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The octanol/water distribution coefficients (log Doy )
of the Cy through C7; perfluoro-n-alkyl sulfonates
(PFSAs) were calculated wusing the MO062X/6-
311++G(d,p) and MP2/6-811++G(d,p)//M062X /6-
311++G(d,p) levels of theory and the IEFPCM-UFF,
CPCM, and SMD solvation models. At both levels of
theory with all solvation models, absolute log D, cal-
culated for the straight chain Cy through C; PFSAs
display a substantial negative bias against available
experimental data and expected trends by several log
units. However, the SMD solvation model achieves
accurate relative log Dy, accuracy, yielding fragmen-
tal contributions of a -CFs- group towards the log
Doy of 0.51+0.02 to 0.543+0.01 units (-3.0+0.1 to
-3.1£0.1 kJ mol=1), in good agreement with the ex-
perimental value of 0.61 units (-8.4%0.1 kJ mol™1).
In contrast, the IEFPCM-UFF and CPCM solvation
models exhibit either invariant log D, with increasing
perfluoro-n-alkyl chain length (CPCM) or a modestly
decreasing trend (IEFPCM-UFF).

Perfluoroalkyl sulfonic acids (PFSAs; Figure 1) are
widely used industrial materials that have also be-
come an important class of environmental contami-
nants [1]. With pK, values <0, these compounds
are effectively entirely dissociated in aqueous solution
[2] [3]. Consequently, when assessing the partition-
ing behavior of PFSAs, the anionic form is relevant,
warranting use of equilibrium constants such as the
octanol/water distribution coefficient (log Do.,) [4] [5]

[6].

Few experimental studies have been conducted on
the partitioning of PFSAs (and other perfluoroalkyl
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Figure 1: General structure of the C; to C7 perfluoro-
n-alkyl sulfonates.

compounds) between pure gas, liquid, solution, and
solid phases. Previous work has provided experi-
mental fragmental contributions of a -CFs3- group
(f(CF3)) towards the log Dy, for perfluoro-n-alkyl
oxyacids (PFSAs and perfluoro-n-alkyl carboxylic
acids [PFCAs]) at 0.61 log Dy, units, or -3.4£0.1
kJ mol~! [7]. In the current study, solution phase
standard state (298.15 K, 1 mol L~!) density func-
tional theory calculations in n-octanol and water
model solvents were conducted using the M062X/6-
311++G(d,p) [8] [9] [10] method in Gaussian 09 [11]
on the C; (trifluoromethyl sulfonate) through C;
(perfluoro-n-heptane sulfonate) straight chain PFSA
anions with the IEFPCM-UFF [12], CPCM [13] [14],
and SMD [15] solvation models. Computationally
derived log D, at these levels of theory were ob-
tained from the respective Gibbs free energies with
thermal and zero-point corrections for comparison
with the experimental data. Single point calcu-
lations were also performed at the SMD-MP2/6-
3114++4+G(d,p)//M062X /6-311++G(d,p) level of the-
ory, yielding theoretical log D,,, estimates based on
the corresponding single point energies.

At both levels of theory with all solvation models,
absolute log D, calculated for the straight chain
C; through C; PFSAs display a substantial nega-
tive bias by several log units. For example, the
MP2/6-311++G(d,p)//M062X/6-311++G(d,p) cal-
culated log D, for n-perfluorooctane sulfonate (n-
PFOS; straight chain Cg PFSA) is -1.8, compared to
the experimental value of +2.4 [7]. Based on the ex-
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perimental log D,,, for n-PFOS and the correspond-
ing n-perfluoroalkyl f(CF2) of 0.61 log D, units
for octanol/water partitioning, linearly distributed
log Doy values ranging from -1.8 (C; PFSA) to
+1.8 (C7 PFSA) are expected for the compounds
under consideration. By comparison, calculated
values at the M062X/6-3114++G(d,p) and MP2/6-
311++4+G(d,p)//M062X /6-311++G(d,p) levels range
from about -6 (C; PFSA) to -2 (C; PFSA; Figure
2) depending on the theoretical method and solvation
model employed.

