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1. EXPERIMENTS: DETAILED ANALYSIS AND ADDITIONAL RESULTS

Micropolarity

The analysis of pyrene I1/I3 data to obtain CMC can vary depending on the authors and the 

system under investigation. 1,2,3,4,5, For the PFOA solutions, the concentration value obtained 

from the intersection of straight lines fitted to the first plateau region of the I1/I3 vs surfactant 

concentration curve and the linear part of I1/I3 decrease region (near the inflection point) gives a 

CMC value that is consistent with the CMC obtained here from conductivity.6 To follow changes 

in the micropolarity of surfactant micelles upon ethanol addition, we observed the pyrene 

fluorescence intensity I1/I3 ratio of PFOA in ethanol-water mixtures as a function of ethanol 

concentration (Figure S1). The I1/I3 ratio at 20 mM PFOA decreased by 8% or 14%, and at 100 

mM decreased by 4% or 6% with the addition of 10% or 20% ethanol, respectively. In aqueous 

PFOA solutions (no ethanol present), pyrene molecules are expected to locate in the palisade 

layer of PFOA micelles.8 Previous work has shown that pyrene prefers to locate inside 

hydrocarbon micelles over fluorinated micelles, and in some fluorinated surfactants such as 

tetraalkylammonium perfluorooctanoates, pyrene locates in the counterion layer instead of the 

fluorinated micelle core due to the presence of alkyl chains in the counterions.1 Considering this, 

we speculate that, in the case of PFOA in ethanol + water mixtures, ethanol may solubilize in 

PFOA micelles and create its own environment into which pyrene prefers to locate instead of the 

fluorocarbon domains. As a result, the I1/I3 ratio of aqueous PFOA solutions would decrease 

with ethanol addition. Figure S1, shows that the micropolarity sensed by pyrene decreased with 

ethanol concentration. Figure S1 also shows the decrease in I1/I3 ratio of aqueous solution (no 

surfactant present) with the addition of ethanol, which indicates an increase in the aqueous 
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solution hydrophobicity upon ethanol addition. For pyrene and conductivity (discussed in the 

main manuscript) data the error-bars are smaller than the symbols in the plots.

Figure S1. Variation with ethanol concentration of pyrene fluorescence intensity I1/I3 ratio of 
PFOA in aqueous solutions. The PFOA concentrations are shown inside the graph.

Surface tension

The surface tension decrement of PFOA in 10% ethanol–water mixture when plotted in 

logarithmic scale is very gradual, and the surface tension when plotted in a linear scale is too 

steep, hence, the CMC value cannot easily be extracted from the surface tension data. Above the 

CMC, the surface tension of PFOA in aqueous solution reached a constant value of ~18 mN/m in 

the absence of ethanol and ~22.5 mN/m in the presence of 10% ethanol. The greater surface 

tension of PFOA in 10% ethanol aqueous solutions system when compared to PFOA in pure 

water system above the CMC may be due to the adsorption of some ethanol molecules along 

with PFOA molecules at the air/liquid interface in the 10% ethanol /water system. For PFOA in 
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aqueous solution at 24 °C, the slope ( ) determined at CMC is -29.6 mN/m,  𝑑𝛾 𝑑𝑙𝑜𝑔𝐶 Γ𝑚𝑎𝑥

calculated from the slope ( ) is 2.6 x 10-10 mol cm-2 and the Amin is 64 ± 2 2, while for 𝑑𝛾 𝑑𝑙𝑜𝑔𝐶 Å

PFOA in 10% ethanol – water mixture  = -9.45 mN/m,  = 8.3 x 10-11 mol cm-2, 𝑑𝛾 𝑑𝑙𝑜𝑔𝐶 Γ𝑚𝑎𝑥

and Amin = 200 ± 4 2. The critical packing parameter (CPP = ) of amphiphiles can be Å

𝑉0

𝐴𝑚𝑖𝑛𝑙𝑐

estimated from the Amin, the volume of a surfactant alkyl chain (tail volume) in the surfactant 

assembly V0, the extended length of the surfactant alkyl chain (tail length) lc.7 The volume (V0) 

and extended length of the PFOA fluorocarbon chain (lc) are 333.6 Å3 and 11.16 Å, 

respectively.6 The CPP of PFOA in aqueous solution in the absence and in the presence of 10% 

ethanol are 0.47 and 0.15, respectively. For spherical micelles, CPP ≤ 0.33 and for cylindrical 

micelles, 0.33 < CPP < 0.5.8 The CPP of PFOA in aqueous solution decreased by ~70% with the 

addition of 10% ethanol, suggesting that PFOA micelles in 10% ethanol-water should be 

spherical. 

SANS analysis

Scenario 1: The micelle core consists of PFOA fluorocarbon chains and the CD3CD2 parts of the 

d-ethanol molecules that are solubilized in PFOA micelles, while the micelle shell consists of 

PFOA carboxylate head groups, counterions, -OD groups of the d-ethanol molecules solubilized 

in PFOA micelles, and associated water molecules.

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

in D2O + 10% or 20% d-ethanol are the surfactant association number η, micelle volume fraction 

φ, charge on a micelle Z, and number of ethanol molecules per micelle ηE.
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The micelle core minor radius (b) was taken to be the extended length of a fluorocarbon 

chain  = 11.14 Å. The micelle core volume Vcore (in Å3) was calculated given the surfactant 𝑙𝑓,𝑐

association number, η, and the number of ethanol molecules per micelle ηe using:

                                              (1)𝑉𝑐𝑜𝑟𝑒 =  𝜂𝑉𝑡, 𝐴𝑃𝐹𝑂 +  𝜂𝐸𝑉𝑡, 𝑒𝑡ℎ𝑎𝑛𝑜𝑙

where Vt,PFOA = 333.6 Å3 is the volume of a PFOA fluorocarbon chain, and Vt,ethanol is the 

volume of the ethanol hydrocarbon chain.6 The volume of the ethanol hydrocarbon chain Vt,ethanol 

was obtained from Tanford’s formula:

                                                    (2)𝑉𝑡,𝑎𝑙𝑐𝑜ℎ𝑜𝑙 = 27.4 + 26.9𝑁𝑐

where Nc is the number of carbon atoms in the hydrocarbon chain of the alcohol molecule (Nc is 

2 for ethanol and Vt,ethanol = 81.2 Å3). The molecular volume of ethanol calculated from the 

partial molar volume (58.6 cm3/mol) reported in the literature is 97.29 Å3. This value matches 

well with the ethanol volume (CD3CD2 volume (81.2 Å3) + polar –OD group volume (15.80 Å3)) 

that we considered in this study.

