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Abstract

The water—methanol dimer can adopt two possible configurations (WdM or MdW) depending on
whether the water or the methanol acts as the hydrogen bond donor. The relative stability between
the two configurations is less than 1 kcal/mol, and as a result, this dimer has been a challenging
system to investigate using either theoretical or experimental techniques. In this paper, we present a
systematic study of the dependence of the geometries, interaction energies, and harmonic frequencies
on basis sets and treatment of electron correlation for the two configurations. At the highest theory
level, MP2/aug-cc-pVQZ//MP2/aug-cc-pVTZ, interaction energies of —5.72 and —4.95 kcal/mol
were determined for the WdM and MdW configurations, respectively, after correcting for basis set
superposition error using the Boys—Bernardi counterpoise scheme. Extrapolating to the complete
basis set limit resulted in interaction energies of —5.87 for WdM and —5.16 kcal/mol for MdW. The
energy difference between the two configurations is larger than the majority of previously reported
values, confirming that the WdM complex is preferred, in agreement with experimental observations.
The effects that electron correlation have on the geometry were investigated by performing
optimization at the MP2(full), MP4, and CCSD levels of theory. The approach trajectories for the
formation of each dimer configuration are presented and the importance of these trajectories in the
development of parameters for use in classical force fields is discussed.

Introduction

The quantitative description of nonbonded interactions between small polar molecules is a first
step toward assessing the significance of these interactions in larger biomolecular systems such
as carbohydrates, nucleic acids, and proteins. Thorough analysis of nonbonded forces is
particularly important due to the abundance of such interactions as hydrogen bonding in
chemical and biological systems. Hydrogen bonding is particularly relevant in the case of
carbohydrates, where the molecular conformation depends in part on a balance between the
weak forces among the hydroxyl groups within the molecule and those between the
carbohydrate and the solvent. As water is the only biologically relevant solvent, an accurate
description of water—hydroxy! group interactions is essential for understanding the
conformational properties of carbohydrates. However, until now relatively little attention has
been given to the forces associated with solvation of these molecules. The smallest molecular
system that can be used to model carbohydrate—water interaction is the water—methanol dimer.
The water dimer has been extensively investigated by both theoretical and experimental
methods, but its simplest one-carbon analogue, the water—-methanol dimer, is not as well
characterized. In this complex, there are two possible hydrogen bond configurations that
depend on whether the water (WdM) or the methanol (MdW) acts as the hydrogen bond donor
(Figure 1). In the past decade, theoreticians and experimentalists have become increasingly
interested in the water—-methanol dimer because of the delicate balance between the repulsive
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and attractive forces that determine the more stable hydrogen bond configuration.
Experimentally, both configurations have been observed using infrared matrix isolation.12
Racine and co-workers observed the MdW configuration in a nitrogen matrix, L while in an
argon matrix they observed the WdM configuration,2 indicating that subtle environmental
forces can play a role in determining the favored configuration. In vacuo, Huisken and
Stemmler, as well as Stockman and co-workers, observed the WdM complex, suggesting that
it is the lower energy configuration.Sv4 While the relative stabilities have been qualitatively
established, there has yet to be an experimental determination of the interaction energy for
either configuration.

Early quantum mechanical studies, performed in 1971 on the two configurations, concluded
that MdW is the more stable complex by 1.0 kcal/mol. In contrast, close to a decade later,
Tse and co-workers determined at the HF/6-31G(d) level that the WdM configuration was the
more stable by 0.2 kcal/mol.8 In 1998, Gonzalez and co-workers examined the interaction
energies for the two configurations using G2 theory, performed on the MP2/6-311+G(d,p)
geometries.7 They concluded that WdM was the more stable configuration by 0.6 kcal/mol.
The following year, Jursic performed a more extensive examination of the two configurations
using a variety of theoretical levels and basis sets, but with the interaction energies computed
at higher levels than used for the geometry optimizations.8 In Jursic’s study, theory alone was
unable to conclusively predict the stability of one configuration over the other because of the
disagreements among the various theories and basis sets employed. Only in combination with
experimental data could the conclusion be drawn that WdM is the energetically favored
configuration.

