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Abstract

Sequential Monte Carlo/quantum-mechanical calculations of the interaction energy of
hydrogen-bonded methanol in liquid water give the same result for methanol acting either as
the proton donor or the proton acceptor. For the complex-optimized cases, methanol acting as
the proton acceptor, CH;HO- - -H,0, is more stable than the proton donor, CH;0H. - 'Oljlz, by
~0.5 kcal/mol. In the case of methanol in liquid water, at room temperature, statistically
converged results, using counterpoise corrected MP2/aug-cc-pVDZ calculations, lead to the
same binding energy in both cases.
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1. INTRODUCTION

Alcohol - water liquids are among the most interesting liquid mixtures [1-3].
Indeed, alcohol-water exhibits properties that are of great interest in
physics, chemistry and biology. To a large extent this is a consequence of
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greater stability of this isomer but obtained a relative stability that is less than
1 kcal/mol [ 13,14]. Although gas-phase results are of interest in their own
right, it is also clear that the liquid situation may find a broader range of
interest for alcohol-water mixtures [15-18]. Unfortunately, the results
obtained for the gas phase cannot b

situation without great risk, The hydrogen bonds j

R(0--0)=2.844A 1

Fig. 1. The two isomers of hydrogen-bonded methanol - water.
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described by statistical physics and its structure is represented by a great
number of possible configurations or molecular arrangements. The thermal
contribution leads to a decrease of the hydrogen bond interaction [19,20].
Hence, the strength of the hydrogen bond formed between methanol and
water in the gas phase is not the same as in the liquid case. The focus of this
present contribution is to clarify this aspect. In fact, we will make an attempt
to obtain the relative strength of the two hydrogen-bonded isomers formed
between methanol and water in the liquid environment at room temperature.
We use Monte Carlo simulation to generate the structure of the liquid
composed of methanol in bulk water. Using the structures of the simulation,
we identify the hydrogen bonds in the liquid, in both isomeric possibilities,
select the configurations and perform ab initio quantum mechanics
calculations to obtain the intermolecular strength. These results clarify the
relative strengths in the liquid environment and also give a theoretical
estimate of the decrease of the hydrogen bond interaction as compared with
the gas-phase situation. :

2. METHODS

2.1. Monte Carlo simulation

The structure of the liquid is generated by Metropolis Monte Carlo (MC)
computer simulation [21], using the DICE Monte Carlo program [22]. The
simulations are performed in the canonical (NVT) ensemble with one
methanol molecule plus 400 water molecules using the experimental density
of water, which at 7 =298.15K is 0.9966 glem®. The intermolecular
interactions are described by the standard Lennard-Jones plus Coulomb
potentials. For the water molecules we use the SPC potential [23] and for
methanol we use the all-site OPLS—AA potential [24]. Our sequential Monte
Carlo/quantum mechanics procedure for generating liquid structure using
MC simulation has been described previously in great detail [19,20,25,26].
The present simulation consisted of an equilibration stage of 2.0 X 10° MC
steps, followed by a long averaging stage of 80.0 X 10® MC steps, where the
equilibrium configurations are generated. Successive configurations gener-
ated in the MC simulations are found to be statistically highly correlated, and
will not give important additional information. Therefore, we calculate the
interval of statistical correlation using the auto-correlation function of
the energy [27]. For the simulations presented here, after the calculation of
the auto-correlation of the energy, we obtain that configurations separated by
4.0X% 10° MC steps are statistically relevant (~20% of statistical
correlation). Thus, after the entire simulation, 200 configurations separated
by 4.0 X 10° MC steps were sampled.

BEP\MAA ~— —
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2.2. Hydrogen bonds from Monte Carlo simulation

An important point is the identification of the hydrogen bonds in the
structures generated in the Monte Carlo simulation. Hydrogen bonds are
normally extracted «from computer simulation using the pair-wise radial
distribution function [21]. This gives the coordination of water molecules
around the solute, but it cannot be assured that all near-neighbor water
molecules are indeed hydrogen bonded. This point has been the subject
of previous concern [19,20,26-28]. The definition of a hydrogen bond in
a liquid is not unanimously free from ambiguities. However, a very
efficient procedure can be obtained using in addition to the geometric,
also an energetic criterion [19,20,26,29-31]. Here we identify a
hydrogen-bonded structure when the distance Rp_g = 3.35 A, the angle
6(O-OH) = 40° and the binding energy is larger than 2.5 kcal/mol.
These geometric conditions are obtained from the radial and angular
distribution functions. For the energetic criterion we look at the pair-wise
energy distribution.

