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The Hydrophobic Effect in Solute 
Partitioning and Interfacial Tension
Meyer B. Jackson

Studies of the partitioning of hydrophobic solutes between water and nonpolar solvents provide 
estimates for the energy cost of creating hydrophobic-water contacts. This energy is a factor of three 
lower than the work of adhesion derived from interfacial tension measurements. This discrepancy 
noted by Tanford in 1979 is widely viewed as a serious challenge to our understanding of hydrophobic 
interactions. However, the interfacial energy of a water-alkane interface depends on chain length. A 
simple analysis of published data shows that the loss of rotational freedom of an alkane chain at an 
interface accounts quantitatively for the length-dependent contribution to interfacial tension, leaving a 
length-independent contribution very close to the free energy of transfer per unit of solvent accessible 
surface area. This analysis thus clarifies the discrepancy between the thermodynamic and interfacial 
tension measurements of hydrophobic interaction energy. Alkanes do not loose rotational freedom 
when transferred between two different liquid phases but they do at an interface. This reconciles the 
difference between microscopic and macroscopic measurements. Like the partitioning free energy, the 
work of adhesion also has a large entropy and small enthalpy at 20 oC.

Both thermodynamic partitioning and interfacial tension measurements can be used to study the energetics of 
hydrophobic interactions. Thermodynamic measurements of free energies of solute transfer between water and 
nonpolar solvents provide a microscopic/molecular estimate of the energy cost of exposing nonpolar molecules 
to water. For a series of molecules, plots of free energy of transfer generally display a linear dependence on molec-
ular surface area, or solvent accessible surface area, with slopes falling in a range of 17–31 cal/Å2 1–3. The surface 
tension of a hydrocarbon-water interface also reflects the energy cost of exposing hydrocarbon to water. These 
experiments provide the work of adhesion, calculated as the sum of the water-vapor and hydrocarbon-vapor 
interfacial tensions, minus the hydrocarbon-water interfacial tension. The work of adhesion is a macroscopic 
measure of the energy cost of exposing a hydrophobic surface to water. A generic value widely cited for the work 
of adhesion of hydrocarbon-water interfaces is 50 erg/cm2, which equals 71.9 cal/Å2. This is roughly 3 times larger 
than the microscopic energy per unit area determined from thermodynamic measurements.

Tanford made the comparison between macroscopic and microscopic estimates of the free energy of hydro-
phobic interactions and recognized the difference4. The discrepancy has attracted a great deal of attention, and 
has motivated theoretical work to seek an explanation2,5–7. Tanford based his analysis on data from hexane8 and 
octane9. Systematic studies of interfacial tension at water-hydrocarbon interfaces have been conducted and indi-
cate that the work of adhesion varies with chain length among n-alkanes10,11. This indicates that interfacial tension 
data do not provide a unique proportionality constant between energy and area, thus complicating comparisons 
with thermodynamic estimates. Figure 1 displays a plot of the work of adhesion versus chain length for n-alkanes 
containing 5 to 16 carbon atoms from a study by Goebels and Lunkenheimer11 (the data are plotted in the authors’ 
units of erg/cm2). Aveyard and Haydon10 reported very similar measurements, and the numbers from the two 
studies agree to within a few percent. Goebel and Lunkenheimer prepared purer samples, so their measurements 
can be taken as more accurate. The work of adhesion ranges from 53 cal/Å2 (37 erg/cm2) for pentane to 63 cal/Å2  
(44 erg/cm2) for hexadecane. These numbers are smaller than the generic value of 71.9 cal/Å2 (50 erg/cm2), but 
are still well above the 17–31 cal/Å2 range cited above from solute partitioning data. The variation in work of 
adhesion with chain length indicates that the interfacial tension depends on conformational degrees of freedom 
of the alkanes. A small even-odd effect in the n-alkane data was also invoked in support of this view11. This factor 
is completely ignored in the simplest and most widely used analysis of partitioning in terms of solvent accessible 
surface area. Although efforts have been made to incorporate solute conformation into the analysis of partitioning 
data12, the impact is well below the discrepancy between the microscopic and macroscopic measurements.
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This brings out an important difference between the partitioning and surface tension experiments. In con-
trast to hydrocarbon molecules dissolved in water, hydrocarbon molecules at an aqueous interface are in an 
anisotropic environment that can limit rotation. Other factors such as the distribution of orientations and dis-
tances between alkanes at the interface could also contribute to surface tension. These intermolecular interac-
tions between hydrocarbons at an interface are all irrelevant to partitioning. This suggests that we can clarify 
the relation between these two experimental approaches by decomposing the work of adhesion into a sum of 
chain length-dependent and chain length-independent contributions. The chain length-independent contribu-
tion reflects water reorganization at the hydrocarbon surface, and can also include intermolecular forces between 
alkanes and water. The chain length-independent quantity should correspond more closely to thermodynamic 
measurements of free energy of transfer. The chain length-dependent contribution represents factors such as the 
rotational free energy of the n-alkane.