Despite the lack of absolute log D,,, predictive ac-
curacy, the SMD solvation model achieves accurate
relative log D, accuracy at both the M062X/6-
311++G(d,p) and MP2/6-311++G(d,p)//M062X/6-
3114++4+G(d,p) levels of theory, giving the following
f(CF2) values based on best fit linear regression of
the predicted log Dy, values against the perfluoro-n-
alkyl chain homolog number:

SMD-M062X/6-311++G(d,p):

r=0.999

p<10~7

m[f (CF2)]=0.5440.01 log units (-3.140.1 kJ mol~1)

SMD-MP2/6-311++G(d,p)//M062X /6-
3114++G(d,p):

r=0.996

p<10~°

m[f (CF2)]=0.5140.02 log units (-3.040.1 kJ mol~1)

In contrast, both the IEFPCM-UFF and CPCM sol-
vation models exhibit either invariant log D, with
increasing perfluoro-n-alkyl chain length (CPCM) or
a modestly decreasing trend (IEFPCM-UFF):

IEFPCM-UFF-M062X/6-311++G(d,p):

r=-0.953

p=0.001

m[f(CF2)]=-0.05+0.01 log units (0.240.1 kJ mol~1!)

CPCM-M062X /6-311++G(d,p):
r=-0.289

p=0.53

m[f(CF2)]=not significant

The results are consistent with our previous study
at various levels of semiempirical, density functional,
and composite method theory on the air to wa-
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Figure 2: Computationally calculated log Dy,
for the C; through C; perfluoro-n-alkyl sulfonates
at the (a) SMD-M062X/6-311++G(d,p) (open
circles) and SMD-MP2/6-311++G(d,p)//M062X/6-
311++G(d,p) (filled circles) levels of theory and
the (b) IEFPCM-UFF-M062X/6-311++G(d,p) (open
squares) and CPCM-MO062X/6-311++G(d,p) (filled
squares) levels of theory.
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ter solvation behavior of short-chain perfluoroalkanes,
whereby only the SMD solvation model was observed
to display the correct trend in solvation free energies
with increasing perfluoro-n-alkyl chain length [16].
Despite not achieving absolute log D,,, accuracy, the
SMD solvation model may have broad utility in de-
veloping relative quantitative structure-property rela-
tionships (QSPRs) for the solvation and partitioning
behavior of perfluoroalkyl moieties (and related or-
ganic compounds) within and between various phases.

Acknowledgements

This work was made possible by the facilities
of the Western Canada Research Grid (West-
Grid:www.westgrid.ca; project 100185), the Shared
Hierarchical Academic Research Computing Network
(SHARCNET:www.sharcnet.ca; project sn4612), and
Compute/Calcul Canada.

References

[1] Rayne, S., Forest, K., ”Perfluoroalkyl sulfonic
and carboxylic acids: A critical review of physic-
ochemical properties, levels and patterns in wa-
ters and waste waters, and treatment methods,”
Journal of Environmental Science and Health,
Part A: Tozic / Hazardous Substances and En-
vironmental Engineering, 44, 2009, 1145-1199.

[2] Rayne, S., Forest, K., Friesen, K.J., ”Extending
the semi-empirical PM6 method for carbon oxy-
acid pK, prediction to sulfonic acids: Applica-
tion towards congener-specific estimates for the
environmentally and toxicologically relevant Cq
through Cg perfluoroalkyl derivatives,” Nature
Precedings, 2009, doi:10101/npre.2009.2922.1.

[3] Cheng, J., Psillakis, E., Hoffmann, M.R., ” Acid
dissociation versus molecular association of per-
fluoroalkyl oxoacids: Environmental implica-
tions,” Journal of Physical Chemistry A, 113,
2009, 8152-8156.

[4] Rayne, S., Forest, K., ”A comparative assess-
ment of octanol-water partitioning and distri-
bution constant estimation methods for perfluo-
roalkyl carboxylates and sulfonates,” Nature Pre-
cedings, 2009, doi:10101 /npre.2009.3282.2.

[5] Rayne, S., Forest, K., ” An assessment of organic
solvent based equilibrium partitioning methods
for predicting the bioconcentration behavior of
perfluorinated sulfonic acids, carboxylic acids,

[11]

and sulfonamides,” Nature Precedings, 2009,
do0i:10101 /npre.2009.3256.1.

