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Large molecular clusters can be considered as intermediate states between gas and condensed phases, and
information about them can help us understand condensed phases. In this paper, ab initio quantum mechanical
methods have been used to examine clusters formed of methanol and water molecules. The main goal was to
obtain information about the intermolecular interactions and the structure of methanol/water clusters at the
molecular level. The large clusters (@Bt-+(H,O):, and HO--+(CH4O)10) containing one molecule of one
component (methanol or water) and many (12, 10) molecules of the other component were considered. Mgller
Plesset perturbation theory (MP2) was used in the calculations. Several representative cluster geometries
were optimized, and nearest-neighbor interaction energies were calculated for the geometries obtained in the
first step. The results of the calculations were compared to the available experimental information regarding
the liquid methanol/water mixtures and to the molecular dynamics and Monte Carlo simulations, and good
agreement was found. For the @M--(H;0),, cluster, it was shown that the molecules of water can be
subdivided into two classes: (i) H bonded to the central methanol molecule and (ii) not H bonded to the
central methanol molecule. As expected, these two classes exhibited striking energy differences. Although
they are located almost the same distance from the carbon atom of the central methanol molecule, they possess
very different intermolecular interaction energies with the central molecule. The H bonding constitutes a
dominant factor in the hydration of methanol in dilute aqueous solutions. ForiBe -KCH,0),0 cluster, it

was shown that the central molecule of water has almost three H bonds with the methanol molecules; this
result differs from those in the literature that concluded that the average number of H bonds between a central
water molecule and methanol molecules in dilute solutions of water in methanol is about two, with the water
molecules being incorporated into the chains of methanol. In contrast, the present predictions revealed that
the central water molecule is not incorporated into a chain of methanol molecules, but it can be the center of
several (2-3) chains of methanol molecules. The molecules of methanol, which are not H bonded to the
central water molecule, have characteristics similar to those of the methane molecules around a central water
molecule in the HO--+(CHy)10 cluster. The ab initio quantum mechanical methods employed in this paper
have provided detailed information about the H bonds in the clusters investigated. In particular, they provided
full information about two types of H bonds between water and methanol molecules (in which the water or
the methanol molecule is the proton donor), including information about their energies and lengths. The
average numbers of the two types of H bonds in the@H(H,0):, and HO---(CH,O),, clusters have been
calculated. Such information could hardly be obtained with the simulation methods.

1. Introduction (iii) They constitute a model for the investigation of the

Alcohol/water systems have attracted the attention of many hydrophobic effect. Although the interaction of a nonpolar solute
scientists and technologists for a number of reasons: (i) The M0lecule such as methane (or other hydrocarbons, noble gases,
low cost of the lower members of the aliphatic alcohols and €tc) Wwith the surrounding water molecules represents the

their miscibility with water make the alcohol/water mixtures Simplest manifestation of the hydrophobic hydration, the
useful as industrial solvents for a variety of chemical reactions interactions with molecules of a dual nature, such as alcohols,

and for small- and large-scale separation processes. In particularinvolve not only the hydrophobic hydration of the nonpolar
the aqueous solutions of alcohols are often employed in the moiety of the molecule but also the hydrophilic interactions
extraction and manipulation of labile materials such as proteins. petween the polar groups and the water molecules. (iv) Because
(i) They have unusual thermodynamic properties that depend gicohol molecules have a dual nature, details regarding the
in a complex way on composition, pressure, and temper&téire.  5qe0us solvation of alcohols can be used to improve our

understanding of aqueous solutions of much more complex
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the hydrophobic hydration of the nonpolar part and the H bonds deviation; (iii) the length ba H bond ¢, = 2.82 A) is only a

formed between water and methanol cooperate. little longer than that in icerf = 2.76 A); and (iv) the average
The macroscopic properties of alcohol/water systems were number of H bonds per molecule is 3.6 (inice it is 4). However,
carefully investigated, and excellent reviéw’s*> and book& 2 there are many subtle characteristics in which liquid water is

are available. In contrast, the structural and energetic featuresvery different from ice. For instance, the fraction of four
on the nanometer level have not been as well investigated. H-bonded molecules in water is about 55%, whereas in ice
During the last two decades, the wide use of modern almost all of the molecules have four H bonds.

experimental tools, especially X-ray, neutron scattering, and  Methanol molecules form in the liquid-state chains of
modern spectroscopic methots/ allowed one to obtain  hydrogen-bonded moleculéd®4° The average number of H
valuable information about the nanostructure of aqueous mix- honds per methanol molecule in the liquid state is about 1.8,
tures containing alcohols or various hydrophobic solutes. The whereas a methanol molecule can form three H bonds: two as
availability of powerful computers combined with refined acceptors and one as a donor. The average distance between
methods of molecular simulations, such as molecular dynamicstwo H-bonded methanol molecules is 2.84% for water, there
and Monte Carlo, were actively used to investigate the nanolevelis a similarity with the methanol in the solid state, where the
scale of aqueous solutiof:?> molecules form infinite chains with two H bonds per mol-
The present paper is devoted to the application of ab initio g¢y|edt.42
guantum mechanical investigation to dilute clusters of methanol
and water. The ab initio quantum mechanical methods are baseqn
on the Borr-Oppenheimer approximation to the Sothireger
equation and do not involve the traditional model interaction

