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ABSTRACT 

The self-assembly of surfactants in aqueous solution can be modulated by the presence of 

additives including urea, which is a well-known protein denaturant and also present in 

physiological fluids and agricultural run-off. This study addresses the effects of urea on the 

structure of micelles formed in water by the fluorinated surfactant perfluoro-n-octanoic acid 

ammonium salt (PFOA). Analysis of small-angle neutron scattering (SANS) experiments and 

atomistic molecular dynamics (MD) simulations provide consensus strong evidence for the direct 

mechanism of urea action on micellization: urea helps solvate the hydrophobic micelle core by 

localizing at the surface of the core in the place of some water molecules. Consequently, urea 

decreases electrostatic interactions at the micelle shell, changes the micelle shape from prolate 

ellipsoid to sphere, and decreases the number of surfactant molecules associating in a micelle. 

These findings inform the interactions and behavior of surface active per- and polyfluoroalkyl 

substances (PFAS) released in the aqueous environment and biota. 
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INTRODUCTION 

Surfactants find use in diverse applications on the basis of their ability to adsorb on 

interfaces and form micelles or lyotropic liquid crystal structures in aqueous solutions. The self-

assembly of surfactants in aqueous solutions originates from a balance between the hydrophobic 

“attraction” resulting from a cavity formation and structuring of water molecules around the 

surfactant hydrophobe, and the “repulsion” due to electrostatics or hydration between the 

surfactant head-groups.1 The presence in water of additives such as polar organic solvents or 

solutes, electrolytes, and/or ionic liquids can modulate the surfactant self-assembly.2-8  

Urea is a commonly used additive in aqueous media. Urea is well-known for denaturing 

proteins9, 10 and facilitating the dissolution of cellulose11, 12 on the basis of its ability to modulate 

hydrophobic interactions.13-16 Accordingly, the self-assembly of hydrocarbon surfactants in 

aqueous solution is affected by urea and its derivatives.17-27 For example, urea increased the 

critical micelle concentration (CMC) of sodium dodecyl sulfate (SDS) in aqueous solution, and 

decreased its micelle size and association number.17, 18, 21 The action of urea in aqueous solutions 

has been interpreted in terms of a direct mechanism, where urea helps solvate hydrophobic 

solutes by locating on their solvation layer in the place of water molecules, or an indirect 

mechanism, whereby urea disrupts the structure of water which, in turn, facilitates the solvation 

of hydrophobic solutes.17, 18  

The action of urea on the water network remains controversial, and the structure of urea–

water mixtures is not well-understood. Different methods of analysis can lead to different 

conclusions. Raman,28 NMR,29 neutron scattering and some molecular dynamics (MD) 

simulation studies10, 30 have indicated that urea acts as a water structure breaker. NMR 

measurements and Kirkwood–Buff analysis of experimental thermodynamic data of aqueous 

urea solutions suggest that urea enhances the water structure and acts as a weak water structure 

maker.31, 32 Other studies have reported that urea has no effect on the water structure.33-37 Tera-

Hertz absorption spectroscopy,38 NMR spectroscopy,33 dielectric spectroscopy,39 vibrational 

spectroscopy and other molecular MD simulation studies40, 41 have indicated that urea has little 

effect on the water structure, and is neither a structure breaker nor a structure maker. Analysis of 

water–water radial distribution functions obtained from MD simulations of aqueous urea solution 

strongly suggested that urea does not disrupt the water structure network.36 However, the same 

authors in another publication reported urea to be a water structure breaker based on changes in 
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the water–water hydrogen bond angle (decrease) and distance (increase).10 MD simulations of 

aqueous urea solution using nearest neighbor approach (i.e., only water molecules, and not urea, 

were considered as neighbors of a reference water molecule) showed urea to induce distortion of 

the tetrahedral water structure;42 however, when urea was also considered as a neighbor of the 

reference water molecule, the MD results showed that urea can substitute for water in the 

hydrogen-bonded network without breaking the tetrahedral water structure.37 The disagreement 

in the case of MD simulations regarding the effect of urea on the water structure network can 

originate from the different models of urea and water that were used in the simulations, and/or 

the different choices of statistical properties that were used to quantify the effect.42  

Compared to the widely used hydrocarbon surfactants, specialty surfactants comprising a 

fluorocarbon hydrophobic part exhibit unique properties, such as the ability to repel both oil and 

water, strong surface activity and wetting ability, and high chemical and thermal stability.3 

Hence, fluorinated surfactants have found diverse applications including nonstick cookware, 

stain repellants, protective coatings, firefighting foams, food packaging, and cosmetics.43-46 A 

downside of their chemical and thermal stability is that fluorinated surfactants are very difficult 

to degrade, resulting in their persistence in the environment (mainly aqueous) and in animal and 

human bodies, causing adverse heath affects47-52 and generating concern among the public.  

