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Hydrophobic interactions are involved in and believed to be the fundamental driving force of many chemical and

biological phenomena in aqueous environments.

water  solute  interface  hydrogen bonding  hydrophobic effects

1. Introduction

Hydrophobic effects refer to the tendency of nonpolar molecules (or parts of molecules) to be aggregated in water.

They are involved in and believed to be the fundamental driving force in many chemical and biological phenomena

in aqueous solutions, such as molecular recognition, protein folding, formation and stability of micelles, biological

membranes and macromolecular complexes, surfactant aggregation, coagulation, complexation, detergency, and

the formation of gas clathrates . To date, numerous experimental and theoretical works have been carried

out to understand the physical origin of hydrophobic effects.

In general, hydrophobicity is expressed through the empirically calculated logarithm of partition coefficient (logP),

which is widely used in drug design and medicinal chemistry . Historically, the concept of hydrophobicity arose

in the context of the low solubility of non-polar solutes in water. Experimentally, it has been found that the entropy

change upon transferring a hydrocarbon from a nonpolar environment into water is large and negative. In 1945,

Frank and Evans  suggested that the observed loss of entropy was related to the structural changes of liquid

water as hydrophobic solutes were dissolved into water. They proposed that a kind of “cage”, consisting of water

molecules, was formed around the solute. This ordered water structure, similar to the gas clathrate, was known as

the “iceberg” model . Since then, many works  are conducted to measure the water

structural changes around hydrophobic surfaces. In accordance with the “iceberg” model, some studies 

support the existence of increased tetrahedral order around small hydrophobic groups in aqueous solutions.

However, the decrease of water structure around hydrophobic groups is also found in many works . It

is well known that the neutron scattering may be sensitive to the structure of water. From the neutron scattering

experimental measurements on aqueous solutions containing tetramethylammonium chloride  and methane

molecules , these do not suggest that water around these hydrophobic solutes may be more ordered than bulk

water. To date, there remain strong debates on the “iceberg” structural model.

In 1959, based on the “iceberg” model, Kauzmann  introduced the concept of hydrophobic interactions. When

two “caged” hydrophobes come together, the “structured” water between solutes may be released into the bulk

(Figure 1), which undoubtedly leads to the increase of entropy. Subsequently, the attractive force between these
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particles may be related to the entropy increase. Therefore, hydrophobic interactions are classically regarded to be

entropy driven. However, the “classic” hydrophobic effects may be in contrast with some works. In Diederich et al.

 work, they found that complexation of benzene in a cyclophane host molecule was enthalpy driven at room

temperature, which was also accompanied with a slightly negative entropy change. Additionally, in Baron, Setny,

and McCammon works , molecular dynamics (MD) simulations are used to investigate the binding in a

hydrophobic receptor-ligand system. It is found that the association between the non-polar ligand and binding

pocket may be driven by enthalpy and opposed by entropy. The “non-classic” hydrophobic effects are ascribed to

the release of weakly hydrogen-bonded water molecules into the more strongly hydrogen-bonded bulk water .

Figure 1. The “iceberg” structural model of hydrophobic effects. The ordered water structure is expected to form

around the solute. As two “caged” solutes become together, the “structured” water in the region between them may

be returned to the bulk.

In the “iceberg” structural model, water molecules can rearrange around a small hydrophobic solute, without losing

their hydrogen bondings. However, as a large solute is embedded into water, hydrogen bondings of water may be

broken at the surface of the solute, which may result in an enthalpic penalty. Therefore, hydrophobic interactions
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depend on the size of dissolved solute. In recent years, a theoretical approach was developed by Lum, Chandler,

and Weeks (LCW)  to understand the dependence of hydrophobic interactions on solute size. Both the

Gaussian density fluctuations related to small size and the physics of interfacial formation related to large size are

incorporated in LCW theory . It can be found that the hydration free energy grows linearly with the

solvated volume for small solute, but grows linearly with the solvated surface area for large solute . Therefore,

the crossover may be expected between small and large regime, which takes place on the nanometer length scale

.