The nanostructure and energetic features of the liquid water/
ethanol mixture were investigated both experimentally and
by molecular simulations. Neutron diffraction detaf a water-

tentials that loved i lecular d . 4 Mont rich region (mole fraction of water 0.9) revealed that a hydration
potentials that are émployed in molecular dynamics and VMOnte oo o \ater molecules is located at a distance of about 3.7 A

Carlo simulations. The ab initio quantum mechanical methods from the carbon atom of a methanol molecule. Although the
have been used frequently to determine the geometry and ENeI9¥ater molecules in this shell generated a disordered cage, they

of small molecular clusters suc_h as _dlmer_s, and the Obta'n.edretained roughly the tetrahedral local coordination of pure water.
resultg were usually used to fit various intermolecular PAIl The water molecules in the above hydration shell were not
potentials. More recently,.the ab initio quantum mechanical greatly affected by the presence of methanol molecdi@sis

methods have been applied to large molecular cluStefs observation is in disagreement with the famous hypothesis of

fc_)rmed of the same molecules or of molecul_es of two _dlfferent_ Frank and Evarfd that an ordered structure (iceberg) is formed
kinds. Large molecular clusters can be considered as intermedi-

round a nonpolar solute in water. This iceberg structure was
ate states between gas and condensed phases and can be helpﬁjf P g

: . . guently—24-5 used to explain the large loss of entropy during
n the understanding of some properties of the latter phase’the process of dissolution. A similar observation for the water-
particularly the local organization of the molecules and the

int i bet th rich region was made by using the depolarized Rayleigh light-
n $Laec;?;sofet&ei?essr:?'paper is to use ab initio quantum scattering techniqdeand by coupling neutron diffraction with
mechanical methods, such as MgHéHesset perturbation hydrogen/deuterium isotope substitutignAlthough no reor-

. nization of the water surrounding the nonpolar gr w
theory?132(MP2 method), to examine large clusters formed of ganization of the water surrounding the nonpolar groups was

detected, a compression of the second-neighbor watater
one molecule of methanol (or water) and up te-1@ molecules b g

of water (or methanol). Methanol was selected because it is Onecontact distance was observed, which might constitute a
. L structural feature of the hydrophobic hydration. The structure
of the simplest amphiphile-like molecules. Furthermore, the

results will be compared to those obtained for dilute clusters of of methanol/water clusters and its dependence on the methanol
p mole fraction was investigated by mass spectrometry using
methane and waté?.

. . . | rs isol from micrometer dropl i i
The paper is organized as follows: In the next section, the clusters isolated from submicrometer droplets by adiabatic

. ; Xpansion in v m an X-r iffraction of bulk binar
literature results regarding some features of the nanostructure. o> acuum and by X-ray diffraction of bulk binary

of pure water or methanol and the water/methanol bina cIustersSOIUtionSM It was found that in the water-rich range the water
P . inary CIUSIErS 1 lecules had a tetrahedral orientation, the lendtld bond
will be summarized. Then, the quantum mechanical ab initio

. . S at a mole fraction of water of 0.9 being 2.82 A, and the average
gﬁg\:\?ﬁ d tgatthvéasr:;;glt%?ﬁ c\l)\lilltlhzereii?t?t?\?t‘.wgg ovgltlfl;\ir?ee d distance between the carbon of a methanol molecule and the
for the diIu)t/e clugters of methanol and water. Furthermore, the >/ 9¢" of the nearest touching water molecule (not H bonded

. . S '~ to methanol) being 3.40 A. However, in the methanol-rich
results will be compared to the available information regarding

the liquid methanol/water mixtures that were obtained experi- region, chain clusters of methanol molecules became predomi-
d . ; . . P nant, the length foa H bond at a mole fraction of methanol of
mentally and by simulations. Finally, they will be used to shed

some light on the structure and other features of water moleculeso'9 being 2.80 A, and the average distance between the oxygen
g of a water molecule and the carbon of the nearest touching

in the vicinity of an amphiphilic solute. methanol molecule (not H bonded to methanol) being 3.38 A.