Urea is a major ingredient of agricultural runoff water and urine. As such, urea is likely to 

affect the behavior of fluorinated surfactants which are present in the aqueous environment and 

biota. The information published on urea effects on fluorinated surfactants is very limited.3, 53, 54 

Our recent report on the effect of urea on the micellization of the fluorinated surfactant 

perfluoro-n-octanoic acid ammonium salt (PFOA) supported the direct mechanism of urea action 

and identified differences between fluorocarbon and hydrocarbon surfactant self-assembly in 

aqueous urea solutions.3 While the results presented in that paper provided indirect evidence on 

urea effects on PFOA micelles, direct structural information on PFOA micelles in aqueous 

solutions in the presence of urea is not available in the literature. In general, nano-structure 

characterization studies of fluorinated surfactant micelles in water are limited.55-61 

With an aim to address this gap in knowledge, we employ here small-angle neutron 

scattering (SANS) and atomistic molecular dynamics (MD) simulations to obtain direct 

structural information and understand the molecular organization and interactions in aqueous 

urea solutions of the representative fluorinated surfactant PFOA. The interactions between 
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fluorinated surfactants and additives such as urea are important to study since the fundamental 

knowledge thus gained can be helpful in the design of materials and methods for the removal of 

fluorinated surfactants from aqueous media or the human body, and in the replacement in certain 

applications of fluorinated surfactants with environment-friendly alternatives.  
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EXPERIMENTAL AND THEORETICAL METHODS 

Materials 

Perfluoro-n-octanoic acid ammonium salt (C7F15COONH4, CAS number: 3825-26-1, 

MW = 431.1 g/mol, 98% purity; abbreviated here as PFOA), also known as 

pentadecafluorooctanoic acid ammonium salt or ammonium perfluorooctanoate, was obtained 

from SynQuest Laboratories (Alachua, FL, USA) and was used as received. Urea (NH2CONH2), 

99% pure, was obtained from Alfa Aesar (Haverhill, MA, USA). Deuterium oxide (99.9% D), 

(D2O, MW = 20.03 g/mol, 99.5% purity), also known as deuterated water, was obtained from 

Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA) and was used as received. All the 

samples were prepared using D2O and were allowed sufficient time to equilibrate following the 

mixing of ingredients. The PFOA concentration of 110 mM has been selected in the SANS 

experiments since PFOA micelles are well-defined at this concentration (well above the CMC = 

26.5 mM). The urea concentrations selected for study spanned a wide range: 0 – 6 M.  

 

Small-angle neutron scattering (SANS) data collection and reduction  

SANS measurements of aqueous PFOA solutions in the absence and in the presence of 

urea were performed on the NG-7 and NG-B 30 m SANS instruments at the Center for Neutron 

Research (NCNR), National Institute of Standards and Technology (NIST), Gaithersburg, MD. 

Neutrons with 6 Å wavelength were focused on samples kept in quartz cells of 2 mm thickness. 

Sample-to-detector distances (SDD) of 2, 6.5 or 10 m, or 1.33, 4 and 13.17 m were used for each 

sample in order to cover the wave vector (q) range 0.05 Å-1 < q < 0.5 Å-1. The measurement time 

was 180 – 3600 seconds. All the raw SANS intensity data were corrected and reduced using the 

IGOR Pro software. For each sample, reduced SANS data of at three instrument configurations 

(2, 6.5 or 10 m SDD or 1.33, 4 and 13.17 m SDD) were combined into one data file after 

trimming data points from the ends of each set and rescaling the overlap regions.62 

In the data reduction process, scattering intensity raw data were corrected for the 

scattering from empty cell, background and detector sensitivity, and converted to absolute 

intensity scale.62 The scattering contribution from the solvent has been accounted for by fitting a 

straight line to the solvent intensity data at the high-q range, and subtracting the intensity of this 

straight line from the sample scattering intensity. The fraction of the solvent scattering intensity 

subtracted (scale factor f) is the volume fraction of solvent in the sample. The error bars shown 
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in the various SANS absolute intensity plots were calculated by the IGOR Pro software during 

the data reduction process. The data points in the low-q region may exhibit relatively large error 

bars due to scattering from possible air bubbles present in the sample. 

 

SANS data analysis 

SANS data from PFOA micelles in D2O in the absence and in the presence of urea have 

been fitted with the core-shell ellipsoid form factor and the Hayter – Penfold structure factor 

with rescaled mean spherical approximation (RMSA).8 

The overall scattering intensity I(q) is given by: 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑞𝑞) = 𝐴𝐴.𝜙𝜙.𝑃𝑃(𝑞𝑞).𝑆𝑆(𝑞𝑞) + 𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖                                           (1) 

P(q) is the form factor representing the shape and structure of a micelle, while S(q) is the 

structure factor representing the intermicelle interactions in the solution. φ is the volume fraction 

of the micelles. The parameters A and Binc account for additional contributions due to the 

absolute scaling and incoherent noise, respectively. 