If a segment of an alkane has its rotations suppressed at an interface then an m-carbon segment loses α m−2 
conformations (where α  is the ratio of rotational states available to a C-C bond in bulk to that at the interface, 
counting from a methyl terminus where the first two atoms are irrelevant to rotational freedom). A C-C bond 
reduced from 3 rotational states in bulk to one at the interface would give α  ~ 3. We must also consider the distri-
bution of segment lengths at the interface, and the probability of an m-carbon segment being at the interface 
would depend on m. For each C-C bond at the interface, the probability of the next bond not rotating out of the 
interface is taken as β . For example, if the three rotational states of a C-C bond are equally likely we have a value 
for β  of 1/3 for the probability that a chain with atom # j at the interface will also have atom # j +  1 at the interface. 
This gives β m−2 for the probability of an m-atom segment residing at the interface. For an n-carbon alkane, the 
average number of lost rotations can be written as a sum over the number of lost conformations in an interfacial 
m-carbon segment times the probability of the interfacial segment having a length of m carbon atoms. This gives 
the sum of the geometric series (α β )m−2 from m =  2 to n, 
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simple expression for the work of adhesion, W, of a water-alkane interface versus chain length, n.

= +





−
−




 ( )

−
W A B In c

c
1

1 1

n 1

A represents the length-independent contribution from water reorganization at the surface as well as any 
contribution from the hydrocarbon-water intermolecular potential. B parameterizes the surface density of the 
rotational change in entropy, and C =  α β .

Eq. 1 fitted the work of adhesion data of Goebel and Lunkenheimer very well (Fig. 1), yielding A =  29.6 cal/Å2, 
B =  10.9 ±  1.7 cal/Å2, and C =  0.79 ±  0.03. The large-n asymptote of Eq. 1 is 64.6 cal/Å2 (44.9 erg/cm2). C <  1 is 
necessary to recapitulate the observed saturation of Eq. 1 with chain length. The value slightly below one reflects 
a balance between the number of lost conformations per bond at the interface (α ) versus the probability of not 
rotating out of the interface (β ). The inequality β  <  1/α  indicates that even longer alkane chains have segments 
at the interface that are relatively short. Within the framework of this model the saturation of W with n suggests 
that alkanes form an aqueous interface with short segments of many chains rather than long segments of fewer 
chains. This raises interesting questions about how the interface influences the probability of trans and gauche 
C-C bonds, as this would have an impact on β . Likewise, α  would be lower if the interface can accommodate 
segments that are not all-trans. Chains with one gauche bond could still lie at an interface but with the surface 
formed by zig-zag trans bonds not lying flat on the water. A chain with two gauche bonds of opposite angle, such 

Figure 1. Plot of the work of adhesion (W) versus number of carbon atoms (n) in n-alkanes. Data from 
Goebel and Lunkenheimer11. Eq. 1 was fitted to the data (solid curve) with the computer program R, yielding 
A =  20.6 ±  2.1 erg/cm2 (29.6 ±  3.0 cal/Å), B =  15.6 ±  2.4 erg/cm2 (22.4 ±  3.4 cal/Å2), and C =  0.79 ±  0.026.
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as β -coupled gauche kinks13, can also lie approximately in a plane. More detailed analysis of the conformations of 
alkane chains at a water interface should provide insight into the balance between these various factors.

The quantity A, determined from the fit of Eq. 1, can be compared with thermodynamic data, and it does in 
fact fall within the range of thermodynamic measurements cited above. It is near the high end of the range so 
factors such as correction for volume fraction and capillary waves would reduce the interfacial tension number 
somewhat2, while alkane conformational flexibility in the partitioning experiments would raise the thermody-
namic number12. A physical model that treats bond rotations at the interface as well as intermolecular correlations 
of the hydrocarbon chains more rigorously would of course provide a more accurate framework for decomposing 
work of adhesion data into various contributions.