Liquid water is generally believed to play a vital role in the process of hydrophobic interactions. In cell biology,

water may be regarded as an active constituent, rather than a bystander . According to some recent

structural works  on liquid water and air-water interface, hydration free energy is

determined. This is utilized to understand the nature of hydrophobic interactions. It is found that hydrophobic

interactions may be related to the size of dissolved solute. With increasing the solute size, it is reasonably divided

into initial and hydrophobic solvation processes . Additionally, different dissolved behaviors of solutes are

expected in initial and hydrophobic solvation processes, such as dispersed and accumulated distributions in

aqueous environments. In addition, hydrophobic interactions may be ascribed to the structural competition between

interfacial and bulk water .

2. Water Structure

Gibbs free energy (ΔG), related to the changes of enthalpy (ΔH) and entropy (ΔS), may be used to study whether a

process is likely to take place. Thermodynamically, it is expressed as,

(1)

where ΔH is enthalpy changes, and ΔS is entropy changes. In general, ΔH quantifies the average potential energy

between molecules, ΔS measures the order (or intermolecular) correlations of system.

In fact, various interactions between solutes and water may be expected when solutes are embedded into water.

The total Gibbs free energy of system is reasonably described as,

(2)

in which ΔG , ΔG , and ΔG , respectively, mean the Gibbs energies are due to water-

water, solute-water, and solute-solute interactions. In fact, the solutes are necessarily attracted to approach each

other in aqueous solutions before they may be affected by the interactions between them. This is due to the

hydrophobic interactions, which accumulate the solutes in the solutions. Therefore, to understand the molecular
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mechanism of hydrophobic effects, it is important to study the water structure and the effects of solutes on water

structure.

Numerous experimental and theoretical works have been carried out to investigate the structure of water. To date,

different structural models have been proposed, which are generally partitioned into the mixture and continuum

structural models . In the mixture model, two distinct types of structures are regarded to simultaneously exist

in ambient water. It is likely that the first mixture model was proposed by W.C. Röntgen in 1892, who suggested

that liquid water was a mixture of two components, a low-density fluid and a high-density fluid . Since then,

various mixture structural models have been proposed . For the continuum structural model, water is

comprised of a random, three-dimensional hydrogen-bonded network, which may be characterized by a broad

distribution of O-H···O hydrogen bond distances and angles. However, the water networks cannot be “broken” (or

separated into distinct molecular species) as in the mixture model. To date, liquid water is usually regarded as a

tetrahedral fluid, which is based on the first coordination number.

Where ρ means the density of water, r  and r  are the lower and upper limits of integration in oxygen-oxygen

radial distribution function, g (r). For ambient water, Nc is determined to be 4.3  and 4.7 , respectively.

Liquid water is usually regarded as an anomalous fluid, which is due to the formation of hydrogen bondings

between neighboring water molecules. To understand the physical nature of hydrogen bondings, various theoretical

methods have been developed, such as symmetry-adapted perturbation theory (SAPT) . From the theoretical

calculations  on a water dimer ((H O) ), besides van der Waals interactions between water molecules, obvious

electrostatic interactions can also be found between them. Of course, this is reasonably attributed to the formation

of hydrogen bondings between water molecules. Therefore, hydrogen bondings may be ascribed to the

electrostatic interactions between the neighboring water molecules.

For an H O molecule, the vibrational normal modes may be 2A +B  , which are all Raman active. When

hydrogen bonding is formed between neighboring water molecules, this decreases the O···O distance between

them, and weakens the O-H covalent bond . The formation of hydrogen bonding may result in OH vibrational

frequencies moving towards a low wavenumber (red shift). Therefore, OH vibrations may be sensitive to hydrogen

bondings of liquid water, and widely utilized to investigate the structure of water.

With decreasing temperature from 298 K to 248 K at 0.1 MPa, based on the normalized intensity, an isosbestic

point is found around 3330 cm  in the Raman OH stretching bands of water (Figure 2). The isosbestic point is the

wavelength where a series of spectra cross, and the spectral intensity may keep constant. In mixture structural

model, the isosbestic point is generally used to support the two-state behavior of water structure. However, after

considering the electric field experienced by the proton projected onto the OH covalent bond, Smith et al. 

suggested that the isosbestic point was explained through a continuous distribution of local hydrogen-bonded
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networks, which was due to the increasing distortions around a single-component tetrahedral structural motif. It is

noted that, along with the isosbestic point, temperature increase (or adding NaCl) may also lead to the decrease of

the second peak at 4.5 Å in g (r), which undoubtedly means the breakage of tetrahedral hydrogen bondings of

water. Therefore, it can be derived that the isosbestic point indicates the structural transition between tetrahedral

and non-tetrahedral hydrogen-bonded networks.