P(q) was calculated using the following equations: 

𝑃𝑃(𝑞𝑞) =  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉

𝐹𝐹2(𝑞𝑞,𝛼𝛼) + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏                                         (2) 

𝐹𝐹(𝑞𝑞,𝛼𝛼) = 𝑓𝑓(𝑞𝑞, 𝑏𝑏,𝑎𝑎,𝛼𝛼) + 𝑓𝑓(𝑞𝑞, 𝑏𝑏 + 𝛿𝛿, 𝑎𝑎 + 𝛿𝛿. 𝜖𝜖,𝛼𝛼)                                  (3) 

where b is the equatorial core radius perpendicular to the rotational axis of the ellipsoid, a is the 

polar core radius along the rotational axis of the ellipsoid, δ is the thickness of the shell near 

equator, ϵ is the ratio of shell thickness at pole to that at equator. For a fixed shell thickness ϵ = 1. 

𝐹𝐹�𝑞𝑞,𝑅𝑅𝑒𝑒 ,𝑅𝑅𝑝𝑝,𝛼𝛼� =  3Δ𝜌𝜌𝜌𝜌(sin�𝑞𝑞𝑞𝑞�𝑅𝑅𝑒𝑒,𝑅𝑅𝑝𝑝,𝛼𝛼��−cos [𝑞𝑞𝑞𝑞(𝑅𝑅𝑒𝑒,𝑅𝑅𝑝𝑝,𝛼𝛼)])
[𝑞𝑞𝑞𝑞(𝑅𝑅𝑒𝑒,𝑅𝑅𝑝𝑝,𝛼𝛼)]3

                              (4) 

𝑟𝑟�𝑅𝑅𝑒𝑒 ,𝑅𝑅𝑝𝑝,𝛼𝛼� =  [𝑅𝑅𝑒𝑒2𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼 +  𝑅𝑅𝑝𝑝2𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼]1/2                                     (5) 

𝛼𝛼 is the angle between the axis of the ellipsoid and 𝑞⃗𝑞, 𝑉𝑉 = (4/3)𝜋𝜋𝜋𝜋p 𝑅𝑅e
2 is the volume of the 

ellipsoid, 𝑅𝑅p is the polar radius along the rotational axis of the ellipsoid, 𝑅𝑅e is the equatorial 

radius perpendicular to the rotational axis of the ellipsoid and Δ𝜌𝜌 (contrast) is the scattering 

length density difference, either (ρcore – ρshell) or (ρshell – ρsolvent). When the ratio of polar core 

radius (a) to the equatorial core radius (b) ɛ (= a/b) < 1 the core is oblate; when ɛ > 1 it is prolate, 

and ɛ = 1 denotes a spherical core. 
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The structure factor S(q) was calculated using a Hayter−Penfold-type potential,63 with 

mean spherical approximation and rescaling corrections for low volume fractions, given the 

micelle volume fraction, charge on a micelle, and ionic strength of the solution.8 

Parameters that are adjusted when fitting SANS intensity data with the above described 

form and structure factors include: scale, background, minor radius of core (b), axial ratio of core 

(ε), shell thickness at equator (δ), ratio of shell thickness at pole to that at equator (ϵ), shell SLD 

(ρshell), core SLD (ρcore), solvent SLD (ρsolvent), micelle volume fraction (φ), charge on a micelle 

(Z), temperature, salt concentration, and dielectric constant of the medium. The micelle 

association number (η), fractional charge on a micelle (α = Z/η), and the number of urea 

molecules in close proximity to a micelle (ηurea) are other important parameters calculated from 

the parameters obtained from fitting SANS intensity data. For the fits, we limit the q-range from 

0.01 to 0.4 Å-1. Table S1 presents values of molecular parameters used for SANS data fittings.  

In analyzing the SANS data, we fix the known parameters (e.g., solvent SLD, 

temperature, ionic strength, dielectric constant of the medium), we make reasonable assumptions 

for some parameters (e.g., micelle core minor radius (b) equal to the extended length of a PFOA 

fluorocarbon chain 𝑙𝑙𝑓𝑓,𝑐𝑐 = 11.14 Å;3 uniform shell thickness: ratio of shell thickness at pole to that 

at equator ϵ = 1), and we leave some parameters (e.g., background, volume fraction (φ), charge 

on a micelle (Z), shell thickness at equator (δ)) free to be adjusted in order to obtain a best fit. 

The statistical parameter 𝜒𝜒𝑅𝑅2  provided by the software quantifies the differences between the 

calculated and experimental SANS intensities. 𝜒𝜒𝑅𝑅2 approaches unity for an excellent fit.  

For PFOA D2O solutions we considered the micelle core to consist of only fluorocarbon 

chains (dry core), and the shell to include carboxylate head-groups, counterions, and associated 

water molecules. In the case of PFOA in D2O+urea solutions, the shell contains also some urea. 

The major fitting parameters to describe the scattering from PFOA micelles in D2O and 

in D2O+urea are the surfactant association number (η), micelle volume fraction (φ), charge on a 

micelle (Z), and number of urea molecules per micelle (ηurea). 

