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The Structure of Dilute Clusters of Methane and Water by ab Initio Quantum Mechanical
Calculations

Eli Ruckenstein,*T Ivan L. Shulgin,’ and Jeffrey L. Tilson*

Department of Chemical Engineering and Center for Computational Research,
State Uniersity of New York at Buffalo, Amherst, New York 14260

Receied: October 21, 2002; In Final Form: January 16, 2003

Ab initio quantum mechanical methods have been used to examine clusters formed of molecules of methane
and water. The clusters contained one molecule of one component (methane or water) and several (10, 8, 6,
4, and 1) molecules of the other component. The MglRlesset perturbation theory (MP2 method) was

used in the calculations. The cluster geometries were obtained via optimization and the interaction energies
between the nearest neighbors were calculated for the geometries obtained in the first step. It is shown that
the interaction energies and intermolecular distances between the molecules of methane and water are quite
different in the clusters Cl+(H2O)10 and HO---(CH,)10. They are also different from those in the water/
methane dimer. The structure of the cluster,€HH,O).¢ is highly affected by the hydrogen bonding among

the water molecules, and the methane molecule is located inside a cage formed of water molecules. In contrast,
the molecules of methane and water are randomly distributed in the clu§er(€H,).0. The average methane/

water intermolecular distance in the cluster £HH;0),0 provided by the quantum mechanical calculations

is in agreement with the experimental and simulation results regarding the position of the first maximum in
the radial distribution functio@.. = goc(foc) in dilute mixtures of methane in water, whetg is the distance
between the C atom of methane and the O atom of water. It is shown that the water molecules in the vicinity
of a central methane molecule can be subdivided into two groups, A and B. Molecules of type A are touching
nearest neighbors of the central methane molecule. They are located on a sphere with a radius corresponding
to the first maximum in the radial distribution functigg: = go(roc) @and are tangentially oriented toward the
central methane molecule. The layer of A water molecules is somewhat denser than bulk water. The molecules
of type B are also located in the first hydration layer of a central methane molecule (up to a distance given
by the position of the first minimum of the radial distribution functigg = goc(roc)), but are not touching

nearest neighbors. They are distributed more randomly than the molecules of type A, because they are less
affected by the hydrophobic core of the solute.

1. Introduction of Uhlig and Eley!%-13 In their papers, they tried to explain

The interactions in mixtures of nonpolar substances, such asth® Poor solubilities of nonpolar molecules in water (as a rule
noble gases and hydrocarbons, with water constitute the simplest €Y are smaller by 3 orders of magnitude than those in
manifestation of the hydrophobic effect. A large number of °rganic substances)_ by dividing the d_|ssolut|on process into two
publications (many thousands) have been devoted to this topicStePS: (1) the creation of a “cavity” in the bulk water and (2)
and information about the hydrophobic effect was summarized the insertion of the nonpolar molecule into the cavity. This
in books and recent reviews? The hydrophobic effect is schem_e became classic gnd was_used to explain the_behawor
germane to chemistry (gas solubility in water, phase separation,0f various thermodynamic functions that characterize the
and self-assembling in aqueous mixtures), biology (protein dissolution of nonpolar substances in water under ambient
folding and micellization), and even geology (undersea deposits conditions: the free energy changes? is positive (unfavor-
of methane hydrates). Two manifestations of the hydrophobic able), the enthalpic chang&H? is negative (favorable), the
effect can be considered: the interaction of one molecule of a entropic changeAS? is negative (unfavorable with a larger
nonpolar solute with the surrounding water molecules (hydro- absolute value ofAS'thanAH?), and the change in the isobaric
phobic hydration) and the interactions of nonpolar molecules heat capacityAc,? is large and positivé? Reliable values of
among themselves in a water environment (hydrophobic these thermodynamic functions are now available for numerous
interactions):~7 While Kauzmann was the first to introduce the substance¥¢ Frank and Evari$ provided an additional
notion of hydrophobic interactions in the 195&5,some insight in the understanding of the hydrophobic hydration by
fundamentals of hydrophobic hydration were established earlier suggesting that during the second step the layers of water around
in the 1930s and 1940s in the publications of Butler and those the solute molecule become more ordered. The formation of
- - - the more ordered structures (icebergs) around a molecule of a
6 é_%ggzesg?gﬂgg ?;’ig;’réfégg'{yf:if'gg%ﬁcsu-b“ﬁa'o-edu- Fax: (716) nonpolar solute was in their opinion the cause of the great loss

