with previous studies showing that chain-length mismatch weakens lateral cohesion and 

enhances mixing in lipid environments[56]. These results emphasize that interfacial 

organization is highly sensitive to molecular symmetry and hydrocarbon chain compatibility, 

and that small architectural modifications can markedly impact nanostructure formation at the 

air–water interface. 
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Scheme 2   Schematic representation of the hierarchical self-assembly behavior of fluorinated 
amphiphiles in DPPC monolayers. In the DPPC/di(F10H16) system (left), 
nanodomains (green circles, ∼40 nm in diameter) coalesce into vertically and 
laterally ordered flower-like microassemblies due to favorable chain-length matching 
and dipolar repulsion effects. In contrast, the DPPC/di(F10H20) system (right) shows 
dispersed nanodomains (green circles) lacking sufficient stability and cohesion, 
resulting in the absence of higher-order structures. The scale bar in the lower right 
represents 100 nm. 

 
 

In DPPC/di(F10H16) systems, the emergence of flower-like superstructures correlates 

closely with the LE/LC transition pressure of DPPC, suggesting that phase behavior of the 

phospholipid matrix governs structural rearrangement. These patterns likely result from 

nanodomain fusion, interfacial energy minimization, and line tension reduction. Bright FM 

signals within the flower-like domains suggest preferential accumulation of the fluorescent 

probe in hydrocarbon-rich regions, supporting a stabilizing role for interactions between DPPC 

tails and the Hm chains of di(F10H16). The observed radial symmetry and pattern regularity 

point to a self-limiting growth mechanism regulated by dipole–dipole repulsions and line 

DPPC/di(F10H16) DPPC/di(F10H20) 

nanodomain 
(∼40 nm in diameter) 

microassemblies 

100 nm 
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tension gradients. Similar morphologies have been associated with the incorporation of 

insoluble fluorinated amphiphiles into DPPC LC domains[57]. Notably, these stacked 

nanodomains may act as 2D surfactants, or "linactants"[41, 58, 59], preferentially adsorbing at 

phase boundaries to reduce interfacial energy—an interpretation supported by previous BAM 

studies[57]. 

In contrast, the DPPC/di(F10H20) system shows no such structural features, 

underscoring the impact of hydrocarbon chain length. The extended H20 segment likely 

increases DPPC miscibility and steric hindrance, thereby suppressing vertical segregation and 

aggregation. Nevertheless, AFM imaging reveals partial vertical segregation, highlighting 

persistent fluorocarbon–hydrocarbon immiscibility. The consistent size and shape of the 

nanodomains in both systems also point to their intrinsic mechanical robustness[18]. Notably, 

flower-like assemblies form only at a mole fraction of X = 0.3, suggesting that a critical balance 

between chain-length matching and phase immiscibility is required for pattern formation. This 

dynamic restructuring underscores how small differences in molecular architecture can dictate 

macroscale morphological outcomes. Finally, the preferential accumulation of (F-alkyl)alkanes 

at the air–lipid and air–water interfaces[41, 59] suggests their utility as interfacial carriers or 

solubilizers for hydrophobic agents. The ability of di(F10H16) to drive significant domain 

remodeling without polar headgroups highlights the dominant role of physical forces—van der 

Waals interactions, dipolar effects, and steric packing—in controlling interfacial behavior. 
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These findings position fluorinated tetrablocks as powerful modulators of lipid organization, 

with promising applications in adaptive surfactant systems and lipid-based drug delivery 

platforms. 

 

CONCLUSIONS 

This study elucidates the hierarchical self-assembly behavior of semi-fluorinated 

alkanes (F10Hm and di(F10Hm), m = 16 and 20) in DPPC monolayers at the air‒water interface. 

These amphiphiles formed nanodomains at low surface pressures and exhibited vertical 

stacking upon compression. Surface potential and fluorescence microscopy measurements 

confirmed a preferential orientation, with fluorocarbon segments directed toward air and 

hydrocarbon chains facing the aqueous subphase. Beyond previous reports of stacked 

fluorinated nanodomains[41], we establish a well-defined vertical segregation mechanism, 

controlled by molecular symmetry and chain-length matching. Only di(F10H16) produces 

ordered flower-like assemblies, whereas di(F10H20) forms diffuse structures, underscoring the 

decisive role of chain-length compatibility. These results demonstrate that even subtle 

architectural changes can reshape nanoscale organization at fluid interfaces. Unlike protein‒

surfactant complexes such as keratin ‒ ionic surfactant assemblies[43], which rely on 

electrostatic and hydrogen-bonding interactions, our system demonstrates that nonpolar 

amphiphiles can achieve robust interfacial structuring purely through dipole–dipole and van der 
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Waals forces. This distinguishes semi-fluorinated alkanes from protein–surfactant complexes 

and highlights their versatility as tunable building blocks for interfacial engineering. The 

reproducibility and reversibility of nanostructure formation, including thixotropic behavior and 

surface tension hysteresis, further underscore their potential in adaptive interfacial materials. 

These insights offer practical design principles for the next generation of functional surfactants. 

Potential applications include pulmonary surfactant therapy, drug delivery, and microbubble 

stabilization, where both structural robustness and dynamic responsiveness are essential. While 

precise micrometer-scale patterning remains to be achieved, the demonstrated ability to 

selectively control assembly via molecular parameters represents a significant step forward. 

Looking ahead, introducing responsive moieties and exploring additional architectural 

variations will allow fine-tuning of assembly dynamics and functional diversification. 

Moreover, direct structural characterization using reflectivity techniques (e.g., XRR, NR) will 

be crucial for validating and quantifying the multilayered architectures proposed here. 
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