The core volume Vcore (in Å3) was calculated given the surfactant association number η: 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝜂𝜂𝑉𝑉𝑡𝑡,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴                                                          (6) 

where Vt,PFOA = 333.6 Å3 is the volume of a PFOA fluorocarbon chain.3 

The micelle shell volume, considering the hydrophilic head-groups of the surfactant, 

counterions, urea, and associated water molecules, can be written as: 



9 
 

𝑉𝑉𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =  𝜂𝜂�𝑉𝑉𝐶𝐶𝐶𝐶𝑂𝑂− + (1 − 𝛼𝛼)𝑉𝑉𝑁𝑁𝐻𝐻4+ +  𝑁𝑁𝐻𝐻𝑉𝑉𝐷𝐷2𝑂𝑂� +  𝜂𝜂𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢(𝑉𝑉𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)                   (7) 

where 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶− is the volume of the PFOA hydrophilic head-group, 𝑉𝑉𝑁𝑁𝐻𝐻4+ volume of the counterion 

𝑁𝑁𝑁𝑁4+, 𝑉𝑉𝐷𝐷2𝑂𝑂 volume of a D2O molecule, Vurea volume of a urea molecule, NH hydration number, 

i.e., number of water molecules associated per surfactant molecule. α = Z/η is the fractional 

charge on a micelle. Vurea = 75.53 Å3 was obtained from reference.64 

An ‘ab initio’ quantum computational study of PFOA/H2O system reported that on 

average 8 water molecules can be accommodated near the polar head-group of the PFO⁻ ion.65 

The reported hydration numbers for NH4
+ ion vary widely from 4 to 11.66, 67 On the basis of the 

reported hydration numbers for NH4
+ ion and PFO⁻ ion, we fixed NH = 12.  

The scattering length density of the micelle core is calculated by equation (8) 

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
𝜂𝜂𝑏𝑏𝐶𝐶𝐹𝐹3(𝐶𝐶𝐹𝐹2)6

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                                                            (8) 

where bi is the coherent scattering length of molecule i. bi values reported are shown in Table S1. 

The scattering length density of the micelle shell is calculated using equation (9), which 

includes the individual contributions to the scattering from surfactant hydrophilic head-groups, 

counterions, urea, and associated water molecules. 

𝜌𝜌𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =  
𝜂𝜂�𝑏𝑏𝐶𝐶𝐶𝐶𝑂𝑂−+(1−𝛼𝛼)𝑏𝑏𝑁𝑁𝐻𝐻4+

+ 𝑁𝑁𝐻𝐻𝑏𝑏𝐷𝐷2𝑂𝑂�+ 𝜂𝜂𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢[𝑏𝑏𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢]

𝑉𝑉𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
                                   (9) 

The scattering length density of the solvent ρsolvent was calculated using the scattering 

lengths and concentrations of urea, surfactant, and deuterated water. The concentration of PFOA 

present in the bulk solution was considered as its CMC. The dielectric constant values of 

aqueous urea solutions are obtained from the literature.68 

In the case of 110 mM PFOA in D2O, while fitting SANS intensity data we varied the 

shell thickness (δ) and calculated the volume of the micelle core (Vcore) and shell (Vshell). From 

Vcore and Vshell, using equations 6 and 7 (ηurea = 0), we calculated the surfactant association 

number (η). During the fit, we adjusted the shell thickness such that the association number (η) 

calculated from Vcore (equation 6) equals the η value calculated from Vshell (equation 7). From η, 

α, Vshell values obtained, we calculated the scattering length density of the shell (ρshell). In the 

case of 110 mM PFOA in urea + D2O, the scattering length density of the shell (ρshell) depends 

on η, ηurea, α, Vshell, (i.e., on ε, δ). The shell thickness (δ) was varied, and ηurea, ρshell were 
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calculated iteratively such that all the parameters are realistic and the ρshell value given by 

software matches with the ρshell value calculated from equation 9. 

The form and structure factor models used in this study for fitting PFOA SANS intensity 

profiles are consistent with those that have been used by previous SANS studies on fluorinated 

surfactants.56, 57 Water-free (“dry”) micelle core was previously used in sodium 

perfluorooctanoate (NaPFO) and cesium perfluorooctanoate (CsPFO) SANS analysis.56, 57, 59 

 

Molecular dynamics simulations  

Molecular dynamics (MD) simulations were conducted employing a non-polarizable 

version of the Atomistic Polarizable Potentials for Liquids, Electrolytes and Polymers 

(APPLE&P) force field.69 Simulations were conducted at 298 K and surfactant concentrations 

well above the CMC. Each system contained 32 PFOA molecules and about 4000 water (or 

water + urea) molecules, which corresponds to 390 mM surfactant concentration (see 

Supplementary Information (SI) for the exact compositions of all systems). Systems with 0, 1.2, 

2.2, and 4 M concentration of urea have been investigated by MD. Initially, all molecules were 

distributed homogeneously. During equilibration, all 32 PFO- molecules have self-assembled 

into one micelle, which is consistent with the selected concentration being much larger than the 

CMC. Subsequent production simulations showed that the formed micelle is not in a static 

configuration but underwent extensive fluctuations in shape and dimensions. Moreover, the 

molecules inside the micelle moved relative to each other and explored the entire micelle as 

characterized by the analysis of neighboring PFO- residence times (see SI for details). Since 

production simulations were much longer than the residence times, we are confident that 

multiple independent configurations of the micelle were sampled, allowing the converged 

statistics for the micelle shape and dimensions.  