‘ y y ’ of entropy in the process of dissolution. This idea dominated

T Department of Chemical Engineering. k > !
* Center for Computational Research. the field for several decades and more detailed theories were

10.1021/jp0222671 CCC: $25.00 © 2003 American Chemical Society
Published on Web 03/08/2003



2290 J. Phys. Chem. A, Vol. 107, No. 13, 2003 Ruckenstein et al.

developed to provide quantitative explanations for the behavior which involve 26-24 water molecules that form a clathrate cage
of the above thermodynamic functions and for the temperature around a methane molecule. The conclusions of Jorgensen et
and pressure dependencies of the solubility in watéThe al 3% were verified both experimentai$® (ref 35 provided a
concept of iceberg led to the conclusion that the decrease invalue of 16 for the number of water molecules in the first
entropy caused by the organization of the water molecules is hydration layer) and by molecular simulatioi¥s#® Similar
responsible for the low solubility of hydrocarbons in water. In results regarding the number of water molecules in the first
reality, the change in entropy due to ordering is compensatedhydration layer were obtained for infinitely dilute aqueous
by the change in enthalpy caused by the interactions betweensolutions of noble gaseé8! oxygen?? etc. As expected the
the hydrocarbon molecule and wat&r?2 Shinoda®'%concluded number of water molecules in the first hydration layer de-
that the formation of a cavity constitutes the main effect, while pends on the size of the nonpolar solute: this number is about
Ruckenstein2%-22 has shown, on the basis of a simple 20 for methane, 17 for oxygen, 19 for argon, 22 for krypton,
thermodynamic approach, that while the formation of a cavity 23 for xenon, 23 for ethane, 27 farpropane, and 30 for
provides the largest contribution, the “iceberg” formation also n-butane36.38-42

plays a role. The local density of water around a nonpolar solute was found
A different interpretation of the hydrophobic effect was to be somewhat larger than the bulk density under ambient
suggested by Lucas and L&e24 They suggested that the poor  conditions*>~42 but lower? for T > 311 K and approachirg
solubility of nonpolar compounds in water is due to an excluded the bulk density of water at sufficiently high temperatures.
volume effect, which is amplified, in the case of liquid water, Another important characteristic of the aforementioned “per-
by the small size of the water molecules, and that the entire turbed” water is the number of hydrogen bonds (H-bonds) per
hydrophobic effect is a result of their small size. The combina- water molecule. Molecular dynamffsand Monte Carlé#
tion of this ide&> 28 with Muller’s two-state water structut® simulations indicated that the number of H-bonds per water
provided reasonable results regarding the hydrophobic hydration.molecule in the first hydration layer was slightly smaller than
The more recent applicati#f32 of information theory to the  that in bulk water. It was found that the number of water

treatment of the hydrophobic effect was used to expléa) molecules in the first hydration layer that possess four H-bonds
the temperature dependence of the hydrophobic hydration, (b)was slightly lower and those with 1, 2, and 3 H-bonds slightly
the water/hydrogen isotope effect, etc. larger when compared to bulk water. However, as noted by