First, Fig. 2 shows the pair-wise radial distribution function between the O .
atom of methanol and the O atom of water. The first Jpeak in this Go_q(r)
distribution function starts at 2.45 A and ends at 3.35 A, with a maximum at
2.75 A. Hydrogen bonds can therefore be located for the distance
Ro_o =3.35A. Similar analysis gives the criterion for the angle
6(0~OH) = 40°. Figure 3, in turn, identifies the hydrogen bonds for pair-
wise methanol-water interaction energy at less than — 2.5 kcal/mol. Using
these three criteria, in the 200 MC configurations we find 287 hydrogen
bonds formed in the CH;HO. - ‘H>0 and 160 in the CH;0H. - -‘OH, isomers.
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Fig. 2. Pair-wise radial distribution function between the oxygen atoms of methanol
and water.
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Fig. 3. Histogram of the pair-wise energy interaction between methanol and water:
(a) CH30H. - -OH, isomer and (b) CH;3HO- - ‘H,0 isomer. :

Table 1 shows the detailed statistics of hydrogen bonds. For the
CH3HO-: - -H,0 isomer we find that seven (3.5%) of the configurations do
not form any hydrogen bonds, in 103 (51.5%) it forms one, in 86 (43%) it
forms two and in only four (2%) it forms three hydrogen bonds. This gives an
average of 1.43 hydrogen bonds between methanol ‘and water in the
CH;HO---H,0 isomer. For the CH;OH.- ‘OH, the picture is slightly
different: 40 (20%) configurations make no hydrogen bond and the rest,
160 (80%), make one hydrogen bond, leading to an average of 0.80 hydrogen
bond. Because of the great diversity of structures of the methanol—water
mixture [18], an explanation is needed. The physical situation considered
here is methanol in extreme dilution in water. Hence, only one methanol
molecule is considered. In a liquid mixture with proper proportion there will
also be configurations where two methanol molecules acting as proton donor

Table 1. Statistics of the hydrogen bonds formed between methanol
and water (see text)

Number of hydrogen bonds CH,HO- . -H,0 CH;0H- - -OH,

0 7 (3.5%) 40 (20.0%)
1 103 (51.5%) 160 (80.0%)
2 86 (43.0%) -
3 4 (2.0%) -
Average 143 0.80
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Fig. 4. Superposition of configurations of the hydrogen bonds formed by methanol
in aqueous solution. -

are hydrogen bonded to a single water molecule. This, however, will not be
present here, giving a more simplified picture and a more direct comparison
with the (1:1) gas-phase result. Thus, we will focus on the 103 configurations
making one hydrogen bond in the CH;HO- - -H,0 and 160 configurations in
CH,;OH-: - -OH,. All these (1:1) structures composed of one methanol and one
water molecule will be submitted to quantum-mechanical calculations. In
fact, statistical convergence is obtained before we use all these hydrogen-
bonded structures.

Figure 4 shows, in a single picture, the superposition of all these (1:1)
hydrogen bond structures in the liquid for both isomers. It clearly shows the
efficiency of the identification and the sampling procedure for obtaining
hydrogen bonds formed between methanol and water. Indeed, it can be seen
how the configuration space is filled and the water molecules are hydrogen
bonded to the methanol. The calculated hydrogen bond distance O-Ointhe
complex is 2.844 A for the CH;HO---H,O isomer and 2.912 A for the
CH;OH. - -OH, isomer. For comparison, in the (1:1) liquid case, the average
distances are calculated as 2.84 + 0.16 and 2.84 + 0.15 A, respectively.

2.3. Quantum-mechanical calculations

The major interest of this paper is the calculation of the binding energy of
methanol in liquid water and a comparison with the result obtained for the
optimized (1:1) cluster. All binding energies are obtained using counterpoise
correction [32] to basis set superposition error (BSSE), i.e.,

AESE = Exp — E(a)s — Eap) (1)
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where, as usual, E,p is the energy of the complex, E,g) is the energy of the
monomer A obtained with the entire basis set, including the basis set of
monomer B, and Epa) is the equivalent for the monomer B.

As the appropriate Boltzmann weights are included in the Metropolis
Monte Carlo sampling technique, the average value of the binding energy, or
any other property calculated from the MC data, is given as a simple average
over a chain of size L of energy values:

L
® =1 E @

The quantum-mechanical energies and properties are calculated indivi-
dually for each of the (1:1) structures extracted from the MC simulation of
the liquid and for the optimized (1:1) complexes using many-body
perturbation theory in second order with the Moller—Plesset partitioning
[33], using the MP2/aug-cc-pVDZ theoretical model implemented in the
Gaussian 98 program [34].