Figure 2. The Raman OH stretching bands of water from 298 to 248 K under 0.1 MPa. Based on normalized

intensity, an isosbestic point is found around 3330 cm .

Many works have been conducted to explain the Raman OH stretching band of water. In fact, water molecular

clusters, (H O) , provide an approach to investigate the dependence of OH vibrational frequencies on hydrogen

bondings between water molecules. From the theoretical calculations, the stable configurations of water molecular

clusters can be determined. In combination with the experimental measurements on OH vibration frequencies of

clusters, these may be utilized to unravel the relationship between OH vibrational frequencies and hydrogen-

bonded networks. It is found that, when three-dimensional hydrogen-bonded networks occur in water molecular

clusters (n ≥ 6), different OH vibrational frequencies may correspond to various hydrogen bondings in the first shell

OO

−1

2 n



The Hydrophobic Effects | Encyclopedia.pub

https://encyclopedia.pub/entry/31528 6/23

of a water molecule (local hydrogen bondings), and the effects of hydrogen bondings beyond the first shell on OH

vibrational frequencies may be weak (Figure 3). From this, as three-dimensional hydrogen bondings appear,

different OH vibrations may be ascribed to OH vibrations engaged into various local hydrogen bondings .

Figure 3. The dependence of the OH stretching frequency on hydrogen bondings of water molecular clusters,

(H O) . Different symbols are used to discriminate OH vibrations engaged in various local hydrogen-bonded

networks of a water molecule. Various structures of hexamers are also shown.

For a water molecule, the local hydrogen-bonded network can be differentiated by whether the molecule forms

hydrogen bonds as a proton donor (D), proton acceptor (A), or a combination of both with neighboring molecules.

Under ambient conditions, the main local hydrogen bonding motifs for a water molecule can be classified as DDAA

(double donor-double acceptor), DDA (double donor-single acceptor), DAA (single donor-double acceptor), and DA

(single donor-single acceptor) (Figure 4). For ambient water, the Raman OH stretching band may be fitted into five

sub-bands, which can be assigned to the ν , ν , ν , ν , and free OH symmetric stretching

[30][32]
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vibrations, respectively (Figure 4). Therefore, at ambient conditions, different local hydrogen bondings may be

expected around a water molecule.

Figure 4. The Raman OH stretching band of ambient water may be deconvoluted into five sub-bands, located at

3041, 3220, 3430, 3572, and 3636 cm , and assigned to the ν , ν , ν , ν , and free OH

symmetric stretching vibrations, respectively. At ambient conditions, the main local hydrogen-bonded networks for

a water molecule are expected to be DDAA, DDA, DAA, and DA hydrogen bondings. Hydrogen bondings are

drawn with dashed lines.

From the Raman spectroscopic studies  on ambient water, the local statistical model (LSM) is proposed.

This suggests that a water molecule interacts with the neighboring water molecules (in the first shell) through

different local hydrogen bondings. Of course, it is different from continuum structural models of ambient water.

Additionally, according to the mixture structural model, water has been considered as a mixture of two distinct

types of structures. Therefore, different spatial distributions may be necessary for various structural types, and

sharp boundary is expected between them. In mixture model, water structure may be heterogeneous. Additionally,

according to recent X-ray experimental studies , these mean that liquid water is heterogeneous at ambient

−1
DAA-OH DDAA-OH DA-OH DDA-OH
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conditions, and this becomes enhanced in the supercooled region. However, based on LSM of water structure,

various local hydrogen bondings are expected for a water molecule at ambient conditions. This indicates that it is

impossible to find a sharp phase boundary between various structural motifs, and the structure of ambient water

may be homogeneous. Of course, it is different from the mixture structural model. In addition, based on LSM

model, the local hydrogen-bonded networks of a water molecule may be affected by pressure, temperature,

dissolved salt, and a confined environment.