2. Nanometer Features of Water and Methanol and their The above experimental results provided many features
Mixture regarding the local microscopic structure of methanol/water

There is no single theory that can provide explanations for Mixtures. However, for the time being, the experiment could
all of the properties of the most mysterious substance: water.not provide some subtleties regarding the local structure. For
However, much information is available about the properties €xample, the hydration picture in the water-rich region was
of water and about the organization of molecules in liquid water expected to be different around the hydrophobic moiety of
at the molecular level. Cold liquid water (liquid water &t©) methanol (methyl group) and around its hydrophilic hydroxyl
is a very structured liquid with many features resembling the group, but the experiment could not provide the details of the
nanostructure of ice. Inde®d3® (i) the number of nearest difference.
neighbors is 4.4 (4 in ice); (ii) the water molecules in cold water ~ Meaningful results regarding the structural and energetic
have tetrahedral coordination as in ice, with only a small characteristics of methanol/water mixtures were obtained by
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TABLE 1: Some Experimental and Computational Results Regarding the Local Structure of Water/Methanol Mixtures T =
298.15 K)

water-rich range methanol-rich range reference comments
number of nearest neighbors 3.1 47 experimental data
that satisfy the condition 343.24 2.0, 1.9 44
(reyow < 3.5A) 3.4 18 molecular simulation
1.62e 22
2.9 2.6 46
2.6 39 48
2.5 2,51 49
3.4 23
number of nearest neighbors 10.7 47 experimental data
that satisfy the condition 20 13
(8.5A < rc,-0, < 5.5A) 17.6 17
20 18 molecular simulation
1.3 22
16 8v 48
12.4 23
~13 45
number of water/methanol H bonds 2.3 18 molecular simulation
with the central molecule 24 45
that satisfy the condition
(I’CMfow <35 A)
average length of H bonds, 283 a7 experimental data
Ioy—-ow (A) 2.84,2.82 2,76, 2.80r 44
2.8 18 molecular simulation
2.8% 2.89 46
average distance from a central molecule a3.7 47 experimental data
to the nearest neighbors, 3.7 13
rey—owl(R) 3.42 3.38 44
3.7 23 molecular simulation
3.7 45

a2The mole fraction of methanol is 0.2The mole fraction of methanol is 0.9The mole fraction of methanol is 0.008The mole fraction of
methanol is 0.002r¢,, - o, < 3.3 A.f The mole fraction of methanol is 0.125The mole fraction of methanol is 0.875The mole fraction of
methanol is 0.75. The mole fraction of methanol is 0.003The nearest neighbors listed in the previous part of the Tabled, < 3.5 A) are
excludedX The mole fraction of methanol is 0.05The mole fractions of methanol are 0.003 and 0.015.

molecular simulation. Two important pap&&’ regarding the the hydrophobic moiety of alcohol was essentially the same as
Monte Carlo simulations of dilute solutions of methanol in water that found in bulk water; in particular, there was no evidence
were published about 20 years ago, and they provided someof the presence of a clathrate-like cage around the hydrophobic
conflicting results. Okazaki et &.concluded that by introducing  moiety of the alcohol. Some change in the water structure was
one methanol molecule into water the potential energy and thefound in the vicinity of the hydroxyl group of the alcohol, with
structure of water had the tendency to be stabilized as a whole.a hydrogen-bonding network closer to tetrahedral in the solva-
This stabilization was attributed to the structural stabilization tion shell than in bulk water. The Monte Carlo investigation of
around the methyl group and to the strong H bonding in the Hernandez-Cobos and Ortega-Blékand the molecular dy-
hydrophilic region that acts cooperatively with the structural namics results of Meng and Kollm&for dilute solutions of
stabilization in the hydrophobic region. In contrast, according methanol in water also supported the results of Jorgensen and
to Jorgensen and Madutathe main feature of the hydration ~Madural® The recently published density functional theory
in the water-rich region is the favorable soldolvent hydrogen (DFT) based on molecular dynamics simulaffofound that
bonding. They found that the first shell around the carbon of a the “speculations that the normal water structure is significantly
methanol molecule (from 0 to 3.5 A) contained 3.4 water affected by the hydrophobic alkyl group are groundless”.
molecules, which formed 2.3 hydrogen bonds with the methanol However, much less information is available regarding the
molecule, and an average of 2.9 watemter hydrogen bonds  structural and energetic characteristics in the methanol-rich
per water molecule. Consequently, they formed a total of 3.6 region. The molecular dynamics simulation of Palinkas,
hydrogen bonds per water molecule, which was exactly the sameHawlicka, and Heinzingé? for dilute solutions of water in

as that for a water molecule in pure water. However, the water methanol showed that when very little water was added to pure
molecules from the second shell (from 3.5 to 4.5 A) had a methanol (methanol-rich region) the water molecules associated
slightly lower average number of hydrogen bonds (3.39) than with methanol were incorporated into the chains of the latter.
the bulk water (3.57). Although Okazaki et 8lfound an Some experimental and simulation results regarding the
iceberg-like structure of water molecules around a methanol structural characteristics of methanol/water mixtures are listed
molecule, Jorgensen and Madtfralid not observe a large in Table 1.