3. RESULTS
3.1. Gas-phase interaction

We first consider the isolated methanol-water system, corresponding to the
gas-phase physical circumstance. A full geometry optimization is performed
for both isomers using the second-order MP2 and the aug-cc-pVDZ basis set.
Figure 1 shows the optimized hydrogen bond OO distance in both cases. We
can note that the CH;HO- - \H,O isomer has a shorter distance indicating a
possible stronger bond. The calculated O-O hydrogen bond distances of
2.844and 2,912 A arein good agreement with the previous result [13] of 2.851
and 2.901 A. Table 2 shows the calculated results for the binding energy of
both isomers after taking into account the BSSE via counterpoise correction.
To analyze the role of electron correlation effects in more detail, higher order
calculations, up to the coupled-cluster CCSD(T) level, were performed in the
geometries obtained at the MP2/aug-cc-pVDZ level. At the MP2 level the
CH;HO: - -H,0 isomer is more stable by 0.7 kcal/mol. This is in good
agreement with previous density-functional theory calculations by Gonzalez
et al. [13] that obtained the same value for the relative stability of this isomer.
With all theoretical results shown in Table 2 we can see that the
CH;HO-: - -H,0 isomer is more stable but the relative stability is less than
1 kcal/mol. In fact, at the highest level used here, CCSD(T)/aug-cc-pVDZ//
MP2/aug-cc-pVDZ, we obtain a relative stability of 0.5 kcal/mol. This
agreement between MP2 and CCSD(T) corroborates that MP2/aug-cc-pVDZ
is a good theoretical model for obtaining hydrogen bond interaction. If we take

BEPM 21 = o2
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Table 2. Calculated binding energies (kcal/mol) of the two hydrogen-bonded
methanol - water isomers in the gas phase

Method CH3HO- - -H,0 CH3;0H---OH, Relative stability
MP2/aug-cc-pVDZ 52 4.5 0.7
MP3/aug-cc-pVDZ 4.9 4.4 0.5
D-MP4/aug-cc-pVDZ 4.8 43 0.5
DQ-MP4/aug-cc-pVDZ 4.7 4.2 0.5
SDQ-MP4/aug-cc-pvVDZ 4.8 4.2 0.6
MP4/aug-cc-pVDZ 50 44 0.6
CCSD/aug-cc-pvDZ 4.7 4.2 0.5
CCSD(T)/aug-cc-pVDZ 5.0 4.5 0.5
B3LYP/6-311 + G(3df,2p) 5.9 5.2 0.7
ZPE 1.9 1.6 -

All present calculations are made using the geometry optimized with MP2/aug-cc-pVDZ.
B3LYP stands for the DFT calculations of Gonzalez et al. [13] using the B3LYP/6-311 +
G(d,p) optimized geometry. ZPE stands for zero point energy difference between the
complex and the separate parts using MP2/aug-cc-pVDZ.

into account the Zero-point energy correction that is important in the gas-phase
results, the relative stability decreases t0 0.5 kcal/mol (MP2) and 0.2 kcal/mol
(CCSD(T)). It is clear from these results that high-level ab initio calculations
systematically predict the existence of both isomers with the CH;HO. - ‘H,O
one being the most stable. The relative stability is, however, very small, being
calculated to be less than 1 kcal/mol and with the best result indicating a
relative stability of the CH3HO- - ‘H,0 isomer by only 0.5 kcal/mol.

3.2. Liquid (1:1) interaction

Now we discuss the results obtained using the structures generated by the
MC simulation at room temperature. The calculated average binding
energies obtained using the ( 1:1) structures of the MC simulation, sampled
according to the statistical correlation as discussed above, are shown in
Table 3. These average results include counterpoise correction to BSSE. The
results show that the binding energies are the same within 0.01 kcal/mol,
which is much smaller than the standard deviation of the calculations, The
CH3HO- - -H,0 isomer has an average binding energy of 3.05 + 1.09 kcal/
mol compared with the value of 3.04 + 0.64 kcal/mol for the CH30H. - -OH,
isomer. It is clear that in the liquid situation at room temperature these results
are similar and favor the conclusion that the two possible isomers are equally
probable energetically. The largest standard deviation (1.09 vs. 0.64 kcal/
mol) obtained for the CH,0H. - ‘H,0 isomer is a consequence of the larger
structural disorder, as can be seen in Fig. 4. The two distributions of
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Table 3. Calculated binding energy (kcal/mol) of the two isomers of hydrogen-
bonded methanol-water obtained with MP2/aug-cc-pVDZ including counterpoise
correction to BSSE

CH,HO-. - -H,0 CH;0H. - -OH,
Liquid Gas Liquid Gas
AE 3.05 + 1.09 5.15 3.04 + 0.64 4.48
p ‘ 3.68 + 0.34 2.04 3.42 +0.29 273
a 31.45 = 0.09 31.19 31.27 = 0.18 30.67
Aa 5.72 + 0.74 5.90 569 * 1.1 5.25
on (1073) 45 * 1.1 4.7 45+ 18 4.0
op (1073 22+06 24 23+09 2.0
oc (1073 45+ 1.1 4.7 46+ 18 4.0