According to the explanation on Raman OH stretching band of water , ν  is due to OH vibration

engaged in DDAA (tetrahedral or “unbroken”) hydrogen bonding, and ν  is free OH symmetric stretching

vibration. From the van’t Hoff equation, this may be applied to calculate the thermodynamic functions of tetrahedral

(DDAA) hydrogen bonding (Figure 5),

(3)

[30][31][32]
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Figure 5. The dependence of ln(I /I ) on 1/T. The solid line represents linear fit (R  = 0.9975) with a

slope of −∆H/R. This is used to determine the thermodynamic characteristics of tetrahedral hydrogen bonding.

From the Raman OH stretching bands from 298 K to 248 K, the enthalpy (∆H) and entropy (∆S) from tetrahedral

hydrogen bonding to free water are calculated to be 11.35 kJ/mol and 29.66 J/mol, respectively.

Additionally, based on the structural explanation on the Raman OH stretching band of water, it is derived that the

isosbestic point (Figure 2) may indicate the structural equilibrium between different local hydrogen bondings

around a water molecule. This is expressed as follows,

(4)

With decreasing temperature from 298 to 248 K at 0.1 MPa, this decreases the intensity of the high wavenumber

sub-bands (>3330 cm ), but increases the intensity of the low wavenumber sub-bands (<3330 cm ) (Figure 2).

Therefore, temperature decrease may enhance the probability to form tetrahedral hydrogen-bonded networks

around a water molecule, which is related to the nucleation of ice. In fact, according to recent MD simulations 

 on homogeneous ice nucleation, the ordered ice-like intermediate can be found in the supercooled water, and

ice nucleation is found to occur in the low-mobility regions . Additionally, this intermediate phase has also

been found in other theoretical simulations  during the nucleation from supercooled liquids, such as

Lenard-Jones hard spheres and metals. From these, a non-classical pathway, rather than classical nucleation

theory (CNT), is proposed in order to understand the nucleation mechanism in supercooled liquids.

Water has many unusual thermodynamic and dynamic properties, both in pure form and as a solvent. Additionally,

these anomalous behaviors may be strongly enhanced in the supercooled state, such as thermal expansion,

isothermal compressibility, etc. To explain the origin of the anomalous behaviors of supercooled water, many

theories are proposed, such as the stability limit (SL) conjecture , the liquid-liquid critical-point (LLCP)

hypothesis , the singularity-free (SF) model , and the critical-point free scenario . Recently, numerous

works  have been carried out to demonstrate the existence of second critical point in LLCP. In fact,

LLCP is based on the mixture model of water structure. In LLCP, two liquid phases are expected in water, such as

low-density water (LDW) and high-density water (HDW), which may interconvert through a first-order liquid-liquid

transition terminating at the second critical point in the supercooled regime. In this hypothesis, the anomalous

behavior of water is due to the fluctuations emanating from the LLCP.

With decreasing temperature from 298 to 248 K at 0.1 MPa (Figure 2), this increases the probability to form the

tetrahedral (DDAA) hydrogen bondings in supercooled water. In comparison with bulk water, DDAA hydrogen

bondings have a larger volume, and lower entropy . This indicates that the formation of tetrahedral hydrogen

bondings in a supercooled regime may be used to explain the anomalies of supercooled water, such as the thermal

expansion. From statistical mechanics, the thermal expansion may be related to the correlation of the fluctuations

of volume and entropy.

Free-OH DDAA-OH
2

DAA + DDAA = DA + DDA + Free   OH
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For most fluids, with increasing volume, it is also accompanied with an increase of entropy. However, regarding

water below TM (temperature of maximum density), the fluctuations of volume and entropy may be anti-correlated.

From the above, it is more reasonable to explain the anomalous properties of supercooled water from the SF

model . Further study is necessary.

When a solute is dissolved into liquid water, an interface appears between the solute and water. Therefore, the

dissolved solute undoubtedly affects the structure of water. At ambient conditions, the OH vibration is mainly

related to the local hydrogen-bonded networks of a water molecule. It is derived that the dissolved solute may

mainly affect the structure of topmost water layer at the solute-water interface (interfacial water) (Figure 6). In fact,

this is in accordance with other studies  on the structure and dynamics of water around ions. These

mean that the effects of dissolved ions on water structure may be largely limited to the first solvation shell.