During the last 2 decades, the availability of powerful Meng and Kollmaf® the water molecules in the first hydration
computers and the wide use of modern experimental methods layer have the same average number of H-bonds as the bulk
especially X-ray and neutron scattering, allowed one to obtain water molecules. These results appear to favor the ofittai
valuable information about the nanostructure of mixtures “water does not undergo a major structural change in the
containing hydrophobic solutes. Moreover, one can observe apresence of an apolar solute but maintains its original structure
certain redirection in the research of the hydrophobic effect. by accommodating the apolar solute in its original hydrogen
While in the past the main goal was to obtain reliable data bond network. The unique property of water is that it can
concerning the thermodynamics of the hydrophobic hydration dissolve an apolar solute of limited size without sacrificing a
and to interpret them using different models, the goal now is to significant number of hydrogen bond$There is good agree-
obtain information about the nanostructure of water around a ment between the X-ray, neutron scattering and molecular
hydrophobic solute and to find out how this nanostructure differs simulations regarding the radial distribution functigris dilute
structurally and energetically from that of bulk water. While mixtures of nonpolar species and water. In the particular case
the existence of several layers of water molecules around aof methane#36:3%-4044-46 the position of the first maximum
hydrophobic solute which are affected by the solute is beyond in the dependenceoc = Godfoc), Wherer,. is the distance
doubt (it was demonstrated experiment&iy®), the charac- betwea a C atom of methane and an O atom of water, was
teristics of this “perturbed” water are not yet well-known. found to be at about 3:53.7 A. The first minimum was found
Several questions arise regarding them and the difference fromat 5.1-5.7 A and the second maximdmat about 6.3 A.
bulk water: (1) how many water molecules are involved or how Neutron diffraction scatterirf§*! indicated that the second
many water molecules are affected by the presence of amaximum was very shallow. This means that one or at most
hydrophobic solute? (2) is its structure more ordered than thattwo adjoining layers of water are affected by the presence of a
of bulk water? (3) what is the local density of this “perturbed” nonpolar solute (methane). The water molecules in these
water? and so on. adjoining layers have peculiar properties, the nearest to the

It is clear that these questions can be answered if information nonpolar molecule being tangentially oriented toward its
about the local structure and intermolecular interactions in the surface®* due to the “hydrophobic wall” (or hard core) effect

layers of the “perturbed” water can be obtained. of the solute. Their H-bonds are slightly shorttrand the
An important step in understanding the local structure around average numt‘)ﬁr&%thew nearest neighbors slightly smaller than
a nonpolar solute in water was made by Jorgensensétlsing in bulk water!*

Monte Carlo simulations based on an intermolecular potential, Another approach to investigate the hydrophobic effect is the
which contained Lennard-Jones and Coulomb contributions, theyab initio quantum mechanical technigtfe?®1t is based on first
determined the number of water molecules in the first hydration principles (the Schidinger equation), and this constitutes its
layer (located between the first maximum and the first minimum main advantage compared to molecular dynamics and Monte
of the radial distribution function) around a nonpolar solute in Carlo approaches, which are based on classical potentials. At
water. This number (20.3 for methane, 23 for ethane, etc.) wasthe present time, the ab initio quantum mechanical methods have
surprisingly large compared with the coordination numbers in limitations connected to the complexity and size of the molecular
cold water and ice (4.4 and 4, respectively). These results clusters consideret:>°5INevertheless, these methods have been
provided evidence that major changes occur in the water often used to accurately predict the structure and energy of a
structure around a nonpolar solute and that the perturbedsystem of two molecules (dimer®);%? such as the system
structure is similar to that of the watemethane clathrate’, methane/watet?53-57 However, the structure and energy of a
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dimer are different from those in a condensed phase. Let usTABLE 1: Bond Lengths in Methane and Water Molecules
consider pure water as an example. The water dimer wasin the Optimized Clusters

investigated using various quantum mechanical ab initio meth- bond length [A]

ods, and reliable information about its structure and interaction

) _ X i component expfil—¢8 calcd

energy is availablé? They are different from those in condensed water fon) 0.9571 0.986
1 H H OH, . .