All simulations were run at 298 K, with temperature controlled by the Nose-Hoover 

thermostat and barostat.70, 71 The cut-off radius for the van der Waals interactions and 

electrostatic potential in the real space was set to 15 Å, with a tapering distance of 0.5 Å. The 

electrostatic interactions in the reciprocal space were calculated using Ewald summation.72 A 

multiple time-step technique was applied to enhance the efficiency of integration of the 

equations of motion. For all bonds and bends, a 0.5 fs time step was used, while a 1.5 fs time 

step was used for dihedrals and short-range (less than 8.0 Å) non-bonded interactions. For the 
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remainder of the non-bonded interactions and electrostatic reciprocal space portion, the 

integration time step was set to 3.0 fs. All bond lengths were constrained with the SHAKE 

algorithm, with a tolerance of 10-14.73 Initially, all molecules and ions were placed randomly in a 

relatively large cubic simulation cell (300 Å in each dimension). Within 300 ps, the simulation 

cell was shrunk to the dimensions close to the equilibrium size. Subsequent equilibration 

simulations in the NPT ensemble were conducted in order to establish equilibrium density of the 

system. Production runs over 30ns were also conducted in the NPT ensemble. 
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RESULTS AND DISCUSSION 

Small-angle neutron scattering analysis 

SANS absolute intensity profiles of PFOA solutions in D2O and in D2O+urea at 22 °C are 

shown in Figure 1. The shape of the profiles and the relative intensity can provide qualitative 

information about structure and interactions. The correlation peak reflects repulsive interactions 

between the micelles. Upon the addition of urea, the correlation peak shifts to higher-q, 

indicating a decrease in the intermicelle distance (estimated from the q value at the peak 

maximum: d = 2π/qmax.). Since the surfactant concentration has been kept constant, such a 

decrease in d reflects an increase in the micelle number density, which is possible only if the 

micelles become smaller. The other possibility could have been for less surfactant available to 

form micelles caused by an increase in CMC; however, this is not the case, since we know that 

the CMC of PFOA decreases in the presence of 2, 4.4 or 6 M urea.3 The peak intensity decrease 

with the addition of urea indicates weaker electrostatic repulsions between the micelles.  
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Figure 1. SANS intensity profiles of PFOA in D2O and in D2O+urea solutions corrected for 

solvent scattering. Markers represent experiment data and solid lines represent fits using the 

core-shell ellipsoid form factor and Hayter RMSA structure factor as described in the text. 

The schematic shows the effect of urea on the PFOA micelles. The micelles are depicted with 

a fluorocarbon core and a shell comprising head-groups and water of hydration. Urea 

molecules localize at the surface of the micelle core, thus directly affecting the PFOA 

micelle structure. 

 

 

To obtain quantitative information on the structure and interactions of PFOA micelles in 

the presence of urea, and on the effect of urea on PFOA micelle structure, the scattering profiles 

of PFOA in D2O and in D2O+urea solutions were fitted using the core-shell ellipsoid form factor 

and Hayter RMSA structure factor described in the Materials and Methods section. Figure 1 

shows the fits (solid lines) and Table 1 summarizes the important parameters obtained by fitting 

the SANS data for PFOA solutions. Additional parameters are included in SI. 

 

Table 1. Parameters obtained by fitting SANS intensity data of PFOA in D2O+urea solutions corrected for 

solvent (D2O+urea) scattering using the core-shell ellipsoid form factor and the Hayter rescaled MSA 

structure factor. η association number (i.e., the average number of surfactant molecules per micelle); α 

fractional charge or charge per surfactant molecule in a micelle; φ volume fraction of the micelles; ηurea 

average number of urea molecules per micelle; vurea %volume of urea in a micelle which comprises PFOA 

+ hydration water + counterions + urea; b micelle core minor radius; ε ratio of micelle core major to 

minor axis; δ shell thickness; Req radius of a sphere with volume equal that of the micelle; d inter-micelle 

distance; and Ipeak intensity at the correlation peak maximum. 𝜒𝜒𝑅𝑅2 is a statistical parameter that quantifies 

the differences between the calculated and experimental SANS data set. The uncertainties in the major 

parameters (shown in parenthesis) are calculated by applying propagation of errors using statistical 

uncertainties of the fitting parameters. 