Considering the volume contributions from surfactant head-groups, counterions, polar – 

OD groups of alcohol, and associated water molecules, the micelle shell volume can be written 

as:

             (3)
𝑉𝑠ℎ𝑒𝑙𝑙 =  𝜂(𝑉

𝐶𝑂𝑂 ‒ + (1 ‒ 𝛼)𝑉
𝑁𝐻 +

4
+  𝑁𝐻𝑉𝐷2𝑂) +  𝜂𝐸(𝑉𝑂𝐷 + 𝑁𝐻𝐸𝑉𝐷2𝑂)

where  is the volume of the PFOA head-group,  the volume of the counterion , 
𝑉

𝐶𝑂𝑂 ‒
𝑉

𝑁𝐻 +
4 𝑁𝐻 +

4

 the volume of a D2O molecule, and NH and NHE are the hydration numbers, i.e., the number 
𝑉𝐷2𝑂

of water molecules associated per surfactant molecule and alcohol molecule, respectively. α = 
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Z/η is the fractional charge on a micelle. We fixed NHE = 2.9 An ‘ab initio’ quantum 

computational study of PFOA/H2O system reported that, in average, 8 water molecules can be 

accommodated in the polar head group of the PFO⁻ ion.10 The reported hydration numbers for 

NH4
+ ion vary from 4 to 11.11,12 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 (4)

                                               (4)
𝜌𝑐𝑜𝑟𝑒 =  

𝜂𝑏𝐶𝐹3(𝐶𝐹2)6
+  𝜂𝐸𝑏𝐶𝐷2𝐶𝐷3

𝑉𝑐𝑜𝑟𝑒

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

Table S1. Scattering lengths and parameters, and hydration numbers of ions reported in the literature 
used for fitting SANS data of PFOA aqueous solutions. Σbi is the scattering length of species i (the sum of 
the scattering lengths of atoms present in the group), νi is the molecular volume of species i, ρi is the 
scattering length density of species i, and MWi is the molecular weight of species i. 

species Σibi (Å) νi (Å3) ρi (Å-2) MWi Hydration number

NH4
+ -5.596 x 10-5 20.2 -2.77x 10-6 18 4 – 11,13 8,14 4 – 1315

COO- 1.825 x 10-4 47.4 3.85 x 10-6 44 4,16 1117,18

CF3 2.361 x 10-4 84.0 2.81 x 10-6 69 -

CF2 1.795 x 10-4 41.6 4.315 x 10-6 50 -

D2O 19.145 x 10-5 30.19 6.341 x 10-6 20 -

H2O -1.675 x 10-5 29.9 -0.56 x 10-6 18 -

CF3(CF2)6 1.313 x 10-3 333.6 3.936 x 10-6 369 -

CF3(CF2)6COO- 1.496 x 10-3 381 3.926 x 10-6 413.1 819

OD 1.247 x 10-4 15.80 7.892 x 10-6 18 220

CD3 2.67 x 10-4 54.30 4.917 x 10-6 18 -

CD2 2.0 x 10-4 26.90 7.435 x 10-6 16 -

CD3CD2 4.67 x 10-4 81.2 5.745 x 10-6 34 -

CD3CD2OD 5.917 x 10-4 97.0 6.1 x 10-6 52 213

bi of the molecules are calculated using scattering lengths of individual atoms as suggested by Kline et al. 
using the NIST online calculator.21 
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The scattering length density of the micelle shell is calculated using equation (5), which 

includes the individual contributions to the scattering from surfactant hydrophilic headgroups, 

counterions, polar –OD groups of alcohol and associated water molecules.

                               
𝜌𝑠ℎ𝑒𝑙𝑙 =  

𝜂[𝑏
𝐶𝑂𝑂 ‒ + (1 ‒ 𝛼)𝑏

𝑁𝐻 +
4

+  𝑁𝐻𝑏𝐷2𝑂] +  𝜂𝐸[𝑏𝑂𝐷 +  𝑁𝐻𝐸𝑏𝐷2𝑂]
𝑉𝑠ℎ𝑒𝑙𝑙

(5)

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

lengths and concentrations of alcohol, surfactant, and heavy water. The concentration of PFOA 

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

different water−alcohol mixtures were obtained from the literature.22 A dielectric constant value 

of 78.25 was used for plain water, 73.88 for 10% ethanol-water and 67.98 for 20% ethanol-water. 

SANS intensity data from PFOA + D2O corrected for solvent (D2O) scattering have been 

fitted by considering the ratio of micelle core major to minor axis (ε), shell thickness (δ), volume 

fraction of the micelles (φ), and total charge on a micelle (Z) as free parameters. We fixed the 

core minor radius (b) to be equal to the extended PFOA fluorocarbon chain length, and the ratio 

of the micelle shell thickness at pole to equator equal to 1 (uniform shell thickness). The 

scattering length density of the solvent ( ) and the core ( ) have been fixed. We varied 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝜌𝑐𝑜𝑟𝑒

the shell thickness (δ) from 3 Å to 5 Å, and calculated the volume of the micelle core (Vcore) and 

the shell (Vshell). From Vcore and Vshell, using equations 1 and 3 (ηE = 0), we calculated the 

surfactant association number (η). During the fit, we adjusted the shell thickness (δ = 4.1 Å) such 
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that the association number (η) calculated from Vcore (equation 1) equals the η value calculated 

from Vshell (equation 3). From the η, α, and Vshell values thus obtained, we calculated the 

scattering length density of the shell ( ).𝜌𝑠ℎ𝑒𝑙𝑙

SANS intensity data from PFOA + 10% d-ethanol D2O, corrected for solvent (10% d-

ethanol in D2O) scattering, have been fitted by considering as free parameters the ratio of micelle 

core major to minor axis (ε), volume fraction of micelles (φ), and total charge on a micelle (Z). 

We fixed the core minor radius (b) equal to the extended PFOA fluorocarbon chain length, and 

the ratio of micelle shell thickness at pole to equator equal to 1 (uniform shell thickness). The 

scattering length density of the solvent  has been fixed. We varied the shell thickness 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡

from 3 Å to 4 Å, and calculated the fitting parameters (η, ηE, α). If the thickness was low (≤ 3.3 

Å), the fractional charge or the charge per surfactant molecule in a micelle α > 1 (unrealistic). If 

the thickness was high (≥ 3.6 Å), the number of ethanol molecules per micelle ηE was negative 

(unrealistic). The calculated fitting parameters η, ηE, α are realistic for shell thickness in the 

range 3.4 Å - 3.5 Å. The two other fitting parameters, scattering length density of the core ( ) 𝜌𝑐𝑜𝑟𝑒

and the shell ( ), depend on η, ηE, α, Vshell, Vcore (i.e., on b, ε, δ). We fixed the shell thickness 𝜌𝑠ℎ𝑒𝑙𝑙

at 3.4 Å or 3.5 Å, and performed iterations until the  and  given by the fitting software 𝜌𝑐𝑜𝑟𝑒 𝜌𝑠ℎ𝑒𝑙𝑙

match with the  and  values calculated from equations 4 and 5. Shell thickness = 3.4 Å 𝜌𝑐𝑜𝑟𝑒 𝜌𝑠ℎ𝑒𝑙𝑙

gave unrealistic fitting parameters (α >1) after 2 iterations, while the shell thickness 3.5 Å gave 

all realistic fitting parameters.