mixtures, where the effect of the nearest neighbors is an methane e 1.089 1096

important factor. For pure water, it was clearly demonstféted
how the equilibrium intermolecular distance depends on the pe carried out with smaller clusters (1:8, 1:6, 1:4, and 1:1) and
number of water molecules involved in the ab initio calculations. \yith a larger one (1:11), and the trends will be analyzed. For
As already emphasizet for the methane/water mixture, “the  the CH,-H,O pair the dispersion interactions are vitally
system of final interest is not CH-HO ..., but CH:++(H,0)y". % important? (this statement is valid for all mixtures involving
Sandler and co-workers have used quantum mechanical ab initioyggk interactiorf® 9. Therefore, the second-order Mglher

calculations for a group of several molecules to simulate the piesset perturbation theory, which partially accounts for disper-
condensed mixtures and calculated the intermolecular interactionsjon interactions, constitutes a suitable though not ideal ap-

energies between a solute and the solvent molectitésThey proximation. The cluster geometries will be obtained by

employed the HartreeFock self-consistent field approxima-  gptimizing each of them with respect to all coordinates, using
tion>%51to calculate the intermolecular interaction energies for tne MP2 method with a compact 6-31G basis set. This basis
aqueous solutions of alcohols. The obtained energies were use@et makes tractable the numerous geometry optimizations
to calculate the Wilson and UNIQUAC parameters and then to yequired in this work. The convergence to an energy minimum
(successfully) predict the activity coefficients. Recefitlyve was confirmed by calculating the vibrational frequencies. There
used a quantum mechanical ab initio method [the Meller s another important feature concerning the quantum mechanical
Plesset perturbation the6f* (MP2 method)] to compute the 4, initio calculations for clusters containing several molecules,
intermolecular energies for the € CCls dimer and used the  namely, the effect of the initial configuration. Indeed, the
results to (accurately) predict the solubility of solid G@ equilibrium structure of a weakly interacting cluster, for
supercritical CE. example, 1:10, can be affected by the initial guess of the

The Mgller-Plesset perturbation theory will be employed in  configuration which can lead to a local minimum. To minimize
this paper to investigate the mixture methane/water. We selectedhe errors associated with the initial guesses, we carried out the
this mixture because it is an ideal candidate for investigating minimization for every cluster Composition several times (at
the hydrophobic hydration. The mixture methane/water has also|east eight times) starting from different initial configurations.
importance in understanding the structure and intermolecular  After generating optimized clusters, the intermolecular in-
interactions of the methane hydrates, though the specifics of eraction energies between pair molecueand (Ei:lt;) in the
these hydrates will not be addressed in this paper. These hydrateg)yster were calculated using the supermolecular apptd&tdt
constitut&® a major potential fuel reserve.

The main goal of the present paper is to obtain information int _ — _
about the intermolecular interactions and distances between Eop Eaﬁ{ of} — Efof) B {of) @

several molecules of water (10, 8, 6, 4, and 1) and a single whereEq4{ o} is the total energy of an pair with the{ a5}
molecule of methane and vice versa using quantum mechanical, qis set anl,{ o8} andEs{af} are the energies af andp
ab initio me;thods. In addition, the interactions pgtween the 1 olecules with thg o8} basis set, respectively, calculated by
nearest neighbors water molecules in the vicinity of the o ghost atoms methddThis method partially accounts for
hydrophobic solute will be calculated and compared to those 4 pasis set superposition error (BSSE). The energigéds},
of the bulk water phase. _ _ Eo{ 08}, andEs{ 05}) were computed with a much better basis
The paper is organized as follows: in the next section, the set than that employed for the cluster geometry optimization.
quantum mechanical ab initio method employed will be gpecifically all MP2 pair energies were calculated with the
presented. This will be followed by the results obtained for dilute triple-& 6-311-+G(3d,2p) basis set. This basis set includes
mixtures of methane and water. Further, these results will be pojarization and diffuse functions. All of the ab initio computa-
compared with the available information obtained experimen- tjons were performed using the Gaussian 94 program on the

tally and by simulations. Finally, they will be used to examine |gm SP at the Center for Computational Research (CCR), at
the hydrophobic hydration and shed light on the structure and {he University at Buffalo.