distortion of the water molecules around the methyl group. In contrast to the experimental methods, the molecular
Results supporting the findings of Jorgensen and Ma8urare simulation techniques, such as molecular dynamics and Monte
recently obtained by Fidler and Rodéfevia molecular dynam- Carlo methods, allowed one to obtain some details about the
ics simulations. They fourtithat the structure of water around molecular arrangements on the nanometer scale. However, the
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simulation techniques are very sensitive to the model potentialsfor all of the optimized geometries. All of the interaction

that are employed. energies between molecules and (E'(;‘;) were calculated
So far, ab initio quantum mechanical techniques were applied using the supermolecular approéth’ 54

to the methanol/water dimer and the methanol/water/water

trimer. It is well known that the methanol/water dimer can adopt E™=E_f{of} — Efof} — Efap} (1)

two possible configurations depending on whether water (WdM) of b * p

or methanol (MdW) acts as the hydrogen-bond donor. Because, . . . .
. U . whereEqs{ 0} is the total energy of anf pair obtained with
there is no large energetic difference between the two dlmers,an{aﬁ} basis set an&.{ a5} andEs{af} are the energies of

it was not easy to sellect the more staple O"T“ef- Nevertheless, itthe individuala. and 8 molecules, respectively, also obtained
was recently established that the dimer in which the water with the {af} basis set. The basis set superposition error

. H 1
mglegué? ésn;r;ioprlgtog.n?%n?rthgvtvgl\g)m':r cr::Oa:etr'r?::Eﬂfénnot (BSSE¥S was partially accounted for by using the function
wever, uld point ou : ' counterpoise method (FCP9.

represent a real patch.of a dilute condensed phase because they In contrast to the geometry optimization, which was carried
cannot represent, for instance, the cooperative effect of many .+ with the smaller 6-31G basis set, a larger 6-835 (3d,

g?&i?ﬂﬁzt;o achieve this goal, one must consider a much 2p) basis set was employed to calculate th_e energies t_)gcause,

: at least for small clustef®; 5% the geometry is less sensitive,
whereas the energies are very sensitive to the size of the basis
set used.

Ab initio quantum mechanical methods were recently applied ~We were tempted to use the same basis set for the cluster
to the analysis of large clusters formed of one solute molecule geometry optimization as that used for the calculations of the
and several molecules of solvent for water/methane mixfiires. interaction energies between molecules (6-8+G (3d, 2p)).

It was show#? that they can provide information regarding the However, the present computer capabilities have not allowed
interaction energies and intermolecular distances between theus to perform such calculations in a reasonable amount of time.
molecules of methane and water. The obtained results were

compared to the available experimental and molecular simula- 4- Results of the ab Initio Computations

tions regarding condensed mixtures, and agreement was found. 4 1. Dilute Mixture of Methanol in Water. Sixteen initial

A similar methodology of calculations will be used in the present guesses, each containing 1 molecule of methanol and 12
paper as well. molecules of water, were optimized in the present paper. The

Two types of clusters will be considered: (1) clusters with 1 optimized clusters were treated as follows: (1) The geometries
methanol and 12 water molecules and (2) clusters with 1 water of the clusters were used to calculate the distances between the
and 10 methanol molecules. Such clusters represent a compucarbon and oxygen atoms of the central methanol molecule and
tational compromise between the current Capabilities of the the oxygen atoms of the water molecules. (2) The interaction
modern ab initio methods and computer power on one hand energies between the central methanol molecule and the
and a feasible representation of dilute binary condensed miXtUreSSurrounding water molecules were calculated using eq 1.
on the other hand. Experimental data and simulation results for dilute solutions

Second-order MgllerPlesset perturbation theory (MP2) is  of methanol in watéf 2 indicated that the radial distribution
the quantum mechanical approach selected for the calculationsfunction gc,,0,, has the first maximum at a distance of about
because the sizes of the clusters that were employed were to@.7 A and the first minimum at about 5-3.3 A from the central
large to use more accurate methods. In addition, MP2 providesmethanol molecule. The water molecules located in the layer
accurate results regarding the calculation of the interaction between 3.7 and 5.3 A constitute the first solvation shell.
energies for both H-bonded p&#and van der Waals interacting  According to recent dati,there are about 18 water molecules
pairs®3 around a central methanol molecule in the first solvation shell.