The fitting procedure for SANS intensity data from PFOA + 20% d-ethanol D2O 

corrected for solvent (20% d-ethanol in D2O) scattering is the same as the procedure we followed 

for PFOA + 10% d-ethanol D2O described above. 
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The uncertainties in the major parameters (shown in parenthesis) are calculated by 

applying Propagation of Errors (NIST/SEMATECH, 2013) using statistical uncertainties of the 

fitting parameters. The uncertainty for each calculated parameter can be expressed generally as:

𝛿𝑅 = ( ∂𝑅
∂𝑥1

𝛿𝑥1)2 + ( ∂𝑅
∂𝑥2

𝛿𝑥2)2 +  ……… + ( ∂𝑅
∂𝑥𝑛

𝛿𝑥𝑛)2

where R is a function of measured variables (x1, x2, …xn).23 In our case, the measured variables 

are the ε, Z, φ, δ. We applied the above equation to expressions used to calculate η, ηE, α, vet in 

order to estimate the uncertainty in each parameter. In the various tables presented below, 

uncertainties for each property represent ±δR.

Table S2 summarizes the important parameters obtained by fitting PFOA SANS data 

considering scenario 1.

Table S2. Parameters obtained by fitting SANS data of 110 mM PFOA in D2O + d-ethanol solutions 
corrected for solvent (D2O + d-ethanol) scattering using core-shell ellipsoid form factor and Hayter 
rescaled MSA structure factor considering scenario 1.

Cd-E wt% η α ε b (Å) δ (Å) 𝜒2
𝑅

0 30.0 (±0.3) 0.31 (±0.01) 1.74 (±0.007) 11.14 4.1 1.32

10 16.8 (±0.2) 0.83 (±0.02) 1.19 (±0.014) 11.14 3.5 1.39

20 12.1 (±0.3) 0.86 (±0.03) 0.812 (±0.017) 11.14 3.1 0.82

Cd-E wt% ηE vet φ x 103 d (Å) Ipeak

0 0 0 27.2 (±0.3) 82.67 0.095

10 16.1 (±1.6) 10.3 (±1.05) 30.4 (±0.5) 67.56 0.080

20 8.3 (±2.2) 7.8 (±2.1) 31.7 (±0.7) 59.27 0.055

Cd-E is d-ethanol concentration; η micelle association number (number of surfactant molecules 
per micelle); α fractional charge or charge per surfactant molecule in a micelle; φ volume 
fraction of the micelles; ηE average number of ethanol molecules per micelle; vet volume percent 
of ethanol in a micelle which comprises PFOA + hydration water + counterions + ethanol, b 
minor micelle core radius, ε ratio of major to minor micelle core axis; δ shell thickness; d inter-
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micelle distance; and Ipeak intensity at the correlation peak maximum.  is a statistical parameter  𝜒2
𝑅

that quantifies the differences between the calculated and experimental SANS data set. 

The association number of PFOA micelles shown in Table S2 decreased by 44% and 60% 

with the addition of 10% and 20% ethanol, respectively. The fractional charge on a micelle α 

increased by 168% and 177%, and the micelle volume fraction φ increased by 12% and 16% 

with 10% and 20% ethanol addition, respectively. As shown in Table S2, the number of ethanol 

molecules solubilizing in a micelle at 10% ethanol is 16, and at 20% ethanol is 8. The number of 

ethanol molecules solubilized in PFOA micelles decreased when ethanol concentration increased 

from 10% to 20%, supporting a “cosurfactant” effect at 10% ethanol and a “cosolvent” effect at 

20 % ethanol. The volume percent of ethanol in a micelle also decreased. The volume of a 

micelle (including bound counterions, hydration water, and ethanol) decreased by 34% and 55% 

with the addition of 10% and 20% ethanol, respectively.

Scenario 2: The micelle core consists of only PFAO fluorocarbon chains, and the shell consists 

of PFOA carboxylate head-groups, counterions, all the d-ethanol molecules associated with the 

micelles, and associated water molecules.

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

in D2O + 10% or 20% d-ethanol are the micelle association number η, micelle volume fraction φ, 

charge on a micelle Z, and number of ethanol molecules per micelle ηE. 

The micelle core minor radius (b) was taken to be the extended length of a fluorocarbon 

chain  = 11.14 Å. The core volume Vcore (in Å3) was calculated given the surfactant 𝑙𝑓,𝑐

association number η using:
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                                                          (6)𝑉𝑐𝑜𝑟𝑒 =  𝜂𝑉𝑡, 𝐴𝑃𝐹𝑂

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

Considering the volume contributions from the surfactant head-groups, counterions, 

ethanol molecules and associated water molecules, the micelle shell volume can be written as:

          (7)
𝑉𝑠ℎ𝑒𝑙𝑙 =  𝜂(𝑉

𝐶𝑂𝑂 ‒ + (1 ‒ 𝛼)𝑉
𝑁𝐻 +

4
+  𝑁𝐻𝑉𝐷2𝑂) +  𝜂𝐸(𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙 + 𝑁𝐻𝐸𝑉𝐷2𝑂)

where  is the volume of the PFOA head-group,  the volume of the counterion , 
𝑉

𝐶𝑂𝑂 ‒
𝑉

𝑁𝐻 +
4 𝑁𝐻 +

4

 the volume of a D2O molecule, Vethanol the volume of an ethanol molecule, NH and NHE are 
𝑉𝐷2𝑂

the hydration numbers, i.e., the number of water molecules associated per surfactant molecule 

and alcohol molecule, respectively. α = Z/η is the fractional charge on a micelle. Vethanol was 

obtained from the sum of the volumes of polar OD group and hydrocarbon tail Vt,ethanol given by:

                                                (8)𝑉𝑡,𝑎𝑙𝑐𝑜ℎ𝑜𝑙 = 27.4 + 26.9𝑁𝑐

where Nc is the number of carbon atoms in the hydrocarbon chain of the alcohol molecule (Nc for 

ethanol is 2, Vt,ethanol = 81.2 Å3). The molecular volume of ethanol calculated from the partial 

molar volume (58.6 cm3/mol) reported in the literature is 97.29 Å3. This value matches well with 

the ethanol volume (CD3CD2 volume (81.2 Å3) + polar –OD group volume (15.80 Å3)) we 

considered in this study. We fixed NHE = 2 and NH = 12, same as in scenario 1.