PFOA 

(mM) 

Urea 

(M) 

η α ε b (Å) δ (Å) Req (Å) 

110 0 30 (±0.2) 0.27 (±0.004) 1.73 (±0.007) 11.14 4.12 17.6 (±0.02) 

110 2 23 (±0.3) 0.46 (±0.008) 1.30 (±0.005) 11.14 4.10 16.3 (±0.02) 

115 4.4 21 (±0.3) 0.61 (±0.043) 1.20 (±0.017) 11.14 4.24 16.1 (±0.06) 
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110 6 19.5 (±0.5) 0.52 (±0.044) 1.12 (±0.024) 11.14 4.40 16.0 (±0.08) 

PFOA 

(mM) 

Urea 

(M) 

ηurea vurea 
Φ x 103 

d (Å) Ipeak 𝜒𝜒𝑅𝑅2 

110 0 0 0 24.5 (±0.1) 84.9 0.088 2.48 

110 2 13.9 (±0.7) 5.8 (±0.3) 25.4 (±0.1) 76.6 0.048 1.91 

115 4.4 23.7 (±2.1) 10.2 (±0.9) 32.4 (±0.7) 69.8 0.029 1.25 

110 6 32.1 (±2.9) 14.1 (±1.3) 29.8 (±0.9) 70.6 0.014 1.20 

 

 

The effects of added urea on PFOA micelle characteristics are depicted in Figure 2. The 

decrease in the CMC of PFOA with urea addition can be ascribed to the combined effect of urea 

on electrostatic and hydrophobic interactions.3 Added urea has two mechanisms affecting 

electrostatic interactions in the system: (a) the increase of dielectric constant of the solution with 

addition of urea decreases the electrostatic attraction between COO- head-group and 

NH4
+counterion, and also the repulsion between COO- head-groups, thus favoring micellization; 

(b) direct strong electrostatic interaction between urea and COO- head-group replaces water from 

the interface with micelle. The urea effects on electrostatics are reflected in the increase 

(doubling) in the fractional charge on a micelle, α, i.e., degree of counterion dissociation. 

Addition of 2, 4.4 or 6 M urea increased the fractional charge on a micelle, α, by 70, 126 and 93 

%, respectively, due to a decrease in the attraction between head-group COO- and counterion 

NH4
+ and in the head-group–head-group repulsions. In addition, the urea molecules strongly 

interacting with head-groups on the micelle surface have to also interact with neighboring 

fluorocarbons. Urea–fluorocarbon interactions decrease the hydrophobic effect thus opposing 

micellization. Given that the CMC decreases, it appears that the effect of urea on the 

electrostatics is stronger that its effect on the hydrophobic interactions. 
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Figure 2. CMC (in mM), association number (η), average number of urea molecules per micelle 

(ηurea), volume percent of urea (vurea) in a micelle which comprises [PFOA + hydration water + 

counterions + urea], and radius (in Å) of a sphere with volume equal that of the micelle (Req), 

plotted as a function of urea concentration in the aqueous solution (the lines are guides to the 

eye). The CMC values plotted are taken from reference.3 

 

 

The addition of 2, 4.4 or 6 M urea to aqueous PFOA solutions resulted in a decrease in 

the association number by 24, 30 and 35 %, respectively, relative to the zero urea case. The 

number of urea molecules per micelle also increased with the added urea concentration. Urea 

localization in the PFOA micelle shell should increase the average area per PFOA head-group at 

the micelle surface. Indeed, dividing the surface area of the micelle by the association number 

results in 134 Å2 per surfactant head-group at 0 M urea and 165 Å2 per head-group at 6 M urea. 

Surface tension results also show an increase in the surface area per head-group of PFOA 

micelles with urea addition.3 The PFOA micelle volume decreased by 20-25% and the radius of a 

sphere with volume equal that of the micelle (Req) decreased by about 10% with the addition of 

2-6 M urea. The SANS results also show the micelle shape to change with urea addition from 

prolate ellipsoid to sphere: the ratio of micelle core major to minor axis (ε) decreased from 1.73 

at 0 M urea to 1.12 at 6 M urea. Such a micelle shape change due to urea addition was previously 

inferred from critical packing parameter (CCP) values.3 
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These effects of urea on the PFOA micellization are consistent with the direct mechanism 

of urea action, whereby urea localizes at the micelle surface (shell) by replacing some water 

molecules, increases the surface area per PFOA head-group, decreases the surfactant packing 

density at the micelle surface and, correspondingly, affects the micelle size and shape.  

SANS studies on fluorinated surfactant micelles in aqueous solutions in the presence of 

additives are very limited. A few SANS studies are available on mixed micelles of fluorinated 

surfactants and hydrogenated surfactants59, 74-76 or imidazolium-based ionic liquids,60 and on 

PFOA micelles in the presence of salt:55, 61 in NH4Cl: NH4OH buffer solutions with pH 8.8 and 

an ionic strength of 0.1 (units not mentioned in that paper), and in 0.5 M NH4Cl.  

Urea effects on the hydrocarbon surfactant SDS have not been studied by SANS, to the 

best of our knowledge. SANS studies on urea effects on gemini surfactants of the ethanediyl- α-

ω-bis(alkyldimethylammonium bromide) type, referred to as ‘‘m-2-m” (m = 12, 14 and 16) i.e. 