other features of the water molecules in the vicinity of a
hydrophobic solute. 3. Results of the ab Initio Computations

3.1. The Dilute Mixture of Methane in Water. The
calculated bond lengths in methane and water molecules of the

It would be ideal to use for these calculations molecular optimized clusters (1:10) are listed in Table 1 together with data
clusters containing a single molecule of a solute and many from literature. The arithmetic average distance and interaction
(dozens or even hundreds of molecules) of a solvent. Unfortu- energy between a methane molecule and the nearest touching
nately, at the present time, the ab initio methods based on thewater molecules in the cluster G+ (H,0), are listed in Table
Mgller—Plesset perturbation theory have computational limita- 2.
tions regarding the size of the clustéiTherefore, we will have One of the typical minimized clusters 1 (methane):10 (waters)
to compromise between a “dilute solution” and a relatively small is presented in Figure la,b. They show that the methane
number of solvent molecules. The largest investigated molecularmolecule is enclosed in a cavity formed by water molecules.
clusters will contain a single molecule of methane (water) The two spheres centered on a methane molecule, with radii of
surrounded by 10 molecules of water (methane). To verify 3.6 and 5.35 A, correspond to the first maximum and the first
whether this cluster (1:10) is sufficiently large to capture the minimum in the radial distribution functiogoe = go(roc) in
essential physics of the interactions, the same procedure will dilute mixtures of methane in water. It is worth noting that

2. Methodology of Calculations
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TABLE 2: Arithmetic Average Distance and Interaction Energy? between a Methane Molecule and Touching nearest Neighbors
Water Molecules (Type A Water Molecules) in the Clusters CH:-+(H,0),

int
cluster rco Ech,-H,0

CH,—
CHge++(H20), [A] [KmeoI] data from literature
n=1 (dimer) 3.69 —1.06 (1)rco=3.5 A (exptl valué* of the position of
the first peak in the radial distribution function
Joc = Qodlog) IN dilute methane-water mixtures)
n=4 3.73 —-1.02 (2)rco = 4.0 A (in solid methane hydr&i®
n==a6 3.77 —-0.93 (3) (@co=3.6 A, (b)rco=3.73 A (the position of the
n=238 3.80 -0.79 first peak in the radial distribution functigg. = god(r oc)
n=10 3.74 —0.75 in dilute methanewater mixtures found by (a)

Monte Carld*and (b) by molecular dynamit&simulations)

aThe interaction energies were calculated between a central methane molecule and all the water molecules located not further than 4.1 A from
the central methane molecule (type A water molecules) as arithmetic averages. The values listed for the distances are also arithmetic averages.

a b

Figure 1. Optimized methane (1):water (10) cluster. (a) The front view. (b) The view from the right. The two circles in Figure 1 correspond to
the first maximum (3.6 A) and first minimum (5.35 A) of the radial distribution functigh= god(r o).

Jorgensen et &F used the distance of 5.35 A in their Monte TABLE 3: Orientation of the Average Water Molecules in
Carlo simulations as a cutoff distance for the definition of the the First and Second Sublayers Surrounding the Methane