The computational procedure presented below has the fol- These molecules can be roughly subdivided into two gré&éps:
lowing objectives: (1) to find an optimal geometry for the (1) touching nearest neighbors and (2) nontouching nearest
clusters considered and (2) to determine the distances and theneighbors. The molecules of the first group are in contact with
interaction energies between a central “solute” molecule and the central methanol molecule. In our paper regarding dilute
its nearest neighbors (“solvent” molecules). clusters of methane in wat&twe used (somewhat arbitrarily)

The computational procedure consisted of three steps: (i) An a distance of 4.1 A from the central methane molecule to
initial cluster configuration was constructed using the Cérius separate these two groups of molecules from each other. These
4.2 software. The solute molecule was placed in the center andtwo groups of molecules have very different interaction energies
was randomly surrounded by the molecules of the solvent. The with the central methane molecule. Besides, the molecules of
configuration that was built was processed using the Cerius the first group (touching nearest neighbors) are tangentially
CLEAN function, and the obtained structure was considered as oriented toward the central methane molecule, and this sublayer
the initial guess. (ii) The cluster geometry was obtained by is somewhat denser than the bulk water. We will use the same
optimizing the guess with respect to all coordinates using the separation of water molecules around the central methanol
MP2 method with a 6-31G basis set. This basis set makes themolecule in the first solvation shell. A similar subdivision was
numerous geometry optimizations required tractable. For large used by Rossky and Karplus in a paper regarding dipeptide
clusters, it is difficult to reach the global minimum because the hydration°
minimum reached can be a local one. To avoid the effect of For each of the water molecules belonging to the first group,
the initially selected guess, we carried out the minimization the distances between the O atom of water and the carbon atom
procedure for a large number of initial guesses—{18). In of the methanol molecule and the intermolecular interaction
addition, vibrational frequencies were used to ensure that theenergy were calculated. The results of these calculations are
optimized geometries were located at real minima. (iii) All of listed in Tables 24. These Tables contain the average distances
the pairwise intermolecular interaction energies were calculatedand interaction energies as double arithmetic averages. First,

3. Methodology of Calculations
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TABLE 2: Arithmetic Averages of the Distances and
Interaction Energies® between a Central Solute Molecule and
Touching Nearest-Neighbor Solvent Moleculésin the
CH40--+(H,0)12 and H,0:-+(CH4O)10 Clusters

type of solvent molecules e o0 Echo-no0
in the cluster ’;& kJ/mo

cluster

not H bonded with the 3.45 —2.7
central methanol molecule

CHiO-+(H0)2 |\ 'honded with 361 —15.79
the central methanol molecule
not H bonded with 3.65 -1.8
the central water molecule

H20-+(CH:Oho 14 bonded with 362 —17.29

the central water molecule

J. Phys. Chem. A, Vol. 109, No. 5, 200511

having H bonds with a central methanol molecule is about 2.8,
whereas molecular simulati&tt>predicted 2.3-2.4 and (2) the
obtained lengths of the H bonds are somewhat shorter than those
obtained by molecular simulati&f*® (see Discussion).

4.2. Dilute Mixture of Water in Methanol. Twelve initial
guesses, each containing 1 molecule of water and 10 molecules
of methanol, were optimized and then analyzed in the same
way as the CHO--+(H20)12 clusters in the preceding section.
Namely, (1) the geometries of each cluster were determined,
and the distances between the oxygen atom of water and the
carbon and oxygen atoms of the methanols were calculated and
(2) the interaction energies between a central water molecule
and the surrounding methanol molecules were calculated using

aThe interaction energies were calculated between a central solute€d 1. The results of these calculations are presented in Tables
molecule and all of the solvent molecules located not further than 4.1 2 and 4. One of the typical minimized clustersQ++(CH4O)10)
A from the central solute moleculéThe solvent molecules located is presented in Figure 2a and b.As in the previous case@cH
not further than 4.1 A from the central solute molecule were considered -+(H20)1, cluster), the molecules of methanol in the vicinity of

to be touching nearest neighbors of a central solute molecule.

TABLE 3: Average Orientation of Water Molecules® Not H
Bonded with a Central Methanol Molecule toward the
Central Methanol Molecule

average distance between the carbon atom of

methanol and the oxygen and hydrogen atoms

of the water molecules in the GB:-+(H,O).2cluster,
A

layer
f'cyow = 4.1A

Icyow I'cyHw(1) I'owHw(2)
3.45 3.85 3.77

aThe water molecules are not located further than 4.1 A from the

a central water molecule can be subdivided into two different
classes: (1) not H bonded with water and (2) H bonded with
it