By focusing on essential differences between partitioning and interfacial tension measurements, the present 
analysis resolves the discrepancy between microscopic and macroscopic studies of the hydrophobic effect4. This 
resolution reinterprets an experimental result that had been invoked to support a role for surface curvature2,5 and 
a transition in the nature of the hydrophobic interaction with molecule size6,7. The analysis here suggests com-
parable energetic costs of water reorganization during exposure to hydrocarbon molecules versus hydrocarbon 
interfaces. The difference between the microscopic and macroscopic energies likely reflects a difference in alkane 
bond rotations, which remain free when individual molecules are surrounded by water but experience some 
restriction at an aqueous interface.

A large entropy at room temperature is an important hallmark of the hydrophobic effect. The enthalpy of 
hydrophobic partitioning interactions depends strongly on temperature and goes through zero at 22 oC3,14. Thus, 
it would be of interest to decompose the work of adhesion of water-hydrocarbon interfaces into entropy and 
enthalpy. For water-vapor, alkane-vapor, and alkane-water interfaces, temperature dependence data is available 
from which the entropy per unit area can be determined. The water-vapor interfacial tension in the CRC hand-
book of Chemistry and Physics is linear with temperature between 10 and 30 oC, and the slope gives an entropy 
per unit area of − 0.152 erg/cm2/°C. Temperature dependence data for alkane-vapor and alkane-water interfaces 
for octane and dodecane15 were used to calculate TΔ S for the work of adhesion (Table 1).

A comparison of TΔ S with Δ G in Table 1 indicates that entropy accounts for at least 90% of the free energy 
change. Thus, at 20 oC the work of adhesion of alkane-water interfaces like the free energy of solute transfer, 
arises primarily from a change in entropy and has a very small change in enthalpy. The very strong temperature 
dependence of hydrophobic interactions arises from a large increase in heat capacity, and like the free energy, the 
increase in heat capacity scales with solvent accessible surface area16–19. Investigating the temperature dependence 
of interfacial tension for different hydrophobic molecules may thus provide more insight into the macroscopic 
manifestations of the hydrophobic effect.

The hydrophobic effect has a major role in determining the energy landscape of biological processes. For 
example, theoretical calculations have suggested a prohibitive energy cost of exposing the hydrocarbon interior 
of a lipid bilayer to water during membrane fusion. This motivated the development of the hemifusion-stalk 
mechanism, which entails virtually no exposure of the core of a lipid bilayer to water20. However, this calculation 
was based on the macroscopic parameter. The hydrocarbon tails of phospholipids are oriented and have restricted 
rotations in a lipid bilayer, so the chain length dependent term in Eq. 1 is probably irrelevant. This indicates that 
the microscopic parameter is more appropriate, and an analysis of SNARE-mediated membrane fusion using 
the microscopic parameter to estimate the energetic cost of transient exposure of the bilayer core to water yields 
plausible rates of fusion21.

References
1. Reynolds, J. A., Gilbert, D. B. & Tanford, C., Empirical correlation between hydrophobic free energy and aqueous cavity surface area. 

Proc Natl Acad Sci USA 71 (8), 2925 (1974).
2. Sharp, K. A., Nicholls, A., Fine, R. F. & Honig, B., Reconciling the magnitude of the microscopic and macroscopic hydrophobic 

effects. Science 252 (5002), 106 (1991).
3. Blokzijl, W. & Engberts, J. F. N. Hydrophobic effects. Opinions and facts. Angew Chem Int Ed Engl 32, 1545 (1993).
4. Tanford, C., Interfacial free energy and the hydrophobic effect. Proc Natl Acad Sci USA 76(9), 4175 (1979).
5. Southall, N. T. & Dill, K. A., The mechanism of hydrophobic solvation depends on solute radius. J Phys Chem 104 B, 1326 (2000).
6. Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature 437 (7059), 640 (2005).
7. Dill, K. A., Truskett, T. M., Vlachy, V. & Hribar-Lee, B. Modeling water, the hydrophobic effect, and ion solvation. Annu Rev Biophys 

Biomol Struct 34, 173 (2005).
8. Linford, R. G., Powell, R. J. & Hildebrand, J. H. A comparison of Gibbs energy and entropy of interfaces water-normal and water-

perfluorotrybutylamine. J Phys Chem 74, 3024 (1970).