Therefore, as a solute is embedded into water, it may be divided into interfacial and bulk water (Figure 6).

Regarding the effects of solutes on water structure, these may be related to the solute-water interfaces. In other

words, it is related to the water in confined environments. 
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Figure 6. Structural changes across the solute-water interface. The dissolved solute mainly affects the structure of

interfacial water (topmost water layer at the interface).

From the Raman spectroscopic studies , DDAA (tetrahedral) and DA are the predominant hydrogen-

bonded networks in ambient water. Additionally, they are related to the structural changes across the solute-water

interface (Figure 6). It is necessary to understand the characteristics of DDAA and DA hydrogen bondings. For

ambient water, the DDAA-OH, located around 3220 cm , lies at a lower frequency than DA-OH (3430 cm )

(Figure 4). This indicates that, in comparison with DA hydrogen bonding, the formation of DDAA structural motif

may result in higher hydrogen bonding energies. Additionally, it is necessary for the interacting molecules to lie in

specific relative orientations to form hydrogen bondings between neighboring water molecules, therefore DDAA

(tetrahedral) is expected to own the lower entropy rather than DA hydrogen bonding. In addition, based on the

experimental measurements  and theoretical simulations , higher water density can be found at the solute-

water interface, which may be related to the formation of DA in interfacial water. Therefore, higher density is

expected for DA as a structural motif than it is for DDAA hydrogen bonding. In comparison with DDAA (tetrahedral)

hydrogen-bonded network, the DA structural motif owns a lower enthalpy, and a higher entropy and density.

The dissolved solute mainly affects the structure of interfacial water. Additionally, DA structural motif tends to form

at the interface between solute and water. In other words, this means that the loss of tetrahedral hydrogen bonding

may be related to the formation of solute-water interface (Figure 6). Certainly, this is different from the “iceberg”

structural model proposed by Frank and Evans . In history, the “iceberg” structural model was proposed in order

to understand the large and negative entropy while the simple solutes were dissolved in water. In Frank and Evans’

work , an increase in the structure of water was utilized to explain the negative entropy incurred from the

dissolved non-polar molecules. However, they did not explain why the hydrophobic solute could lead to increase of

the order of the system. In fact, this may be due to the transition from interfacial to bulk water as the solutes are

dissolved in solutions, which leads to the increase of DDAA hydrogen bondings in water.

The effects of dissolved solute on water structure are mainly limited within the interfacial water layer (Figure 6).

Additionally, the formation of solute-water interface is due to the loss of tetrahedral hydrogen bonding in interfacial

water. Therefore, as the ratio of interfacial water layer to volume is obtained, this may be utilized to calculate the

Gibbs free energy of the interface between solute and water. From this, it is reasonably expressed as,

(5)

in which ∆G  means the Gibbs free energy of tetrahedral hydrogen bonding, R  is the

molecular number ratio of interfacial water layer to volume, and n  means the average hydrogen bonding number

per molecule. For tetrahedral hydrogen bonding, n  is equal to 2.

3. Hydrophobic Effects

[30][31][32]

−1 −1

[75] [76][77]

[8]

[8]

ΔGSolute-water = ΔGDDAA ⋅ RInterfacial water/volume ⋅ nHB

DDAA Interfacial water/volume

HB

HB



The Hydrophobic Effects | Encyclopedia.pub

https://encyclopedia.pub/entry/31528 12/23

When a solute is embedded in liquid water, it is thermodynamically equivalent to form the solute-water interface.

After the solute is treated as a sphere, the R  is 4·r /R, in which R means the radius of solute.

The hydration free energy is the free energy associated with the transfer of solute from vacuum to water.

Therefore, as the sphere solute is dissolved into water, hydration free energy may be described as (Figure 7),

(6)

in which ΔG  is the Gibbs free energy of water, r  is the average radius of a H O molecule. For water at

293 K and 0.1 MPa, Gibbs free energy (ΔG ) is −1500 cal/mol . Additionally, the average volume of a

water molecule is 3 × 10  m  at ambient conditions. After the water molecule is regarded as a sphere, the

corresponding diameter is 3.8 Å, and r  is 1.9 Å. In addition, the Gibbs free energy of tetrahedral hydrogen

bonding (ΔG ) is calculated to be −2.66 kJ/mol at 293 K and 0.1 MPa.