(12-2-12, 14-2-14, 16-2-16) and polyoxyethylene surfactants are available.25, 26 The direct 

mechanism of urea action has been reported for the gemini surfactants.25 The SANS results have 

shown that the 12-2-12 gemini surfactant forms prolate ellipsoid micelles and, with an increase 

in the added urea concentration, the scattering cross-section decreases and the correlation peak 

shifts to higher q values, indicating a decrease in the size of micelles.25 The same type of 

behavior was observed in the PFOA SANS profiles reported here. It has also been observed that 

the length of semi-major axis and the association number of the 12-2-12 micelles decrease with 

increase in urea concentration, which agrees well with our SANS results for PFOA.25 In the case 

of polyoxyethylene surfactants, the presence of urea increased the CMC, and SANS results have 

shown that, for surfactants with a high ratio of head-group size to tail length (n-

dodecylhexaoxyethylene (C12E6) and n-octylytetraoxyethylene (C8E4)), the micelles transitioned 

from elongated to globular.26 Whereas, surfactants that form globular micelles in the absence of 

urea preserve this shape as the urea concentration is increased (n-octylpentaoxyethylene (C8E5) 

and n-dodecyloctaoxylethylene (C12E8)).26  

 

Molecular dynamics simulations analysis 

To obtain additional, molecular-scale insights, atomistic MD simulations have been 

conducted on PFOA aqueous solutions with different concentrations of urea. The influence of 

urea concentration on the micelle structure can be seen in Figure 3, in which a compact packing 
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of the micelle is observed for all concentrations of urea tested, ranging from 0 M to 4.0 M. In 

water (no urea present), about 39% of ammonium counterions are dissociated from the PFO- 

surfactant, which is in a good agreement with experimental data. In pure water, the micelle 

comprised of 32 PFOA chains has slightly ellipsoidal (prolate) shape with the average principal 

moments of squared radius of gyration being R11
2 =62.9 Å2, R22

2 =43.5 Å2, R33
2 =31.3 Å2, 

showing that one dimension is noticeably larger (by about 20-40%) than the other two 

dimensions. With an increase of the urea concentration, the shape of the micelle becomes less 

asymmetric, i.e., more spherical, with the principal moments of squared radius of gyration being 

R11
2 =57.2 Å2, R22

2 =44.1 Å2, R33
2 =30.9 Å2, a shape change which is consistent with the results 

of SANS data analysis. Note that, on the time scale of our simulations in systems containing less 

than 4.0 M urea, we still observe only one micelle comprised of all 32 PFO- molecules. 

However, at the highest urea concentration 4.0 M we observe a single PFOA molecule that is not 

part of the micelle. This suggests that micelles with smaller association numbers are more stable 

upon addition of urea, which is consistent with the decrease in η observed in SANS experiments.  

 

 
Figure 3. Morphologies of PFOA micelles at different urea concentrations. 

 

 

To better understand the role of urea and its interaction with the PFOA micelle, the 

number density of urea molecules, and structural correlations between carbon atom of urea (C) 

and PFO- atoms (oxygen OCOO and fluorine F) were analyzed and are shown in Figure 4a and 4b, 
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respectively. For all concentrations, urea molecules are located in the water phase or on the 

surface of the micelle, without penetrating into the micelle interior. This can be clearly seen from 

Figure 4a that shows no probability of finding urea molecules in the micelle core. The peaks in 

the urea density profiles are located at the same distance with respect to the center of micelle, 

indicating that the radius of micelle does not change much when changing the urea concentration. 

The radial distribution functions (RDF) and apparent coordination numbers (CN) between urea C 

atom and OCOO or F atoms of PFO- can be found in Figure 4b. For Curea-OCOO RDF, a well-

defined peak can be identified at 4.0 Å, indicating strong binding between COO- head-groups 

and urea molecules. On average, each COO- head-group has about 1.5 urea molecules in its first 

coordination shell (within 5 Å). While the Curea-F RDF is below 1.0 up to separations of 11 Å, 

the coordination numbers indicate plenty of interaction between urea molecules and F exposed to 

the surface of the micelle. Figure 4c shows the number of urea and water molecules that are 

within 5 Å from F atoms, i.e., in contact with exposed F atoms on the micelle surface. With 

increase of urea concentration, the number of urea molecules in contact with F atoms is 

increasing linearly, while the number of water molecules drops from about 270 per micelle to 

220 at 1.2 M, and to 180 at 4.0 M urea solutions. This confirms the above discussed 

interpretation of SANS data that suggested a replacement of interfacial water with urea.  