The scattering length density of the micelle core is calculated by equation (9)

                                                        (9)
𝜌𝑐𝑜𝑟𝑒 =  

𝜂𝑏𝐶𝐹3(𝐶𝐹2)6

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

The scattering length density of the shell is calculated using equation (10), which 

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

counterions, ethanol and associated water molecules:

                         (10)
𝜌𝑠ℎ𝑒𝑙𝑙 =  

𝜂[𝑏
𝐶𝑂𝑂 ‒ + (1 ‒ 𝛼)𝑏

𝑁𝐻 +
4

+  𝑁𝐻𝑏𝐷2𝑂] +  𝜂𝐸[𝑏𝑒𝑡ℎ𝑎𝑛𝑜𝑙 +  𝑁𝐻𝐸𝑏𝐷2𝑂]
𝑉𝑠ℎ𝑒𝑙𝑙

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

lengths and concentrations of alcohol, surfactant, and heavy water. The concentration of PFOA 

present in the bulk solution was considered as its CMC.

SANS intensity data from PFOA + D2O, corrected for solvent (D2O) scattering, have 

been fitted by considering the ratio of micelle major to minor core axis (ε), shell thickness (δ), 

volume fraction of the micelles (φ), and total charge on a micelle (Z) as free parameters. We 

fixed the core minor radius (b) to be equal to the extended PFOA fluorocarbon chain length, and 

the ratio of micelle shell thickness at pole to equator equal to 1 (uniform shell thickness). The 

scattering length density of the solvent ( ) and the core ( ) have been fixed. We varied 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝜌𝑐𝑜𝑟𝑒

the shell thickness (δ) from 3 Å to 5 Å, and calculated the volume of the micelle core (Vcore) and 

the shell (Vshell). From Vcore and Vshell, using equations 6 and 7 (ηE = 0), we calculated the 

surfactant association number (η). During the fit, we adjusted the shell thickness (δ = 4.1 Å) such 

that the association number (η) calculated from Vcore (equation 6) equals the η value calculated 

from Vshell (equation 7). From the η, α, Vshell values thus obtained, we calculated the scattering 

length density of the shell ( ).𝜌𝑠ℎ𝑒𝑙𝑙

12



SANS intensity data from PFOA + 10% d-ethanol D2O, corrected for solvent (10% d-

ethanol in D2O) scattering, have been fitted by considering the ratio of micelle core major to 

minor axis (ε), shell thickness (δ), volume fraction of the micelles (φ), and total charge on a 

micelle (Z) as free parameters. We fixed the core minor radius (b) equal to the extended PFOA 

fluorocarbon chain length, and the ratio of micelle shell thickness at pole to equator equal to 1 

(uniform shell thickness). The scattering length density of the solvent ( ) and the core (𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡

) have been fixed. If we vary the shell thickness and calculate the fitting parameters (η, ηE, 𝜌𝑐𝑜𝑟𝑒

α), then this model is giving realistic values for all shell thickness in the range 3.7 - 6.5 Å. Hence, 

it is difficult to choose a single shell thickness value like we did in scenario 1. Therefore, we 

considered the shell thickness as a free parameter. For the free parameter ε, we have given a 

lower limit constraint (ε >1), otherwise the best fit would result in very low ε values (ε ~ 0.3) and 

large δ values (δ ~ 8). The scattering length density of the shell ( ) depends on η, ηE, α, Vshell, 𝜌𝑠ℎ𝑒𝑙𝑙

(i.e., on ε, δ). We iteratively solved for the shell thickness and ε until the  value resulting 𝜌𝑠ℎ𝑒𝑙𝑙

from the fit matches the  value calculated from equation 10.𝜌𝑠ℎ𝑒𝑙𝑙

The fitting procedure for SANS intensity data from PFOA + 20% d-ethanol in D2O 

corrected for solvent (20% d-ethanol in D2O) scattering is the same as the procedure we followed 

for PFOA + 10% d-ethanol in D2O, corrected for solvent (10% d-ethanol in D2O) scattering, but 

without any constraints for ε.

Table S3 summarizes the important parameters obtained by fitting PFOA SANS data 

considering scenario 2. 

Table S3. Parameters obtained by fitting PFOA SANS data considering scenario 2 corrected for solvent 
(D2O + d-ethanol) scattering
Cd-E wt% η α ε b (Å) δ (Å) 𝜒2

𝑅
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0 30.0 (±0.3) 0.31 (±0.01) 1.74 (±0.007) 11.14 4.1 1.32
10 17.4 (±1.4) 0.76 (±0.06) 1 (±0.08) 11.14 5.4 (±0.6) 1.33
20 12.9 (±1.4) 0.78 (±0.09) 0.745 (±0.08) 11.14 3.7 (±0.7) 0.82

Cd-E wt% ηE vet φ x 103 d (Å) Ipeak

0 0 0 27.2 (±0.3) 82.67 0.095
10 38.2 (±8.0) 19.5 (±4.2) 38.4 (±2.4) 67.56 0.080
20 9.1 (±6.9) 8.0 (±6.0) 34.5 (±3.2) 59.27 0.055

.
The association number of PFOA micelles shown in Table S3 decreased by 43% and 

57%, and the fractional charge on a micelle α increased by 145% and 152%, with the addition of 

10% and 20% ethanol, respectively. The volume fraction of micelles φ increased in the presence 

of 10% ethanol and then decreased at 20% ethanol. As shown in Table S3, the number of ethanol 

molecules solubilizing in a micelle at 10% ethanol is 38, and at 20% ethanol is 9. The number of 

ethanol molecules solubilized in PFOA micelles decreased when the overall ethanol 

concentration increased from 10% to 20%, supporting a “cosurfactant” effect at 10% ethanol and 

a “cosolvent” effect at 20 % ethanol. The volume percent of ethanol in a micelle also decreased. 

The volume of a micelle (including bound counterions, hydration water, and ethanol in the shell) 

decreased by 17% and 51% with the addition of 10% and 20% ethanol, respectively.

The number of ethanol molecules solubilizing in a micelle at 10% ethanol in scenario 2 is 

double that of scenario 1. The micelle shell thickness at 20% ethanol in scenario 2 is much 

bigger than the micelle shell thickness in scenario 1.

Scenario 3: The micelle core consists of only fluorocarbon chains, and the shell consists of 1 or 

2 CF2 groups from PFOA, PFOA carboxylate head-groups, counterions, all d-ethanol molecules 

associated with the micelles, and associated water molecules (in this scenario, 1 or 2 CF2 groups 

will be in close contact with ethanol molecules and water).
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The major fitting parameters to describe the scattering from PFOA micelles in D2O and 

in D2O + 10% or 20% d-ethanol are the surfactant association number η, micelle volume fraction 

φ, charge on a micelle Z, and number of ethanol molecules per micelle ηE. 