Interfacial water/volume H2O

ΔGHydration = ΔGWater-water + ΔGSolute-water = ΔGWater-water +
8 ⋅ ΔGDDAA ⋅ rH2O

R

Water-water H2O 2

Water-water
[78]
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Figure 7. Hydration free energy at 293 K and 0.1 MPa. Hydration free energy is related to the size of solute, and

critical radius (Rc) is expected. With increasing the solute size, it is divided into initial and hydrophobic solvation

processes.

In thermodynamics, the lower the hydration free energy, the more stable the system is. Because hydration free

energy is the sum of ∆G  and ∆G , it may be dominated by the Gibbs energy of bulk water

(∆G ) or interfacial water (∆G ). Of course, it is related to the size of dissolved solute. Therefore,

the structural transition may be expected to occur as ∆G  being equal to ∆G ,

(7)

in which Rc means the critical radius of dissolved solute .

With increasing the solute size, it is reasonably divided into the initial (ΔG  < ΔG ) and

hydrophobic (ΔG  > ΔG ) solvation processes. The Gibbs free energy between solute and water

(ΔG ) is inversely proportional to the solute size (1/R), which is related to the ratio of surface area to

volume. Therefore, various dissolved behaviors of solutes in aqueous solutions may be expected in initial and

hydrophobic processes, which may be related to the solute size (or concentrations) (Figure 8).

Water-water Solute-water

Water-water Solute-water

Water-water Solute-water

ΔGWater-water = ΔGSolute-water (Rc =
8 ⋅ ΔGDDAA ⋅ rH2O

ΔGWater-water
)
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Figure 8. Different dissolved behaviors of solutes in aqueous solutions may be expected in initial (a) and

hydrophobic (b) solvation processes.

In the initial solvation process, ΔG  is lower than ΔG  (both of them are negative), or the solute

size is smaller than Rc. Therefore, hydration free energy is dominated by the Gibbs free energy of interfacial water

(ΔG ) . To become more thermodynamically stable, this is fulfilled through maximizing the |ΔG

|. In other words, it is achieved through maximizing the ratio of surface area to volume of dissolved solutes.

Therefore, the solutes may be dispersed in aqueous solutions, and water molecules are found between them

(Figure 8). In addition, hydration free energy is proportional to the volume (or concentrations) of dissolved solutes.

Additionally, the dissolved solute mainly affects the hydrogen-bonded networks of interfacial water, DA hydrogen

bondings tend to form within interfacial water layer . In the initial solvation process, hydration free energy may

be related to DA hydrogen bondings. In comparison with DDAA (tetrahedral) structural motif, DA hydrogen bonding

owns weaker hydrogen bonding energy, and higher entropy. Therefore, the driving force may be thermodynamically

ascribed to the increase of entropy arising from interfacial water .

Solute-water Water-water

Solute-water
[34][36]

Solute-

water

[34]

[34]
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In hydrophobic solvation process, Gibbs free energy of interfacial water is higher than bulk water (ΔG  >

ΔG ). To be more thermodynamically stable, this may be fulfilled through maximizing |ΔG |.

Indeed, this is accompanied with the minimization of Gibbs free energy of interfacial water (|ΔG |). From

the above, the ΔG  is related to the ratio of surface area to volume of solutes. It can be derived that the

dissolved solutes may be aggregated in solutions in order to maximize the hydrogen bondings of water .

Therefore, the “attractive” forces may be expected between solutes in hydrophobic solvation process (Figure 8).

Due to the existence of DDAA (tetrahedral) hydrogen bondings in bulk water, this leads to ΔG  being lower

than ΔG . In comparison with DA hydrogen bonding, tetrahedral hydrogen-bonded networks own the

stronger hydrogen bonding energy, and lower entropy . Regarding the “attractive” force between solutes, it may

be ascribed to be an enthalpic process, which is related to DDAA (tetrahedral) hydrogen bondings in bulk water. As

the solutes are aggregated in water, they are also accompanied with the loss of entropy, which is related to the

transition from interfacial to bulk water (Figure 8). Additionally, hydration free energy is proportional to the surface

area of dissolved solutes.