The arithmetic averages of the distances and of the interaction
energies between a central water molecule and the methanol
molecules belonging to each of the above classes in the
H,0--+(CH40),0 cluster are listed in Table 2. It is interesting to
note that the methanol molecules not H bonded to a central
water molecule have characteristics very similar to those of
methane molecules around a central water molecule in the
H,0-++(CHy)10 cluster3® Indeed, in the latter cluster, the average

distance and interaction energy between a central water molecule
and the nearest touching methane moleculgs 6., = 3.69

calculations were made for all of the water molecules of a cluster A and E¢y, o = —1.83 kJ/mol) are very close to the
belonging to one of the groups, and second, for all of the 16 corresponding values in Table 2(o,, = 3.65A andEL’};O,CH40
clusters investigated. One of the typical minimized clusters = —1.79 kJ/mol). However, the average distance between a
(CH40-++(H,0)1») is presented in Figure 1a and b.The molecules central water molecule and the nearest touching methanol
of water in the vicinity of a central methanol molecule can be molecules from Table 2 is somewhat different from the distance
subdivided into two classes: (1) not H bonded with the central (3.38 A, see Table 1) obtained experiment#iifor a dilute
methanol molecule and (2) H bonded with it. (A hydrogen bond solution of water in methanol.
is defined here as suggested by Jorgensen and M&tura. Let us consider in more detail the second class of methanol
Namely, any pair of molecules with an interaction energy of molecules in the kD--+(CH4O)0 cluster, which are H bonded
—9.5 (kJ/mole) or less is considered to be hydrogen bonded.)to a central water molecule (see Table 4). Comparing Tables 1
Although the average distances between the central methanoknd 4, one can conclude that the lengths of H bonds in the
molecule and these two types of water molecules are almostH,0-++(CH4O);0 clusters are in agreement with the experimental
the same, the interaction energies are enormously different (sedengths?* the simulationg® provided somewhat longer H bonds.
Tables 2 and 4). Our results regarding the average number of H bonds between
The arithmetic averages of the distances and of the interactiona central water molecule and methanol molecules in the
energies between a central methanol molecule and the wateHH,0-++<(CH40)10 cluster differ from those predicted in the
molecules belonging to each of the above two classes in theliterature?® According to the literaturé}“6the average number
CH40-++(H20)12 cluster are listed in Table 2. The orientation of H bonds between a central water molecule and methanol
of the non-H-bonded water molecules with respect to the central molecules in a dilute solution of water in methanol is about 2,
methanol molecule is presented in Table 3. and the molecular dynamics simulation of Palinkas, Hawlicka,
Details regarding the second class of water molecules (H and Heinzingef showed that the water molecules are associated
bonded with the central methanol molecule) in the ,OH- with methanol, being incorporated into the chains of the latter.
(H20)12 cluster are listed in Table 4. A comparison with the Our results (Table 4) provide for the average number of H bonds
literature data regarding the liquid methanol/water mixtures between a central water molecule and methanol molecules a
(Table 1) reveals that (1) the average number of water moleculesvalue of about 3. This means that a central water molecule

central methanol molecule.

TABLE 4: Methanol/Water Hydrogen Bonds in the CH40-++(H20):, and H,0O-++(CH40)1o Clusters

average number of H bonds
between a central solute molecule

average length of the H bonds average energy of the H bond,

and the solvent molecules (Foy—ouw), A kJ/mol
cluster wdm Mdw?P Wwdm? MdwP Wwdm2 MdwP
CH4O:++(H20)12 1.75 0.94 2.74 2.67 —18.34 —11.04
H20:++(CH4O)10 1.75 1.08 2.77 272 —18.50 —14.75

aThe water molecule is the proton dondiThe methanol molecule is the proton donor.
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(a) (b)

Figure 1. Optimized methanol (1)/water (12) cluster: (a) full cluster and (b) fragment containing only the central methanol molecule and the water
molecules H bonded to the central one. (- - -) denotes H bonds. The circlesr (i @,6 A centered on a carbon atom of the methanol and in b,
r = 2.8 A centered on an oxygen atom of the methanol) are included for illustration.

(a) . (b)

Figure 2. Optimized water (1)/methanol (10) cluster: (a) full cluster and (b) fragment containing only the central water molecule and the methanol
molecules H bonded to the central one. (- - -) denotes H bonds. The circlesr(in 8,7 A centered on an oxygen atom of the water, and in b,
r = 2.8 A centered on an oxygen atom of the water) are included for illustration.

cannot be incorporated into the middle of a chain of methanol between a central solute molecule and its nearest neighbors
molecules but can be, for instance, the center of severéB)2  (solvent molecules).

chains of methanol molecules. The results listed in Tables—4 show that the interaction
. ) energies and the intermolecular distances between the molecules
S. Discussion of water and methanol are quite different in the O+(H20)12