Rayne, S., Forest, K., ” Congener specific organic
carbon normalized soil and sediment-water parti-
tioning coefficients for the C; through Cg perflu-
oroalkyl carboxylic and sulfonic acids,” Journal
of Environmental Science and Health, Part A:
Toxic / Hazardous Substances and Environmen-
tal Engineering, 44, 2009, 1374-1387.

Jing, P., Rodgers, P.J., Amemiya, S, ”High
lipophilicity of perfluoroalkyl carboxylate and
sulfonate: Implications for their membrane per-
meability,” Journal of the American Chemical
Society, 131, 2009, 2290-2296.

Zhao, Y., Truhlar, D.G., "The MO06 suite of
density functionals for main group thermochem-
istry, thermochemical kinetics, noncovalent inter-
actions, excited states, and transition elements:
Two new functionals and systematic testing of
four M06-class functionals and 12 other function-
als,” Theoretical Chemistry Accounts, 120, 2008,
215-241.

Raghavachari, K., Binkley, J.S., Seeger, R.,
Pople, J.A., ”Self-consistent molecular orbital
methods. 20. Basis set for correlated wave-

functions,” Journal of Chemical Physics, 72,
1980, 650-654.

McLean, A.D., Chandler, G.S., ”Contracted
Gaussian-basis sets for molecular calculations. 1.
2nd row atoms, Z=11-18, Journal of Chemical
Physics, 72, 1980, 5639-5648.

Frisch, M.J., Trucks, G.W., Schlegel, H.B.,
Scuseria, G.E., Robb, M.A., Cheeseman, J.R.,
Scalmani, G., Barone, V., Mennucci, B., Pe-
tersson, G.A., Nakatsuji, H., Caricato, M., Li,
X., Hratchian, H.P., Izmaylov, A.F., Bloino, J.,
Zheng, G., Sonnenberg, J.L., Hada, M., Ehara,
M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida,
M., Nakajima, T., Honda, Y., Kitao, O., Nakai,
H., Vreven, T., Montgomery, Jr., J.A., Per-
alta, J.E., Ogliaro, F., Bearpark, M., Heyd, J.J.,
Brothers, E., Kudin, K.N., Staroverov, V.N.
Kobayashi, R., Normand, J., Raghavachari, K.,
Rendell, A., Burant, J.C., Iyengar, S.S., Tomasi,
J., Cossi, M., Rega, N., Millam, N.J., Klene, M.,
Knox, J.E., Cross, J.B., Bakken, V., Adamo, C.,
Jaramillo, J., Gomperts, R., Stratmann, R.E.,
Yazyev, O., Austin, A.J., Cammi, R., Pomelli,
C., Ochterski, J.W., Martin, R.L., Morokuma,



Nature Precedings : doi:10.1038/npre.2010.5103.1 : Posted 25 Oct 2010

[16]

K., Zakrzewski, V.G., Voth, G.A., Salvador,
P., Dannenberg, J.J., Dapprich, S., Daniels,
A.D., Farkas, O., Foresman, J.B., Ortiz, J.V.,
Cioslowski, J., Fox, D.J., Gaussian 09, Revision
A.02, Gaussian, Inc., Wallingford, CT, USA,
20009.

Tomasi, J., Mennucci, B., Cammi, R., ”Quantum
mechanical continuum solvation models,” Chem-
ical Reviews, 105, 2005, 2999-3093.

Barone, V., Cossi, M., "Quantum calculation of
molecular energies and energy gradients in solu-
tion by a conductor solvent model,” Journal of
Physical Chemistry A, 102, 1998, 1995-2001.

Cossi, M., Rega, N., Scalmani, G., Barone, V.,
”Energies, structures, and electronic properties
of molecules in solution with the C-PCM sol-
vation model,” Journal of Computational Chem-
istry, 24, 2003, 669-681.

Marenich, A.V., Cramer, C.J., Truhlar, D.G.,
”Universal solvation model based on solute elec-
tron density and a continuum model of the sol-
vent defined by the bulk dielectric constant and
atomic surface tensions,” Journal of Physical
Chemistry B, 113, 2009, 6378-6396

Rayne, S., Forest, K., " Theoretical studies on the
pK, values of perfluoroalkyl carboxylic acids,”
Journal of Molecular Structure: THEOCHEM,
949, 2010, 60-69.