The inconsistencies between the reported theoretical and experiment results form the grounds
for this study. We have undertaken a quantum mechanical investigation of the two water—
methanol configurations to provide geometries, harmonic frequencies, and interaction energies
that are more rigorous than previously obtained (see Table 1) in hopes of providing a definitive
theoretical treatment of the system. A secondary goal of this work is to provide accurate results
that will be implemented in the parametrization of GLYCAM,2a parameter set for simulating
carbohydrates employing the AMBER10:11 ¢lassical force field. The results from several
lower levels of theory were included in this study due to their historic importance in force field
parametrization.

Parametrization of the AMBER force field has been done largely using the HF/6-31G(d) level
of theory, which has been an adequate level for many of the properties associated with
carbohydrates, nucleic acids, and proteins. However, carbohydrates present a unique challenge
in parametrization due to the large number of hydroxyl groups that are capable of forming
intra- and intermolecular hydrogen bonds. This feature necessitates an increase in the level of
quantum accuracy in order to discriminate between the subtle molecular forces present within
carbohydrates.

Here, for the first time are presented the approach trajectories for the formation of the WdM
and MdW complexes. Full optimization of the dimer configurations yielded geometries and
energies that are determined by short-range forces, while the approach trajectories provide an
estimation of the strength of long-range forces involved in the formation of the complexes. In
molecular dynamics simulations, accurate descriptions of both the short- and long-range forces,
as well as the shape of the potential curves (surfaces), are crucial for reliable molecular
simulations. In many biomolecules, the local conformation is determined by short-range
interactions, whereas the overall conformational properties (e.g., stability of protein domains)
depend on short and long-range interactions. In the case of oligosaccharides both the
conformation and dynamics depend on interactions between hydroxyl groups, many of which
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are separated by distances of over 5 A. Thus, we are interested not only in the energies of the
molecular complexes at the most stable configurations but also at larger separations.

Methodology

Full geometry optimizations of the two hydrogen-bonded configurations and their constituent
monomers were performed at the restricted closed shell Hartree—Fock (HF), Mgller—Plesset
second order perturbation (MP2), 12 and density functional Becke—Three Lee-Yang-Parr (B3-
LYP) levels of theory using the Gaussian94 program suite. 14 All calculations were
performed on the closed shell ground electronic state. Only the valence electrons were
correlated for the Maller—Plesset theory, except in one instance where both the core and valence
electrons were correlated, indicated as MP2(full). A variety of basis sets were used for geometry
and energy determination, which included 6-31G(d), 6-31++G(d,p), 6-31++G(2d,2p), and aug-
cc-pVxZ (x =D, T, and Q). The most rigorous level employed for determining interaction
energies was MP2/aug-cc-pVQZ//MP2/aug-cc-pVTZ. Likewise, the most rigorous geometry
optimization was performed at the CCSD/aug-cc-pVDZ level of theory (see Results and
Discussion section for further detail). Due to the shallow potential curves of these systems, the
keyword OPT=TIGHT was included to increase the convergence criteria in order to obtain
reliable geometries. Frequency analyses were performed at appropriate levels of theory, the
highest being MP2/aug-cc-pVDZ, to obtain harmonic frequencies and zero-point vibrational
energies (ZPVE). The trajectory curves were generated by incrementally adjusting inter-
oxygen separations, while allowing the rest of the complex and monomer geometries to relax.
Symmetry was maintained during the course of the minimization as appropriate. Interaction
energies were determined relative to the fully optimized and isolated monomers (that is, the
supermolecule approach). Correction for BSSE was accomplished using the standard Boys—
Bernardi functional counterpoise scheme.1® To be consistent in the sign convention, all stable
interaction energies presented in this paper, as well as values taken from the literature, are
presented with a negative sign.