Sixteen different CHD-++(HO): clusters and twelve different ~ @nd HO-++(CH4O)yo clusters. This difference reflects the fact
H,0-++(CH4O)0 clusters were optimized, and the results listed that the two kinds of clusters represent two different physical
in Tables 2-4 represent double arithmetic averages per cluster Systems. Indeed, the two extreme cases at mole fractioxs of
and all of the clusters of the calculated properties. Table 5 — 0 andx, — 0 are very different because the solute molecules
provides the mean percentage deviation of the average H-bondhave different solvent environments in the two clusters. This
lengths and energies (Table 2) from the values provided by thegenerates a difference between the water/methanol inter-
optimized clusters. Table 5 shows that the number of initial molecular interaction energies in the two cases and clearly
cluster configurations considered (16 and 12) is large enoughindicates that the intermolecular interaction energy between the
to represent accurately the distances and the interaction energiemolecules of water and methanol depends on composition. This
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TABLE 5: Mean Percentage Deviation of the Average ever, the H bonds in the above clusters are shorter than those
H-Bond Length and Energy (Table 2) from the Values in pure water (see Table 6). This observation can be explained
Obtained for All of the Optimized Clusters if one supposes that the layer of water molecules around a solute
number of deviation (%} molecule (methane or methanol) is a little denser than that in
cluster optimized length of the H bonds energy of the pure water. This increase in density is probably caused by the
composition  clusters (row-ow) H bonds so-called hydrophobic wall effect, which occurs when the water
CH40-++(H20)12 16 3.0 9.8 molecules have a hydrophobic surface on one side and cannot
H,0:++(CH40)10 12 3.3 11.8 form four H bonds. Because the average number of H bonds
a Deviation (%) is the mean percentage deviation defined as per molecule of water in pure water is 3.6, the water molecules
in the vicinity of a solute molecule should have a smaller number
N X=X of H bonds, and therefore their characteristics should be different

100 |

! from those in pure water.

Second, the orientation of the water molecules (not H bonded

N with a central solute molecule) toward the hydrophobic surface

wherex; is either the length of the H bonds or the energy of the H of the solute plays a role in the understanding of the hydration

bonds in th(_e'optimized cluster x !s the arithmetic average value of  of molecules of dual nature, such as methanol. Although for
these quantities (see Table 2), ahd the number of optimized clusters pure hydrophobic solutes, such as hydrocarbons and noble gases,

(here, 16 and 12). the water molecules in the vicinity of a solute are tangentially

TABLE 6: Average Intermolecular Distances between oriented toward the surface of the solute (a fact also observed
H-bonded Water Molecules in the Vicinity? of a Solute experimentall§?), such an orientation is not obvious for the
Molecule molecules of dual nature. Indeed, we found that the average
A data from the literatufé>’ orientation of the water molecules in the vicinity of a central
oo (A) regarding the length of H methanol molecule is not fully tangential (Table 3). However,
Cluster b ¢ bonds in liquid water it is clear that not all of the water molecules in the vicinity of
CH,O*++(H0)12 2.74 2.74 roo=2.82 (A)inliquid water at £C a central methanol molecule are under “the same conditions”.
CHae+(H:0)d 2.73 and The water molecules located on thg-€0Oy line beyond the

foo = 2.84 (A) in liquid water at 20C CHs group can be tangentially oriented toward the surface of
2 The pairs of water molecules were selected such that at least onethe CH; group; however, it is hardly possible for the water
water molecule was located not further than 4.5 A from the central mglecules located in the vicinity of the hydrophobic/hydrophilic

b H . . .
zg:‘dtt‘; ”r;'q%'feccuu"fe'm'e‘?tbr‘lsetrovr;zt‘g’fﬁrorlg‘éﬁce“:g E ﬁ;’r?é‘ed;‘zgot;gec%i’;?g' interface of a methanol molecule to be tangentially oriented
' toward the methanol molecule.

solute moleculed Data for the Ck+++(H,O)yo cluster were calculated )
on the basis of previous resuffs. As already noted, the methanol/water dimer can adopt two

possible configurations (WdM or MdW), depending on whether

fact should be taken into account when the intermolecular the water or methanol molecule acts as the hydrogen-bond
interaction energies are employed to calculate the thermo-donor. It was recently established that the dimer in which the
dynamic properties at different compositions of a binary water molecule is the proton donor (WdM) is more st&bie.
mixture 51 However, in a condensed phase, which is represented here

The molecules of solvent in both clusters (§:+(H20)12 approximately by the CkD-:+(H20):> and HO-++(CHsO)o
and HO--+(CH40)10) can be subdivided into two very different ~ clusters, both types of H-bond configurations are present (see
classes: (1) H bonded with a central solute molecule and (2) Table 4). Let us compare some of the characteristics of dimer
not H bonded with a central solute molecule. As expected, theseWdM or MdW in the gas phase with the different H-bond
two classes possess striking energy differences. Indeed, althougi¢onfigurations in the clusters investigated (Table 7). One can
they are located at about the same distance from the centraisee from Table 7 that the lengths of the H bonds-(®
solute moleculerg, o, in Table 2), their intermolecular inter-  distances) in both kinds of H-bond configurations (WdM and
action energies with the central molecule are extremely different. MdW) in the CHO-++(H20);2 and HO-++(CH4O);0 clusters are
One can see from Table 2 that the H-bond energy between ashorter and their interaction energies are smaller (in magnitude)
central water molecule and a neighboring methanol molecule than those of the gas-phase dimers. These results can be
is almost 10 times larger (in magnitude) than when the water/ explained by the mutual steric hindrances between the solvent
methanol pair is not H bonded. molecules that cannot be oriented in their optimal positions as