. . . Molecul
number of water molecules in the first hydration layer around olecule .
a methane molecule in water. One can see from Figure 1a,b the average distance between the
that the water molecules between the spheres with radii 3.6 and carbon atom of methane and the oxygen

and hydrogen atoms of the water molecules

5.35 A include not only touching nearest neighbors but also in the cluster Ch++(HsO0 [A]

water molecules from a second sublayer which are non touching

nearest neighbors. Consequently, the space between the first layer foc FeHa FeHe@)
maximum and first minimum in the radial distribution function  roc < 4.1 A (type A) 3.704 3.769 3.771
Joc = Godroc) @around a central molecule of methane is filled 41A<roc=56A 4.570 4.339 5.138

with water molecules of type A (or first sublayer), which are (type B)

touching nearest neighbors, and water molecules of type B (or TABLE 4: The Average Intermolecular Distances between
second sublayer), which are nontouching nearest neighbors ofnearest Water Molecules in the Vicinity of a Methane

the methane molecule. The water molecules of types A and B Molecule

are quite different because their distances from the central pair of

methane molecule, their orientations toward it, the number of  water molecules  roo [A] data from literaturé-72
H-bonds per water molecule, the energy of interaction with the ‘ot are of type A 2.69 roo=2.84 A in liquid water at £C
central molecule, etc. (see also Discussion), are different. oneisoftype Aand 2.73  andoo=2.759 Ainice at 223 K

The distances between the C atom of methane and O and H the other of type B
atoms of the water molecules of type A{© and C-H) are
almost equal to each other (see Table 3) and are tangentiallyhydrophobic molecule, besides their interaction with the latter,
oriented toward the surface of the methane molecule, as wasis the interactions between themselves. The intermolecular
also found experimentall$®. However, the B water molecules  distances between the water molecules in the vicinity of a
have a different orientation (see Table 3). Another important methane molecule are listed in Table 4. Following the suggestion
characteristic of the water molecules in the vicinity of a of ref 40 we define the water molecules which are located not
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r=5.35

Figure 2. Optimized water (1):methane(10) cluster. (a) The front view. (b) The view from the right. The two circles in Figure 2 correspond to the
first maximum (3.6 A) and first minimum (5.35 A) of the radial distribution functiws = goc(r o).

TABLE 5: The Average Distance and Interaction Energy of methane do not form a cage around a water molecule, but
between a Water Molecule and nearest Methane Molecules simply surround it. This generates a difference between the
in the Clusters H,0-+(CHa)n : water/methane intermolecular interaction energies in the two
cluster ES, “H,0 cases and clearly indicates that the intermolecular interaction
Hz0-++(CHa)n roc[A] [KJ/mal] energy between the molecules of water and methane depends
n==8 3.70 —1.79 on the composition, which must be taken into account when
n=10 3.69 —1.83 calculating phase equilibria. However, usually, the models based

on lattice theories ignore this dependence and use the pair
further than 3.5 A from a central water molecule as its nearest intermolecular energy in the condensed mixtures as a composi-
neighbors. For comparison, the same parameters for pure watetion independent quantity.

are also listed in Table 4. 4.2. Molecules of Water in the Vicinity of a Methane

3.2. The Dilute Mixture of Water in Methane. When one Molecule. First, one should clearly emphasize the difference
molecule of water is surrounded by methane molecules, the petween (1) the number of water molecules in the first hydration
molecule of water behaves like a regular nonpolar molecule |ayer around a methane molecule and (2) the coordination
(see Figure 2, where one of the typical minimized clusters 1 nymper of a methane molecule in an infinitely dilute aqueous
(water):10 (methane) is presented). The average intermolecularso|ytion. Jorgensen et #. defined the number of water
distance and Interaction energy between a water molecule andnglecules in the first hydration layer around a methane molecule
the nearest neighbors methane molecules in the clustersyg the water molecules located between the spheres with radii

H;0-++(CHa)yo are listed in Table 5. 3.6 and 5.35 A. Hence, Jorgensen’s first hydration layer contains
_ ) both A and B species. However, the coordination number in a
4. Discussion liquid is usually defineé@* as the number of nearest touching