Results shown for the liquid are averages. Dipole moments are in debye and dipole
polarizabilities (average and anisotropic) are in a.u. Rayleigh depolarizations (o for natural,
planar and circular polarizations) are dimensionless. Standard deviations are also shown.

calculated values are shown in Fig. 5. Another aspect worth mentioning is
the decrease in binding energy for the liquid situation. As a result of the
thermal fluctuation and the ensemble of possible configurations in the liquid,
we can note that the final binding energy is reduced to 60-70% of the
corresponding value for the minimum-energy configuration of the gas phase.
Table 3 also gives the calculated dipole moments. As-can be seen, the
average dipole moments for the (1:1) liquid situation is considerably larger
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Fig. 5. Histogram showing the distribution of binding energies between methanol
and water. The solid line is for CH;HO---H,O and the dashed line is for
CH;0H- - -OH,.
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than in the (1:1) optimized complex. For completeness, Table 3 also gives
the average and anisotropic dipole polarizabilities of the (1:1) structures
of the liquid as compared with the gas-phase situation. The inhomogeneity
in the electronic distribution leads to depolarization of the light elastically
scattered and this Rayleigh depolarization is obtained from the calculated
(1:1) dipole polarizabilities. Upon hydrogen bond formation in the aqueous
environment, the depolarization ratios become a distribution with the
average valug being only slightly decreased with respect to the value
obtained for the cluster-optimized. The depolarization ratios are essentially
the same for both isomers. Table 3 gives the corresponding Rayleigh
depolarization ratios for different light polarizations (natural, planar and
circular). Rayleigh depolarizations have been analyzed before for the case of
pyridine in water with similar results to those found here [20).

3.3. Statistical convergence

The efficient sampling of configurations from the simulation is crucial to
ensure fast statistical convergence of the subsequent quantum-mechanical
calculations. Instead of performing a quantum-mechanical calculation on
every configuration generated by the MC simulation, as discussed in Section
2.1, we used the interval of statistical correlation [27,35] to select the
configurations that are statistically relevant [25]. We have shown previously
that performing an average over thousands of successive configurations
generated in the MC simulation gives the same result as averaging over only
a few statistically uncorrelated configurations [36,37]. Using the auto-
correlation function of the energy is a very efficient way to sample
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Fig. 6. Convergence of the calculated binding energies for hydrogen-bonded
methanol-water: (a) CH;0H- - -OH; and (b) CH;3HO- - -H,0. Statistical errors are
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configurations and ensure statistically converged results. Indeed, Fig. 6
shows the calculated average binding energy for the increased number of
(1:1) configurations used in the liquid case. The results are clearly
converged, demonstrating the efficiency of our sampling procedure and the
reliability of our average results.

4. FINAL REMARKS AND CONCLUSIONS

Hydrogen bond is a fundamental interaction to understand the thermodyn-
amics of protic liquids, liquid mixtures and several biological phenomena
that can only occur in the liquid environment. Hydrogen bonds between bio-
molecules are perhaps the most significant process regulating functions in
living systems. Most understanding of the electronic structure of hydrogen
bonds has been derived from studies in optimized complexes. However, the
situation found in such clusters is certainly not the same as that in a liquid.
Whereas in a cluster the hydrogen bond structure is fixed by a minimum-
energy condition, in the liquid environment there are several configurations
given by the temperature and the related natural disorder of the. liquid.
Therefore, the hydrogen-bonded site of a solute molecule in an aqueous
environment experiences a great local thermal disorder. Understanding the
nature of hydrogen bonds formed between a solute organic molecule and
water is crucial for describing several solvation and bio-molecular processes
[38]. One system that is very important is the alcohol-water mixture.
Methanol -water is among the simplest of these mixtures and we have
focused on the adequate treatment of the two possible isomers. In this study
we considered the situation of methanol in water in conditions of extreme
dilution: one methanol molecule is surrounded by bulk water. This simplified
condition precludes the existence of more diversified cluster formation and
makes it easier to compare with the (1:1) gas-phase result. Using liquid
structures generated by realistic Monte Carlo simulations, we calculated the
average interaction energy between methanol and water using first principle
calculations at the second-order perturbation theory level, MP2/aug-cc-
pVDZ, and counterpoise correction to basis set superposition. We find that
the statistically converged binding energies of (1:1) complexes decrease to
about 2/3 compared with the minimum-energy structures and that in the
liquid environment the two isomers have the same average binding energy.
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