ΔS Alkane-vapor erg/cm2/oC ΔS Alkane-water erg/cm2/oC TΔS of adhesion erg/cm2 W erg/cm2

Octane − 0.095 − 0.089 − 46.3 42.8

− 0.0835 − 47.8 41.4

Dodecane − 0.088 − 0.089 − 44.2 45.3

− 0.057 − 48.0 44

Table 1. Interfacial surface tension entropies. Alkane-vapor data from Aveyard and Haydon9,10 at 20 oC 
(upper value) and from linear regression of data from Zeppieri et al.15 over 10–60 oC (lower value). Work of 
adhesion (W) from Aveyard and Haydon at 20 oC (upper) and Goebel and Lunkenheimer11 at 22 oC (lower). 
TΔ S of adhesion was calculated from the first two columns; the value for water-vapor interfaces was mentioned 
in the text. The similarities between − TΔ S and W indicate that hydrophobic interactions at interfaces are 
driven by entropy at 20 oC.



www.nature.com/scientificreports/

4Scientific RepoRts | 6:19265 | DOI: 10.1038/srep19265

9. Aveyard, R. & Haydon, D. A. An Introduction to the Principles of Surface Chemistry. (Cambridge University Press, Cambridge, 1973).
10. Aveyard, R. & Haydon, D. A., Thermodynamic properties of aliphatic hydrocarbon/water interfaces. Trans Farad Soc 61, 2255 

(1965).
11. Goebel, A. & Lunkenheimer, K., Interfacial tension of the water/n-alkane interface. Langmuir 13, 369 (1997).
12. Chan, H. S. & Dill, K. A. Solvation: how to obtain microscopic energies from partitioning and solvation experiments. Annu Rev 

Biophys Biomol Struct 26, 425 (1997).
13. Jackson, M. B. A beta-coupled gauche kink description of the lipid bilayer phase transition. Biochemistry 15(12), 2555 (1976).
14. Baldwin, R. L., Energetics of protein folding. J Mol Biol 371(2), 283 (2007).
15. Zeppieri, S., Rodriguez, J. & Lopez de Ramos, A. L. Interfacial tension of Alkane+ water systems. J Chem Eng Data 46, 1086 (2001).
16. Spolar, R. S., Ha, J. H. & Record, M. T., Jr. Hydrophobic effect in protein folding and other noncovalent processes involving proteins. 

Proc Natl Acad Sci USA 86(21), 8382 (1989).
17. Sturtevant, J. M., Heat capacity and entropy changes in processes involving proteins. Proc Natl Acad Sci USA 74(6), 2236 (1977).
18. Livingstone, J. R., Spolar, R. S. & Record, M. T., Jr. Contribution to the thermodynamics of protein folding from the reduction in 

water-accessible nonpolar surface area. Biochemistry 30(17), 4237 (1991).
19. Privalov, P. L. & Makhatadze, G. I., Heat capacity of proteins. II. Partial molar heat capacity of the unfolded polypeptide chain of 

proteins: protein unfolding effects. J Mol Biol 213(2), 385 (1990).
20. Chernomordik, L. V. & Kozlov, M. M. Protein-lipid interplay in fusion and fission of biological membranes. Annu Rev Biochem 72, 

175 (2003).
21. Jackson, M. B. SNARE complex zipping as a driving force in the dilation of proteinaceous fusion pores. J Membr Biol 235(2), 89 

(2010).

Acknowledgements
I thank Tom Record, Qiang Cui, and Shane McMahon for helpful discussions and comments on the manuscript. 
This work was supported by an NIH grant (NS44057).

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jackson, M. B. The Hydrophobic Effect in Solute Partitioning and Interfacial Tension. 
Sci. Rep. 6, 19265; doi: 10.1038/srep19265 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	The Hydrophobic Effect in Solute Partitioning and Interfacial Tension
	Acknowledgements
	Figure 1.  Plot of the work of adhesion (W) versus number of carbon atoms (n) in n-alkanes.
	Table 1.  Interfacial surface tension entropies.



 
    
       
          application/pdf
          
             
                The Hydrophobic Effect in Solute Partitioning and Interfacial Tension
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19265
            
         
          
             
                Meyer B. Jackson
            
         
          doi:10.1038/srep19265
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19265
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19265
            
         
      
       
          
          
          
             
                doi:10.1038/srep19265
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19265
            
         
          
          
      
       
       
          True
      
   