The micelle core radius (b) was obtained from the extended length of a fluorocarbon 

chain given by24

                                              (11)𝑙𝑓,𝑐(𝑖𝑛 Å) = 1.3𝑛𝑐 + 2.04

where nc is the number of carbon atoms in the fluorocarbon tail of the surfactant (nc is 6 if 1 CF2 

group is located in the shell and b = 9.84 Å, nc is 5 if 2 CF2 groups are located in the shell and b 

= 8.54 Å, and nc is 4 if 3 CF2 groups are located in the shell and b = 7.24 Å). The core volume 

Vcore (in Å3) was calculated given the surfactant association number η using:

                                                      (12)𝑉𝑐𝑜𝑟𝑒 =  𝜂𝑉𝑡, 𝑃𝐹𝑂𝐴

where Vt,PFOA is the volume of a PFOA fluorocarbon chain. Vt, PFOA was obtained from the 

volumes of CF3 (84 Å3) and CF2 (41.6 Å3) groups:

                                              (13)𝑉𝑡, 𝑃𝐹𝑂𝐴 = [41.6𝑛𝑐 + 42.4]

nc is 6 if 1 CF2 group is in shell and Vt,PFOA = 292 Å3, nc is 5 if 2 CF2 groups are in shell and 

Vt,PFOA = 250.4 Å3, and nc is 4 if 3 CF2 groups are in shell and Vt,PFOA = 208.8 Å3.

Considering the volume contributions from CF2 groups, surfactant head-groups, 

counterions, ethanol, and associated water molecules, the micelle shell volume can be written as:

    (14)
𝑉𝑠ℎ𝑒𝑙𝑙 =  𝜂(𝑛𝑉𝐶𝐹2

 +  𝑉
𝐶𝑂𝑂 ‒ + (1 ‒ 𝛼)𝑉

𝑁𝐻 +
4

+  𝑁𝐻𝑉𝐷2𝑂) +  𝜂𝐸(𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙 + 𝑁𝐻𝐸𝑉𝐷2𝑂)

15



where  is the volume of the CF2 group, n the number of CF2 groups inside the shell in 
𝑉𝐶𝐹2

association with ethanol molecules,  the volume of the PFOA head-group,  the 
𝑉

𝐶𝑂𝑂 ‒
𝑉

𝑁𝐻 +
4

volume of the counterion ,  the volume of a D2O molecule, Vethanol the volume of an 𝑁𝐻 +
4

𝑉𝐷2𝑂

ethanol molecule, NH and NHE are the hydration numbers, i.e., number of water molecules 

associated per surfactant molecule and alcohol molecule, respectively. α = Z/η is the fractional 

charge on a micelle. Vethanol was obtained from the sum of the volumes of polar OD group and 

hydrocarbon tail Vt,ethanol:

                                              (15)𝑉𝑡,𝑎𝑙𝑐𝑜ℎ𝑜𝑙 = 27.4 + 26.9𝑁𝑐

where Nc is the number of carbon atoms in the hydrocarbon chain of the alcohol molecule (for 

ethanol Nc = 2, Vt,ethanol = 81.2 Å3). The molecular volume of ethanol calculated from the partial 

molar volume (58.6 cm3/mol) reported in the literature is 97.29 Å3. This value matches well with 

the ethanol volume (CD3CD2 volume (81.2 Å3) + polar –OD group volume (15.80 Å3)) that we 

considered in this study. We fixed NHE = 2 and NH = 12, same as scenario 1.

The scattering length density of the core is calculated by equation (16):

                                                      (16)
𝜌𝑐𝑜𝑟𝑒 =  

𝜂𝑏𝐶𝐹3(𝐶𝐹2)6 ‒ 𝑛

𝑉𝑐𝑜𝑟𝑒

where n is the number of CF2 groups in the shell in association with ethanol molecules, bi is the 

coherent scattering length of molecule i. bi values are reported in Table S1.
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The scattering length density of the shell is calculated using equation (17), which 

includes the individual contributions to the scattering from surfactant CF2 groups in the shell, 

hydrophilic head-groups, counterions, ethanol, and associated water molecules.

                   
𝜌𝑠ℎ𝑒𝑙𝑙 =  

𝜂[𝑛𝑏𝐶𝐹2
 +  𝑏

𝐶𝑂𝑂 ‒ + (1 ‒ 𝛼)𝑏
𝑁𝐻 +

4
+  𝑁𝐻𝑏𝐷2𝑂] +  𝜂𝐸[𝑏𝑒𝑡ℎ𝑎𝑛𝑜𝑙 +  𝑁𝐻𝐸𝑏𝐷2𝑂]

𝑉𝑠ℎ𝑒𝑙𝑙

(17)

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

lengths and concentrations of alcohol, surfactant, and heavy water. The concentration of PFOA 

present in the bulk solution was considered as its CMC. 

SANS intensity data from PFOA + D2O corrected for solvent (D2O) scattering have been 

fitted by considering the ratio of micelle core major to minor axis (ε), shell thickness (δ), volume 

fraction of the micelles (φ), and total charge on a micelle (Z) as free parameters. We fixed the 

core minor radius (b) to be equal to the extended PFOA fluorocarbon chain length, and the ratio 

of micelle shell thickness at pole to equator equal to 1 (uniform shell thickness). The scattering 

length density of the solvent ( ) and the core ( ) have been fixed. We varied the shell 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝜌𝑐𝑜𝑟𝑒

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

Vcore and Vshell, using equations 12 and 14 (ηE = 0), we calculated the surfactant association 

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

(η) calculated from Vcore (equation 12) equals to the η value calculated from Vshell (equation 14). 

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

SANS intensity data from PFOA + 10% d-ethanol D2O corrected for solvent (10% d-

ethanol in D2O) scattering have been fitted by considering the ratio of micelle core major to 
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minor axis (ε), shell thickness (δ), volume fraction of the micelles (φ), and total charge on a 

micelle (Z) as free parameters. We fixed the core minor radius (b) equal to the extended PFOA 

fluorocarbon chain length, and the ratio of micelle shell thickness at pole to equator equal to 1 

(uniform shell thickness). The scattering length density of the solvent ( ) and the core (𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡

) have been fixed. The scattering length density of the shell ( ) depends on η, ηE, α, 𝜌𝑐𝑜𝑟𝑒 𝜌𝑠ℎ𝑒𝑙𝑙

Vshell, (i.e., on ε, δ). We iteratively solved for shell thickness and ε until the  given by the 𝜌𝑠ℎ𝑒𝑙𝑙

fitting software matches with the  value calculated from equation 17.𝜌𝑠ℎ𝑒𝑙𝑙

The fitting procedure for SANS intensity data from PFOA + 20% d-ethanol D2O 

corrected for solvent (20% d-ethanol in D2O) scattering is the same as the procedure we followed 

for PFOA + 10% d-ethanol D2O corrected for solvent (10% d-ethanol in D2O) scattering.