Results and Discussion

The relative stabilities between the WdM and MdW complexes are dependent on the subtle
balance between repulsive and attractive forces in each configuration. The repulsive forces
arise primarily from nuclear—nuclear repulsion and the Pauli exclusion principle. The attractive
forces are dominated by electrostatics, with small contributions from induction and dispersion
forces. Correct modeling of weak forces is highly dependent on basis set, requiring a good
description of the orbital space of the monomers.18 In the past, a variety of theoretical levels
employing small to medium sized basis sets have been used in the hope of determining the
lower energy configuration, typically b 5y calculatlng interaction energies on geometries
determined at lower levels of theory ' 9 While it appears that the growing consensus
in the literature is that the WdM complex is the more stable configuration, the relative
magnitude of its stability remains uncertain. 4.8Table 1 gives the results from MP2 theory using
several augmented and correlation-consistent basis sets. The basis sets appear to converge on
an interaction energy for each hydrogen bond configuration (see Figure 2). The MP2/aug-cc-
pVQZ//IMP2/aug-cc-pVTZ BSSE-corrected interaction energy is —5.72 kcal/mol for the WdM
complex and —4.95 kcal/mol for the MdW complex. For comparison purposes, the BSSE-
corrected interaction energy for the water dimer is —4.92 kcal/mol at this level of theory. Thus,
the WdM complex is more tightly bound than the water dimer, while the MdW complex has
essentially the same strength as the water dimer. An approximation to the complete basis set
(CBS) limit was accomplished using the exponential function E, = Ecgs + Be~CX, where x is
the cardinal number of the basis set and B and C are adjustable parameters. 20 '[hIS work
E, is the interaction energy obtained using the aug-cc-pVxZ basis sets and Ecpg is the
interaction energy extrapolated to the complete basis set limit. The BSSE-corrected energies
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were used for the least-squares-fitting of this equation, since it has been demonstrated that their
convergence curves are better behaved then the uncorrected curves.20 The CBS limit at the
MP2 level yielded interaction energies of —5.87 kcal/mol for WdM and —5.16 kcal/mol for
MdW. Thus, the WdM complex is the more stable by 0.7 kcal/mol, a larger value than that of
0.3 kcal/mol reported by Jursic.8

The geometries of the WdM and MdW complexes, as well as those of their respective
monomers, determined at the MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ and MP2/aug-cc-
pVTZ/IMP2/aug-cc-pVTZ levels of theory are presented in Figure 1. The root-mean-squared
(RMS) deviation between the two levels of theory is 0.009 A for bond lengths and 0.2° for
bond angles. The low RMS deviations indicate that the geometries are very close to
convergence for the MP2 level of theory. At the MP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ level
of theory, the oxygen—oxygen distance in WdM is 2.840 A, while in MdW a somewhat longer
value of 2.904 A was obtained. Hydrogen bond angles (O—H- - -O) of 166.1° and 177.1° were
obtained for WdM and MdW, respectively. Notably, the less stable MdW configuration more
closely resembles the water dimer, in terms of hydrogen bond length and angle, with both
dimers possessing Cs symmetry. Using microwave spectroscopy for the water—-methanol
system, Suenram and co-workers determined an oxygen—oxygen distance of 2.997 + 0.009 A
and a hydrogen bond angle of 179 £ 1°, which they attributed to the WdM configuration.4 The
theoretically determined distances and angles for either the MdW or WdM configuration are
in poor agreement with these values, despite the rather high level of theory employed. The
disagreements between the MP2/aug-cc-pVTZ geometry and the experimental geometry
(Aro-—— 0 =0.16 A and AO_pong = 13°) may arise from several sources.

First of all, the MP2 approximation may not be a sufficient treatment of electron correlation.
One way to evaluate the performance of our choice of theory is to examine how well the MP2/
aug-cc-pVTZ//IMP2/aug-cc-pVTZ level of theory, using the same convergence criteria
employed for the water—methanol complexes, performs at reproducing the microwave structure
of the water dimer. This theoretical level determines a water dimer oxygen—oxygen distance
0f 2.907 A. The microwave structure, determined by Odutola and Dyke, has an oxygen—oxygen
distance of 2.976 A.21 Thus, in the water dimer, the MP2/aug-cc-pVTZ level of theory
determines the oxygen—oxygen distance to be 0.07 A shorter than the experimental distance.
Therefore, it appears that approximately half of the 0.16 A disagreement between the theory
and microwave WdM geometry may be attributed to the level of theory used.