4.1. Comparison between Two Clusters: Cht++(H20)n neighbors and corresponds to A type molecules.
and H;0-++(CHa)n. The results listed in Tables 2 and 5 show L_et us consider two spheres w_it.h radii 3.6 and 5.35 Ain pure
that the interaction energies between a water and a methandiquid water. Under ambient conditions and assuming the density

molecule in the two clusters GH+(H20), and HO-++(CHy), equal to that of bulk water one can easily compute that there
are very different not only one from another but also from that are 6.5 water molecules inside the first sphere and 24.5 water
in the HO-+-CH,4 dimer. While the intermolecular distances molecules inside the second, and hence, that there are 18 water

are not very different from one another and from the inter- molecules between the two spheres. If this number is compared
molecular distance.. in the methane/water dimer, the interac- to that of Jorgensen et #.(20.3), one can conclude that the
tion energies between methane and water depend on the clustewater layer around a central methane molecule is slightly denser
type. It reflects the fact that the two kinds of clusters represent than the bulk water. Our calculations regarding the inter-
two different physical systems. Indeed, the two extreme casesmolecular distance between neighboring water molecules in the
at mole fractions¢; — 0 andx, — 0 are very different. When  vicinity of a central methane molecule (Table 4) is in agreement
one molecule of methane is located in water, the molecules of with this observation. It is not possible to calculate accurately
water are subjected to hydrogen bonding which will affect the the number of water molecules of types A and B because the
interaction between $# and CH.”®> When one molecule of number of water molecules considered in the calculations (10)
water is located in Ck the water molecule is no longer is smaller than their number between two spheres of radii 3.6
subjected to hydrogen bonding, but the interactions with the and 5.35 A in pure liquid water. However, a simple evaluation
other methane molecules interfere with the interaction betweencan be made by taking into account that a central molecule of
H,O and CH. methane replaces 6.5 molecules of water inside the first sphere.
The single molecule of methane is located inside a cage Because each of these molecules of water has 4.4 nearest
formed by water molecules which are bound through hydrogen neighbors in pure water, by subtracting the nearest neighbors
bonds (Figure 1). In contrast, in the second case (a single waterthat are present among them, one obtains that the methane
molecule and 10 molecules of methane, Figure 2), the moleculesmolecule has 1516 water molecules of type A. Our computa-
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D) o, 3. This figure shows that the arithmetic average distance and
’ 5 ; 6 8 10 b interaction energy between a methane molecule and the nearest
0.5 1 water molecules (type A) is almost the same in the clusters
n CHge++(H20)10 and CH-+(H20)11. One can, therefore, conclude
0.6 that the cluster Cii-+(HO)y is large enough for a correct
07 estimation of the average distance and interaction energy
o ° between a methane molecule and the A water molecules in dilute
0.8 ° ' solutions of methane in water. A more detailed analysis of the
09 clusters CH--+(H2,O)11 leads to the same conclusions regarding
° the water molecules in the vicinity of a central methane molecule
41 E,[KJ/mol] for the clusters Cht-+(H.0)10 (See section 4. 2). However, the
» ° clusters (CH+++(H20)10 and CH++(H20)11) are not large enough
’ to accurately represent the characteristics of the B water
b) 4 molecules and of the water molecules in the second, third, and
395 | . so on, hydration layers.

' rco, [Al 4.4. Influence of Temperature.As is well-known, the ab
391 initio quantum mechanical methods provide results valid at O
3.85 - K and zero pressure. While the interactions depend on temper-
38 o ature and pressuré,’this dependence is expected to be weak

a7s | o ° up to normal conditions. Indeed, it was shdf that for pure
: o ° water the length of the hydrogen bond changed by at most four
3.7 1 o parts per thousand when the temperature varied by 100 K.
3.65 n .
36 1 ‘ ‘ ' ‘ 5. Conclusion

0 2 4 6 8 10 12 In this paper, the MgllerPlesset perturbation theory was

Figure 3. The dependence of the interaction energy (a) and average applied to clusters formed by one molecule of methane and
distance (b) between a methane molecule and water molecules of typeseveral molecules of water, or one molecule of water and several
A in the clusters Cl#-+(H,0)» on the number of water molecules in yq1acyles of methane. The goal was to determine the inter-
the clustem. . . . ;

molecular distances and interaction energies between a water
molecule and a methane molecule in the clusterg-€fH,0),
and HO:--+(CHy), and to compare the obtained results with
available experimental data.