Table S4 summarizes the important parameters obtained by fitting PFOA SANS data 

considering scenario 3. 

Table S4. Parameters obtained by fitting SANS data of 110 mM PFOA in D2O + d-ethanol solutions 
corrected for solvent (D2O + d-ethanol) scattering using core-shell ellipsoid form factor and Hayter 
rescaled MSA structure factor considering scenario 3.

Cd-E 
wt% η α φ x 

103 ηE vet
b 

(Å) ε δ (Å) d 
(Å) Ipeak

red
. χ2

1 CF2 group in shell in association with ethanol molecules

0 27.4 
(±0.3)

0.35 
±0.01

24.6 
(±0.6) 0 0 9.84 2.00 

(±0.02) 4.46 82.7 0.095 1.2

10 14.6 
(±1.9)

0.86 
(±0.1)

44.2 
(±1.3)

67.5 
(±9.6)

30.5 
(±4.7) 9.84 1.06 

(±0.14)
7.19 

(±0.5) 67.6 0.080 1.3

20 12.6 
(±2.1)

0.80 
(±0.1)

34.9 
(±2.5)

12.1 
(±8.7)

10.4 
(±7.6) 9.84 0.923 

(±0.15)
4.35 

(±0.8) 59.3 0.055 0.8

2 CF2 groups in shell in association with ethanol molecules

0 25.8 
(±0.4)

0.37 
±0.01

24.9 
(±0.7) 0 0 8.54 2.47 

(±0.03) 4.84 82.7 0.095 1.5

10 13.2 
(±6.5)

0.95 
(±0.5)

41.5 
(±1.1)

64.9 
±31.0

31.5 
±16.6 8.54 1.26 

(±0.62)
7.58 

(±1.6) 67.6 0.080 1.3

18



20 12.3 
(±8.5)

0.83 
(±0.6)

32.6 
(±4.5)

8.8 
±32.1

8.13 
±29.7 8.54 1.18 

(±0.81)
4.58 

(±2.8) 59.3 0.055 0.8

If we consider 3 or more CF2 groups in the shell in close contact with ethanol molecules, 

then the obtained fractional charge or charge per surfactant molecule in a micelle (α) becomes 

greater than 1, which is unrealistic. Therefore, it is not reasonable to consider 3 CF2 groups in the 

shell. The PFOA micelle association number shown in Table S4 decreased by 47% when 

considering 1 CF2 group in shell or 49% when considering 2 CF2 groups in shell, and by 54% 

when considering 1 CF2 group in shell or 52% when considering 2 CF2 groups in shell with the 

addition of 10% and 20% ethanol, respectively. The fractional charge on a micelle α and volume 

fraction φ increased with 10% ethanol addition, and then decreased with 20% ethanol addition. 

As shown in Table S4, the number of ethanol molecules solubilizing in a micelle considering 1 

CF2 group in the shell at 10% ethanol is 67, and at 20% ethanol is 12, and when considering 2 

CF2 groups in shell at 10% ethanol is 65, and at 20% ethanol is 9, respectively. We can conclude 

that 1 or 2 CF2 groups in the shell do not make a significant difference in the association number 

and number of ethanol molecules per micelle. The number of ethanol molecules solubilized in 

PFOA micelles decreased when ethanol concentration increased from 10% to 20%, supporting a 

“cosurfactant” effect at 10% ethanol and a “cosolvent” effect at 20 % ethanol. The volume 

percent of ethanol in a micelle also decreased. The volume of a micelle (including bound 

counterions, hydration water, and ethanol in the shell) remained approximately the same in the 

presence of 10% ethanol, whereas it decreased by 45% with the addition of 20% ethanol. The 

number of ethanol molecules solubilizing in a micelle at 10% ethanol in scenario 3 is double that 

of scenario 2.
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Viscosity

Viscosity measurements of surfactant solutions can help us in determining surfactant 

micelle size, possible shape changes, micelle volume fraction and hydration.25,26 We performed 

viscosity measurements of surfactant solutions using Cannon-Fenske capillary viscometer of 

sizes 50 and 100 depending on the viscosity range of the sample solutions. The efflux time for 

each sample concentration was measured, and two consecutive readings with the same sample 

concentration inside with time difference less than 0.50 seconds were considered. The kinematic 

viscosity (η) is calculated by multiplying the efflux time with the viscometer calibration constant 

provided by the manufacturer, Cannon Instrument Co. 

The ratio of kinematic viscosity of solution (η) and kinematic viscosity of pure solvent 

(η0) gives the relative viscosity (ηr = η/η0) of solution. The relative viscosity can be expressed in 

terms of the volume fraction of micelles (φ) as follows27,28

                                       (18)𝜂𝑟 = 1 +  𝜈𝜙 +  𝑘1(𝜈𝜙)2 + 𝑂(𝜙)3

where ν is a shape factor representing the micelle shape and k1 is a coefficient corresponding to 

pair-wise hydrodynamic interactions between the micelles.28 The volume fraction of micelles (ϕ) 

is given by , where  is the hydrated volume of a surfactant molecule, cs is 𝜙 =  𝑉ℎ𝑦𝑑
𝑠 (𝑐𝑠 ‒ 𝑐1) 𝑉ℎ𝑦𝑑

𝑠

the total surfactant concentration, and c1 is the concentration of unassociated surfactant (taken to 

be the CMC).28

For spherical micelles, the shape factor ν is considered to be 2.5. 27,28 For cylindrical 

micelles, the shape factor ν is given by27

, for 1 < J < 15                                  (19)𝜈 = 2.5 + 0.407(𝐽 ‒ 1)1.508
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, for J > 15                             (20)
𝜈 = 1.6 +  

𝐽2

15[ 1
(ln (2𝐽) ‒ 1.5)

+
3

(ln (2𝐽) ‒ 0.5)]

where , (L/d) is the axial ratio of a cylindrical micelle, L is the length of a 
𝐽 =  (𝐿

𝑑)[ 2
3 ‒ (𝑑/𝐿)]1/2

cylindrical micelle including contribution from hemispherical ends, and d is the diameter.27

The relative viscosity of PFOA in both 10 wt% and 20 wt% ethanol in water mixtures 

increased with an increase in surfactant concentration. Viscosity data of PFOA in ethanol+water 

mixtures have not been previously reported in the literature. To estimate the hydrated volume of 

a surfactant molecule ( ), we plotted (Figure S2) the relative viscosity of PFOA in ethanol + 𝑉ℎ𝑦𝑑
𝑠

water mixtures as a function of micellized surfactant concentration (Cm = Cs – CMC), where Cs 

is the total surfactant concentration. The shape factor ν for PFOA in pure water is estimated 

using equations (19) or (20) and the axial ratio (L/d) of PFOA micelles is obtained from our 