Geometry optimization performed with a more complete treatment of electron correlation, such
as using MP4 or coupled-cluster methods (CC), with an appropriate basis set, would help
answer this question. To investigate the effects of valence electron correlation on the hydrogen-
bonded geometries in the Mgller—Plesset regime, the internuclear bond distance, angle, and
dihedral angles of WdM were optimized at the MP4/aug-cc-pVDZ level of theory. The
individual monomer geometries were constrained to the values found in the MP2/aug-cc-pVDZ
complex geometries, since it is unlikely they would change significantly. The oxygen—oxygen
distance lengthened only by 0.01 A and the hydrogen bond angle opened up by ~3°. Therefore,
even extending as far as the MP4 level offers little improvement over the MP2 approximation.
Further optimizations were then performed to probe the effect that correlating the core and
valence electrons has on the geometry of the two complexes, using the MP2(full)/aug-cc-
pVDZ/IMP2(full)/aug-cc-pVDZ level of theory. Interestingly, including the correlation of the
core electrons at the MP2 level of theory shortened the oxygen—oxygen distance by 0.005 A
and the hydrogen bond angle opened up by 0.2° for the WdM complex, relative to the MP2/
aug-cc-pVDZ geometry. Similar results were obtained for the MdW complex, indicating that
correlation of the core electron does not significantly alter the geometry of the WdM and MdW
complexes at the MP2 level of theory. Since increasing the Mgller—Plesset level of theory and
the inclusion of the core electrons in the correlation does not appear to bring theory into better
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agreement with the microwave experiment, a more sophisticated treatment such as CC singles
and doubles excitations (CCSD) is warranted. A final calculation at the CCSD/aug-cc-pVDZ
level was performed in the same manner as the MP4/aug-cc-pVDZ calculation described
above. Even at this level of theory, the oxygen—oxygen distance lengthened only to 2.882 A,
while the hydrogen bond angle was reduced to 162.1°. Thus, the CCSD/aug-cc-pVDZ level of
theory is in better agreement with the microwave experimental oxygen—oxygen distance but
worsens the hydrogen bond angle agreement.

Alternatively, it is possible that there may be an error in the microwave geometry. It would be
interesting to see what results would be obtained if the WdM MP2/aug-cc-pVTZ//MP2/aug-
cc-pVTZ geometry were used as the initial guess for fitting the microwave data instead of the
assumption that the complex would be similar to the water dimer, as was made in the original
analysis of the experimental data. If the experimental hydrogen bond angle were closer to the
165° instead of the near linear value that was originally determined, the oxygen—oxygen
distance would be expected to shorten, giving better agreement with the theoretically
determined values.

Table 2 gives the theoretical and experimental frequenciesl’2’22'23 for the WdM and MdW
complexes, as well as those for their constituent monomers. The formation of the dimer creates
six vibrational modes that are unique to the complex, whose most notable vibration is best
described as an oxygen—oxygen stretch (v OO). The theoretical v OO for WdM and MdW are
192 and 163 cm™1, respectively. In WdM the stretch is 29 cm™1 higher in frequency than in
MdW, which is further indication that WdM is the more tightly bound configuration. While
the computed frequencies agree qualitatively with the experimental data, the quantitative
agreement between theory and the matrix experiments is poor. This is to be expected due to
the harmonic approximation made in the ab initio calculations, and to the absence of matrix
effects in these calculations. However, enlightening trends can be observed between the dimers
and the monomers. The frequencies of the hydrogen bond acceptor in each complex remain
essentially unchanged from their isolated values, indicating little perturbation in the acceptor
geometries. When water becomes the proton donor, its frequencies become significantly
shifted, exemplified by a v@Y™ OH red shift of 38 cm™L. Likewise, when methanol is the
hydrogen bond donor its frequencies undergo a significant shift, exemplified by an v OH red
shift of 119 cm™1.,

The approach trajectories for the formation of the WdM and MdW complexes are presented
in Figures 3 and 4. The trajectories were generated with and without BSSE correction at the
HF/6-31G(d)//HF/6-31G(d) level of theory. Prior to BSSE correction, the MdW complex is
marginally more stable, by 0.03 kcal/mol, than the WdM complex. BSSE correction further
enhances its stability, to give a difference in energy favoring the MdW complex by 0.13 kcal/
mol (Table 1). Since at higher levels of theory the WdM configuration is favored by as much
as 0.7 kcal/mol, neither the BSSE-corrected or uncorrected HF/6-31G(d)//HF/6-31G(d) results
reproduce the correct relative stability. Moreover, the BSSE-corrected and uncorrected
trajectories for WdM are essentially identical to those for MdW, at the HF/6-31G(d)//HF/6-31G
(d) level. This appears to be incorrect since at higher levels of theory the two configurations
become energetically distinguishable, and the approach trajectories for each configuration must
also be unique, at least near the minima.