MD simulations have shown that urea molecules do not penetrate into the micelle interior 

but are localized on the surface of the micelles. This is consistent with the micelle composition 

scenario that we considered while fitting the SANS data, in which urea molecules are present in 

the micelle shell and not in the micelle core. The location of the peaks observed at around 15 Å 

in the urea density profiles (Fig. 4a) for different urea concentrations matches well with the 

micelle radius Req values (~16 Å) obtained from SANS. Therefore, both SANS and MD 

simulations indicate that there is no big change in the radius of micelles when changing the urea 

concentration. Coming to the number of urea molecules per PFOA in a micelle, MD simulations 

show 1.5 urea molecules per each COO- head-group in the first coordination shell at 4.0 M urea, 

which is in good agreement with the 1.1 urea molecules, on average, per PFOA molecule in the 

micelle that has been obtained from SANS analysis at 4.4 M urea.  
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Figure 4. a) Number density of urea molecules with respect to the center of mass of PFOA 

micelle, b) radial distribution functions, g(r), and coordination numbers, CN, between the C 

atom of urea and oxygen (OCOO) and fluorine (F) atoms of PFOA at 4.0 M urea solution, c) 

number of water and urea molecules that are in contact with F atoms, i.e., interacting with 

hydrophobic sections of micellar surface, as a function of urea concentration. 

  



20 
 

CONCLUSIONS 

This study concludes on the molecular-level structure of fluorinated surfactant micelles in 

aqueous solution, focusing on understanding the effects of the additive urea on the molecular 

organization and interactions, as revealed by analysis of SANS experiments and atomistic MD 

simulations.  

Complementary evidence is obtained for the direct mechanism of urea action on PFOA 

micellization: Urea helps solvate the hydrophobic micelle core by localizing at the surface of the 

core in the place of some water molecules. Several -CF2- groups are exposed to water at the shell 

of the micelle, and the presence of urea adjacent to these -CF2- groups is preferable to that of 

water. SANS experiments and MD simulations agree with the localization of urea on the surface 

(shell) of the micelles. MD simulations have shown that urea molecules do not penetrate into the 

micelle interior. The large dipole moment of urea molecules, and their ability to have strong 

electrostatic interactions with PFO- head-groups, make these molecules stay preferentially in the 

aqueous environment rather than partition into the hydrophobic and non-polar core of the 

micelle. At the same time, urea molecules can efficiently replace water molecules on the micellar 

surface and minimize the hydrophobic interactions.  

The fractional charge on a micelle, α, increases by 70, 126 and 93 %, with the addition of 2, 

4.4 or 6 M urea, respectively, which is related to a decrease in the attraction between head-group 

COO- and counterion NH4
+ and in headgroup–headgroup repulsions. The number of urea 

molecules localized on the micelle shell increase with the concentration of added urea. The ratio 

of urea molecules preferentially located in the micelle shell to the number of surfactant 

molecules comprising the micelle (ηurea/η) is 0.6, 1.1, and 1.6, at 2, 4.4, and 6 M urea, 

respectively, from SANS analysis. A similar trend is observed from MD simulations, where an 

almost linear increase of urea molecules in the micellar shell is observed with an increase of urea 

concentration. The decrease in the headgroup–headgroup repulsions and headgroup–counterion 

attractions, and the localization of urea molecules at the micelle surface increases the surface 

area per PFOA head-group (from 134 Å2 at 0 M urea to 165 Å2 at 6 M urea) and decreases the 

PFOA packing density at the micelle surface. This causes a change in the micelle shape from 

prolate ellipsoid to sphere, as evident from the decrease in the ratio of the micelle major to minor 

core axis (ε) from 1.7 at 0 M urea to 1.1 at 6 M urea.  
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The micelle association number decreases by 24, 30 and 35 % with the addition of 2, 4.4 or 6 

M urea, respectively. Urea stabilizes smaller micelles on the basis of (i) decreased electrostatic 

interactions and head-group packing density at the micelle surface where urea is located, and (ii) 

decreased hydrophobic effect due to urea–fluorocarbon interactions. Whereas on the MD 

simulation time scale we cannot access micelle formation/breaking kinetics, the simulations 

primarily observe a single micelle comprised of 32 PFOA molecules. However at higher urea 

compositions, the simulation show separation of one PFOA molecule from the micelle, 

indicating that smaller micelle sizes are more thermodynamically stable at these conditions. The 

addition of urea to aqueous PFOA solutions decreases the micelle size as evidenced by the 

decrease in the micelle volume by 20, 23 and 25%, and radius by 7.5, 8.5 and 9%, with the 

addition of 2, 4.4 or 6 M urea, respectively. The micelle radius and volume decrease to a smaller 

extent than the association number due to the localization at the micelle of urea molecules which 

add to the micelle size (vurea = 5.8, 10.2, 14.1 vol%). Both SANS and MD simulations indicate 

that there is no big change in the radius of micelles when changing urea concentration. 

This is the first study to provide direct structural evidence on the effect of urea on micelles 

assembled by fluorinated surfactant. Also the first SANS study and first MD simulation study on 

fluorinated surfactants in the presence of urea. Furthermore, it is one of very few SANS or MD 

studies available on urea effects on surfactant micelles. The results presented in this study 

provide fundamental information which might benefit the removal of fluorinated surfactants 

from the aqueous environment, and the reformulation of fluorinated surfactant-containing 

products still used in various applications. 
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