To investigate the thermodynamic properties of hydrophobic interactions, the PMFs can be determined through MD

simulations on C -C  fullerenes in water, and CH -CH  in water at different temperature (300 K, 320 K and 340

K) (Unpublished data). Based on the calculated ΔG  for C C  in water, and CH -CH  in water, these

can be applied to determine the thermodynamic functions as the solutes are associated in water (Figure 9). To be

more thermodynamically stable, the two CH  molecules are engaged in the solvent-separated conformation. In

thermodynamics, it is driven by the entropy contributions related to interfacial water (Figure 9). However, the two

fullerenes tend to be accumulated in solutions. Thermodynamically, it is dominated by enthalpy related to

maximizing the hydrogen bondings of water. Additionally, this is also accompanied with the loss of entropy. Indeed,

this is related to the transition from interfacial to bulk water as the fullerenes are aggregated in solutions, especially

as the distance between them is less than 13 Å (Figure 9). Therefore, various thermodynamic driving forces may

be expected in initial and hydrophobic solvation processes, which may be also in agreement with the above

structural studies.

Solute-water

Water-water Water-water

Solute-water

Solute-water
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Figure 9. The thermodynamic characteristics of hydrophobic interactions. Based on the calculated PMFs of C -

C  fullerenes and CH -CH  in water at different temperatures (300 K, 320 K and 340 K), water contributions to

Gibbs energy (ΔG ) are determined, which are used to calculate the enthalpic (ΔH ) and entropic (-T·ΔS )

contributions. Different thermodynamic characteristics may be expected in initial (a) and hydrophobic (b) solvation

processes.

In addition, enthalpy-entropy compensation (EEC) has been attracting attention because it is involved in many

research fields , especially for the understanding of molecular recognition and drug design. In

thermodynamics, EEC means that, if, for the particular reaction, ΔH and ΔS are changing in one direction (either

increasing or decreasing), their changes that are transformed into ΔG are mutually compensated, and there is little

change in the value of ΔG. To understand the nature of EEC, many works have been carried out. This means that

EEC is real, very common, and a consequence of the properties of liquid water. Based on the calculated

60

60 4 4

W W W
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thermodynamics functions (Figure 9), hydrophobic interactions are closely related to EEC. Therefore, water plays

a vital role in the process of EEC. Of course, this has been demonstrated in the work of Gilli et al. .

The dissolved solutes mainly affect the structure of interfacial water. Therefore, the effects of solutes on water

structure may be related to the surfaces of solutes to be available for interfacial water. Owing to hydrophobic

interactions, the dissolved solutes are attracted and tend to be aggregated in aqueous solutions in order to

maximize the hydrogen bondings of water. In fact, the solutes coming into contact undoubtedly leads to the

decrease of the solute surfaces available for interfacial water. Therefore, the Gibbs free energy of interfacial water

may be described as,

(8)

where γ is named as the geometric factor . It is proposed to reflect the changes of solute surfaces while solutes

are accumulated in water. Naturally, the solutes are rarely rigid. As they are dissolved in solutions, this may be

accompanied by the changes of solute volume. From this, γ may be generally expressed as,

(9)

in which r  means the distance between solutes. When the solutes come into contact, the corresponding

distance between them is termed ‘the hydrophobic radius’ (R ) . As the solutes are aggregated in water, it may

be divided into H1w and H2s hydrophobic solvation processes, respectively.

Water molecules may be found between the dissolved solutes in H1w hydrophobic process, the separation

between solutes is larger than R  (>R ), or γ is 1 . Due to hydrophobic interactions, the solutes are attracted to

approaching each other. This decreases the distance between the solutes, and the water molecules in the region

between them are expelled into bulk water. Therefore, hydrophobic interactions are fulfilled by the rearrangement

of water molecules. Additionally, energy barriers may be expected in the H1w process, due to the expelled water

molecules. Thermodynamically, the dissolved solutes are expected to approach each other in the direction with the

lowest energy barrier, in which less water molecules may be expelled. From the above, the directional nature may

be expected in the H1w hydrophobic process .
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