Let us examine the properties of the water molecules around they are for the gas-phase dimers. Table 7 also reveals that the
a solute molecule by discussing how these molecules differ from average number of WdM configurations is twice as large as
those in pure water, how they are oriented toward the surfacethe average number of MdW configurations. For the;OH:
of the solute, and the properties of the H bonds between the (H20):2 clusters, this result can be explained by observing that
water molecules (their lengths and energies). Such characteristicshe methanol molecule can donate only a single H bond but
of the water molecules in the vicinity of a solute molecule are can accept two. However, for the®--+(CH4O)y0 clusters, the
important not only for small molecules, such as alcohols and number of WdM and MdW configurations is determined by
hydrocarbons, but also for “large” molecules such as biomol- energetic and steric factors.
ecules. Although the average number of H bonds per molecule in

First, let us consider the lengths of the H bonds between the cold water is 3.6 (inice it is 4), in the 4@-++(CH4O);0 clusters,
water molecules in the vicinity of a central methanol molecule the average number of H bonds per molecule of water is 2.7.
in the CH,O--+(H,0)1» clusters (Table 6). One can see from Therefore, a molecule of water has lost abbH bond when
Table 6 that the lengths of the H bonds between the water compared to cold water. However, the average number of H
molecules in the vicinity of a central methanol molecule are bonds per molecule in liquid methanol is about 2, and we found
almost the same as those in the £HHO0)0*cluster. How- that the average number of H bonds per molecule of methanol
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TABLE 7: Comparison between the Two Types of Water/Methanol Hydrogen Bonds in the ClO-++(H,0)1, and
H,0--+(CH40)1o Clusters

average number

H-bond 0-O0 distance, A H-bond energy, kJ/mole of H bonds per solute molecule
configuration a b c a b c a b

WdM 2.74 2.77 2.85 —18.34 —18.50 —22.8 1.75 1.75

Mdw 2.67 2.72 2.90 —11.04 —14.75 —19.2 0.94 1.08

2 CH40+++(H20)12. ® H20+++(CH40)10. ¢ Water/methanol dimei5t

in the CHO--+(H20);2 clusters is about 2.8; a molecule of and (2) H bonded with a central solute molecule. Although they
methanol acquires about 0.8 additional H bond compared to are located at almost the same distancgg(,) from the central
pure liquid methanol, probably because the water molecules aresolute molecule, these two classes possess striking differences
smaller. regarding the interaction energies with a solute.

Two additional issues should be examined at least in  The solvent molecules, which are not H bonded with a central
passing: (1) the effect of cluster size and (2) the effect of solute molecule, do not exhibit any peculiar features different
temperature. (1) In our previous publicati#we considered  from those of pure solvents (water or methanol). However, the
clusters of 1 methane and several (1, 4, 6, 8, 10 and 12) waterH bonds in the clusters investigated demonstrated the presence
molecules, and the conclusion was that the clusters with 10 of salient features, which seem to be important in the under-
12 water molecules provided accurate results for the “average” standing of the molecular interactions in dilute mixtures formed
distances and interaction energies between a methane moleculby water and methanol.
and the nearest water molecules in the,€HH,0), cluster. In general, the ab initio quantum mechanical method that was
Of course, a full picture of the hydration phenomenon of small employed in the present paper provided useful information about
solutes can be obtained only if larger clusters (1 molecule of the hydrogen bonds in the systems investigated. In particular,
solute and 24 or 36 molecules of water) are considered. In it gives full information about two types of H bonds (WdM
particular, larger clusters are required to understand the structureand MdW) between water and methanol molecules, including
and intermolecular interactions in the second and probably third information about their energies and lengths; it provided a
hydration layers. The same conclusion is likely to be valid for relationship between the numbers of the two types of H bonds
the CHO-:+(H20)12 and HO--+(CH4O)10 clusters considered  in the CHO-:+(H,0);> and HO-++(CH4O)10 clusters. Such
in the present paper. The clusters considered in the present papaunique information could hardly be obtained by other methods.
are helpful in understanding the interactions between a central
solute molecule and its nearest neighbors (solvent molecules). Acknowledgment. We are indebted to the Center for
(2) The ab initio quantum mechanical methods provide results Computational Research (CCR) of the University at Buffalo for
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