It was found that the intermolecular distances and interaction
energies between a water molecule and a methane molecule
,are quite different in the clusters G+t (H,0);0 and HO---
(CHy)10. The average intermolecular distance between a central
methane molecule and the touching nearest neighbor water
molecules is in agreement with the experimental value regarding
the position of the first minimum in the radial distribution
function goc = doc(fod)- It was shown that the water molecules
in the vicinity (foc < 5.35 A) of a central methane molecule

tions (Table 4) showed that the A water molecules have
hydrogen bonds slightly shorter between them, than with the
water molecules of type B. These results are in agreement with
the Monte Carlo simulation. Table 3 provides information
about the orientation of the water molecules in the vicinity of
a central methane molecule. One can see that the wate
molecules in the first sublayer (type A) are oriented almost
tangentially toward to methane molecule; this peculiar orienta-
tion was also found experimentafl§. However, the water
molecules in the second sublayer (type B) are oriented more
randomly. We agree with the previous autdérd that the
tangential orientation is due to the “hydrophobic wall” effect.

Consequently, the water molecules of type A are quite different can be subdivided Into two groups. A.f'.rSt group of water
not only from the “bulk” water molecules, but also from the molecules (type A) in the immediate vicinityof < 4.1 A) of

water molecules of type B. If one retumns to the Frank and € central methane molecule, which are touching nearest
Evans’ “iceberg”, one can state that the iceberg is not uniform, N€ighbors and a second group of water molecules (type B) in

but contains at least two types of water molecules. A simplified the second sublayer (4.1 A roc < 5.6 A). The molecules of

model of water like the Mercedes-Benz (MB) mo@girobably type A are tangentially oriented toward the central methane
can be used to simulate the first sublayer of water (type A molecule and have shorter hydrogen bonds; the central methane

molecules) around the central methane molecule molecule interacts with the water molecules (type A) through

4.3. Cluster Size.The critical problem is how many water the so-called “hydrophobic wall” effect.
molecules should be used to accurately represent the hydration
layers around nonpolar molecules. As already mentioned, it
would be ideal to use in such calculations molecular clusters
containing a single molecule of solute and hundreds of solvent
molecules. Unfortunately, the ab initio methods based on MP2
are computationally expensive and this limits the size of clusters
that can be attempteéd To fully understand whether the cluster 5 I(l)' Ti'slr’\lllfolrdbC-The2 ijjydrdOpf\}\tlJ_tI)iC Ef’\flecti \forlzn?tgi,%r(l) of Micelles and
.1:10 IS _suff|C|entIy Iarge to captu_r_e the essentl.al physics of the ° ?Z%Icgen—ﬁlr;rgégﬁygro;hdbic Ilrig-ract?g;lstlognl’Jm: New York, 1980.
interactions, we carried out additional calculations for clusters  (3) pj, k. A. Biochemistry199Q 29, 7133.
containing a single molecule of methane surrounded by 11  (4) Blokzijl, W.; Engberts, J. B. F. NAngew. Chem., Int. EAL.993
molecules of water (1:11). A comparison of the average distance 32 1545. _
and interaction energy between a methane molecule and thezoogS)ZSFéugn4rg?r' G.; Garde, S.; Garcia, A. E.; Pratt, L.Ghem. Phys.
water molecules of type A in the cluster GH(H20).1 with (6) Schmid, RMonatsh. Chem2001, 132, 1295.
those for smaller clusters (see Table 2) is presented in Figure  (7) Ludwig, R.Angew. Chem. Int. E®001, 40, 1809.
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