SANS results. The estimated shape factor ν for PFOA in pure water is 2.61, in 10% ethanol-

water is 2.51 and in 20% ethanol-water is 2.52. From equation (18) fitted to the relative viscosity 

data in Figure S2, the hydrated volume of a PFOA molecule ( ) in pure water is estimated to 𝑉ℎ𝑦𝑑
𝑠

be 806 Å3,  in 10% ethanol in water mixture is estimated 526 Å3 and in 20% ethanol in 𝑉ℎ𝑦𝑑
𝑠

water mixture 720 Å3. The hydrated volume of PFOA ( ) decreased by ~35% and ~11% for 𝑉ℎ𝑦𝑑
𝑠

10% and 20% ethanol addition, respectively. The hydrated volume also includes the ethanol 

molecules solubilized. In the case of SDS, from the shape factor ν = 2.5 (spherical micelles) and 

the parameters of the equation (18) fitted to surfactant relative viscosity data in Figure S2, the 

hydrated volume of a SDS molecule ( ) in pure water, 10% and 20% ethanol – water 𝑉ℎ𝑦𝑑
𝑠

mixtures are estimated to 1628 Å3, 1124 Å3 and 1085 Å3 respectively. The hydrated volume of 
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SDS molecule ( ) decreased by 31% and 33% with 10% and 20% ethanol addition, 𝑉ℎ𝑦𝑑
𝑠

respectively. 

Figure S2. Relative viscosity of (a) PFOA and (b) SDS aqueous solutions in the absence and in 
the presence of 10% or 20% ethanol plotted as a function of micellized PFOA or SDS 

concentrations (20 °C). The lines through the viscosity data are fits to equation (18).
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2. SIMULATIONS: METHODS AND MODELS

The force field for molecular dynamics (MD) simulations of PFOA-ammonium salt 

dissolved in water has been developed following the standard procedure for the atomistic 

polarizable force field APPLE&P.29 The atomic charges of ammonium ion were obtained by 

fitting to the electrostatic potential around the ion, which was obtained using high-level quantum 

chemistry calculations, i.e., MP2/aug-cc-pVTZ in Gaussian 09 package.30,31 The van der Waals 

(VDW) interactions between cationic nitrogen and water were directly transferred from the 

model of tetraalkylammonium bromide in water.32 In the simulation, each system was comprised 

of 32 PFO-NH4 ion pairs and about 4000 water/ethanol molecules. 

Interaction potentials

𝑈𝑡𝑜𝑡(𝑟) = 𝑈𝑁𝐵(𝑟) + ∑
𝑏𝑒𝑛𝑑𝑠

𝑈𝐵𝐸𝑁𝐷𝑆(𝜃𝑖𝑗𝑘) + ∑
𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

𝑈𝐷𝐼𝐻𝐸𝐷𝑅𝐴𝐿𝑆(∅𝑖𝑗𝑘𝑙) +

∑
𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

𝑈𝐷𝐸𝐹𝑂𝑅𝑀𝐴𝑇𝐼𝑂𝑁(∅𝑖𝐽𝑘𝑙) (18)

In Eq 18,  stands for total potential energy,  for non-bonded potential energy. The 𝑈𝑡𝑜𝑡 𝑈𝑁𝐵

equation for  is given in Eq 19. 𝑈𝑁𝐵

𝑈𝑁𝐵(𝑟) = 𝑈𝑅𝐷(𝑟) + 𝑈𝑐𝑜𝑢𝑙(𝑟) =

∑
𝑖 > 𝑗

(𝐴𝛼𝛽exp ( ‒ 𝐵𝛼𝛽𝑟𝑖𝑗) ‒ 𝐶𝛼𝛽𝑟6
𝑖𝑗) +

∑
𝑖 > 𝑗

( 𝑞𝑖𝑞𝑗

4𝜋𝜖0𝑟𝑖𝑗
)    (19)
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where ,  and  describe the pairwise VDW interactions,  and  are the atomic 𝐴𝛼𝛽 𝐵𝛼𝛽 𝐶𝛼𝛽 𝑞𝑖 𝑞𝑗

charges for atoms i and j,   denotes permittivity in vacuum. 𝜖0

The bond-based potential energy is comprised of two contributions: harmonic bends and 

dihedrals, while all the chemical bonds were constrained using the SHAKE algorithm.33  𝑈𝐵𝐸𝑁𝐷𝑆

is the three-body angle potential,  for dihedral potentials and  for out-𝑈𝐷𝐼𝐻𝐸𝐷𝑅𝐴𝐿𝑆 𝑈𝐷𝐸𝐹𝑂𝑅𝑀𝐴𝑇𝐼𝑂𝑁

of-plane deforamtion, with the detailed equations given in Eq 20 and Eq 21, respectively. 

𝑈𝐵𝐸𝑁𝐷(𝜃𝑖𝑗𝑘) = 0.5 × 𝑘𝐵𝐸𝑁𝐷
𝛼𝛽𝛾 (𝜃𝑖𝑗𝑘 ‒ 𝜃 0

𝑖𝑗𝑘)2    (20)

𝑈𝐷𝐼𝐻𝐸𝐷𝑅𝐴𝐿𝑆(∅𝑖𝑗𝑘𝑙) = ∑
𝑛

0.5 × 𝑘𝐷𝐼𝐻𝐸𝐷𝑅𝐴𝐿
𝛼𝛽𝛾𝛿𝑛 (1 ‒ cos (𝑛∅𝑖𝑗𝑘𝑙))    (21)

𝑈𝐷𝐸𝐹𝑂𝑅𝑀𝐴𝑇𝐼𝑂𝑁(∅𝑖𝐽𝑘𝑙) = ∑
𝑛

𝐾𝐷𝐸𝐹𝑂𝑅𝑀𝐴𝑇𝐼𝑂𝑁
𝑖𝐽𝑘𝑙

2 (∅𝑖𝑗𝑘𝑙 ‒
𝜋
2)2    (22)

 stands for angle at equilibrium,  for instantaneous bend angle, and  for strength of 𝜃 0
𝑖𝑗𝑘 𝜃𝑖𝑗𝑘 𝑘𝐵𝐸𝑁𝐷

𝛼𝛽𝛾

bend angle. The meaning of parameters in the definitions of various equations can be interpreted 

accordingly. In all equations, subscripts α, β, γ  are used to indicate the types of atoms i, j, k, l 𝛿

and n is the order of cosine functions. 

Force field parameters

The molecular representation and atom labels can be seen in Figure S3. The detailed 

parameters of force field are given in Table S5. Since very small polarizability has been observed 
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in F atoms, the non-polarizable version of the force field was parameterized and utilized for the 

efficiency of computations. 

Figure S3. Molecular representations and atom labels of simulated species.

Table S5. Force field parameters: definition of atoms and partial atomic charges.

Label
A

 [Kcal*mol-1]

B

 [Å-1]

C

 [Kcal*mol-1*Å-6]

Partial 

charge (e)
Bonded atoms

Ha 5352.3 6 0 0.4100 O

Hw 0 0 0 0.5564 Ow Hw

C 97431 3.6222 519.87 -0.3151 C F F Cc

C 97431 3.6222 519.87 -0.0430 Cm O H H

C 97431 3.6222 519.87 0.1200 Cm F F C
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Cc 33749.8 3.2995 618.32 0.8235 C O O

Cm 108283 3.6405 560.53 -0.0466 C H H H

Cm 108283 3.6405 560.53 0.1800 F F F C

N+ 39091.8 4.5672 122.04 -0.8276 H H H H

O 15923.1 3.6446 239.07 -0.6989 Cc

O 15923.1 3.6446 239.07 -0.5422 C Ha Lp Lp

Ow 880783.4 0 851.26 0.0000 Hw Hw Lp

F 7117.9 3.4174 150.72 -0.0600 Cm

F 7117.9 3.4174 150.72 -0.0553 C

Lp 0 0 0 -1.1128 Ow

Lp 0 0 0 -0.0217 O

Table S6. Force field parameters for cross-terms  of repulsion-dispersion interactions.

Atom i Atom j

A
 [Kcal*mol-1]

B 
[Å-1]

C

[Kcal*mol-1*Å-6]
H Hw 5501.88 4.89892 0
H C 19676.84 3.87866 108.37
H Cc 9786.45 3.59942 118.19
H Cm 20901.72 3.89336 112.53
H N+ 14331.84 4.45788 52.51
H O 4826.183 3.89 26.903
H Ow 4480.399 3.603 112.593
H F 4815.92 3.7056 58.35
H Lp 0 0 0

Hw C 13419.48 4.06573 0
Hw Cc 5969.84 3.70354 0
Hw Cm 14362.57 4.08627 0
Hw N+ 17036.14 5.12627 0
Hw O 5526.27 4.09088 0
Hw Ow 0 0 0
Hw F 3046.09 3.83587 0
Hw Lp 0 0 0
C Cc 55167.82 3.43487 566.96
C Cm 102702 3.63127 539.82
C N+ 49303.64 3.91795 251.88
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C O 39381.12 3.63328 352.54
C Ow 38418.21 3.4042 728.04
C F 25938.08 3.50943 279.92
C Lp 0 0 0
Cc Cm 57913.54 3.44111 588.72
Cc N+ 306620.8 3.5009 1900.68
Cc O 22186.61 3.44249 384.48
Cc Ow 23769.94 3.2762 793.99
Cc F 15413.7 3.35484 305.28
Cc Lp 0 0 0
Cm N+ 52447.87 3.93375 261.55
Cm O 41523.26 3.64255 366.07
Cm Ow 40307.17 3.41006 755.97
Cm F 27270.08 3.51669 290.66
Cm Lp 0 0 0
N+ O 20152.44 3.93727 170.81
N+ Ow 30864.47 3.3604 1092.74
N+ F 11889.51 3.73391 135.62
N+ Lp 0 0 0
O Ow 15439.67 3.41135 493.71
O F 10450.64 3.51829 189.82
O Lp 0 0 0

Ow F 10808.63 3.3872 302.01
Ow Lp 0 0 0
F Lp 0 0 0

Table S7. Constrained distances for bonds.
Atom i Atom j r0 [Å]

Cm F 1.33
C Cm 1.55
C F 1.33
C C 1.55
C F 1.33
C Cc 1.568
Cc O 1.248
H N+ 1.02

Hw Ow 0.957
Hw Hw 1.514
Ow Lp 0.1546

Table S8. Force field parameters for bends.

Atom i Atom j Atom k
K0 

[Kcal/mol/rad2] θ0
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F Cm F 240 109.6
C Cm F 180 109.1

Cm C F 180 108.4
C C Cm 160.6 113.7
F C F 240 110.2
C C F 180 109
C C C 160.6 111.7
Cc C C 140 112
F C F 240 110.2
F C Cc 180 111.1
C Cc O 172 113.5
O Cc O 280 133
H N+ H 95 109.5

Hw Ow Hw 0 104.52

Table S9.  Force field parameters for torsions.

Atom 
i

Atom 
j

Atom 
k

Atom 
l N

k1 
[Kcal/mol]

k2
[Kcal/mol]

k3
[Kcal/mol]

k4
[Kcal/mol]

k5
[Kcal/mol]

k6
[Kcal/mol]

F C Cm F 3 0 0 -0.36
C C Cm F 4 0 0 -0.36

Cm C C F 4 0 0 -0.36
C C C Cm 6 -0.346 0 3.026 -1.553 -0.566 -0.734
F C C F 3 0 0 -0.36
C C C F 3 0 0 -0.36
C C C C 6 -0.346 0 3.026 -1.553 -0.566 -0.734
C C C C 4 -0.271 0.152 -0.187 -0.5
C C C Cc 2 0 0.15
Cc C C F 3 0 0 -0.36
O Cc C C 6 -1.225 0.316 -0.099 -0.081 0.096 0.063

Table S10. Force field parameters for out-of-plane deformations.

Atom i Atom j Atom k Atom l KiJkl 
[Kcal/mol*rad2]

O Cc O C 36.5

Simulated systems 

The compositions of simulated systems are given in Table S6. Considering the very low 

CMC for PFOA in water, we conduct simulations at a concentration higher than experimental 

CMC, yet the number of PFOA was chosen such that only one well-defined PFOA micelle can 

be expected in the simulation box. Additionally, the number of water molecules was adjusted to 
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ensure that the size of the formed micelle is not larger than half of the simulation cell in order to 

avoid interaction of the micelle with its own image due to periodic boundary conditions. 

Table S11. Composition of simulated systems.

N
PFOA

N
NH4

N
H2O

N
ethanol

C
PFOA

 (M/L) wt
ethanol

1 32 32 4032 0 0.39 0
2 32 32 4032 100 0.36 6%
2 32 32 4032 200 0.34 13%
3 32 32 4032 400 0.30 25%

Density profiles of F atoms and COO groups of PFO- relative to PFOA micelle center of mass in 

pure water. 

Figure S4. Number density profiles of F and COO groups of PFO- relative to PFOA micelle 
center of mass obtained from simulations of systems with no and 25% of ethanol. 

29



Representative micelle morphologies of all simulated systems are shown in Figure S4.

Figure S5. Structures of micelles obtained from MD simulations with different polarity and 
concentration of additive molecules.   
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Figure S6.  Principal components of the radius of gyration tensor of PFO- micelle as a function 
of  ethanol concentration as obtained from MD simulations.
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