An additional trajectory was calculated using the B3-LYP/6-31++G(2d,2p)//HF/6-31G(d)
level of theory. A recent paper by Allinger and co-workers suggests that B3-LYP/6-311++G-
(2d,2p)//B3-LYP/6—3lG§d,p)5d is an appropriate level of theory for the investigation of
carbohydrate properties. 4 They based this proposal on the low magnitude of the BSSE
associated with this level in the case of the water dimer. To be as consistent with current
AMBER parametrization as possible, we decided to investigate the performance of B3-LYP/
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6-31++G(2d,2p) energy calculation using the HF/6-31G(d) optimized geometries of the water—
methanol complexes. The curves determined by B3-LYP/6-31++G(2d,2p)//HF/6-31G(d,p)
behave very differently between the two complexes near the minima. The curve for MdW
closely mimics that computed at the BSSE-corrected HF/6-31G(d)//HF/6-31G(d) level (Figure
4), while the curve for WdM differs significantly from the BSSE-corrected Hartree—Fock curve
(Figure 3). The B3-LYP data are in better agreement with the rigorous MP2/aug-cc-pVTZ//
MP2/aug-cc-pVTZ calculation than the Hartree—Fock data, in that the B3-LYP data correctly
predicts the more stable configuration. Prior to BSSE correction, the energy calculated at the
B3-LYP level predicts the WdM complex to be the more stable by 0.37 kcal/mol. Performing
the BSSE correction at the B3-LYP/6-31++G-(2d,2p) level yields an average BSSE correction
of 0.38 kcal/mol for the complexes (Table 1), while leaving the relative stability unchanged.
Not surprisingly, it appears that B3-LYP/6-31++G(2d,2p) possesses less BSSE (0.38 kcal/mol
versus 0.96 kcal/mol), and is in better agreement with the more rigorous theories, than HF/
6-31G(d)//HF/6-31G(d). The HF/6-31G(d)//HF/6-31G(d) level of theory has a difficult time
energetically distinguishing between the configurations, while the B3-LYP theory performs
qualitatively better. Thus, the approach trajectories calculated by B3-LYP/6-31++G(2d,2p)//
HF/6-31G(d) are more reliable than those determined by HF/6-31G(d)//HF/6-31G(d). An
interesting trend to note is that at long distances the six curves in Figures 3 and 4 appear to be
converging. For example, at 5 A all curves show that the complexes still possess 1 kcal/mol
of stabilization energy. This is significant, considering that there are a large number of
interactions that are within 5 A in carbohydrates and proteins. Correct determination of
interaction energies at longer distances is important for correct parametrization of molecular
mechanics force fields, such as GLYCAM.

Conclusions

The water—methanol dimer is a challenging system to examine by both theoretical and
experimental techniques due to the existence of two possible hydrogen bond configurations,
which are very close in energy. Experimentally, both the WdM and MdW configurations have
been observed, depending on the chemical environment involved in the experiment. In an
attempt to provide a definitive systematic treatment of the system, we have determined the
geometries, harmonic frequencies, and BSSE-corrected interaction energies for the WdM and
MdW configurations using several levels of theory with basis sets up to Dunning’s augmented
and correlation-consistent polarized level. At the MP2 complete basis set limit the interaction
energies were determined to be —5.87 kcal/mol and —5.16 kcal/mol for WdM and MdW,
respectively. Therefore, at the MP2 level the WdM configuration is 0.7 kcal/mol more stable
than the MdW configuration, consistent with the experimental data obtained in vacuo. The
internuclear separation computed at the MP4/aug-cc-pVDZ and CCSD/aug-cc-pVDZ levels
of theory for the WdM configuration are in better agreement with the microwave-determined
oxygen-oxygen distance than that computed at the MP2 level. However, at all levels of theory
the WdM hydrogen bond angle was computed to be ~165°, which is in disagreement with the
experimentally determined value of 179°. The differences between the theoretical and
experimental geometries suggest that further theoretical investigations and possibly a
reexamination of the experimental data is warranted.

In addition to these rigorous calculations, we also determined the approach trajectories for
WdM and MdW complexes at the HF/6-31G(d)//HF/6-31G(d) (BSSE-corrected and
uncorrected) and B3-LYP/6-31++G(2d,2p)//HF/6-31G(d) levels. Both the BSSE-corrected
and uncorrected HF/6-31G(d)//HF/6-31G(d) data incorrectly predict the lower energy
configuration, compared to the higher levels of theory. In contrast, the B3-LYP/6-31++G(2d,
2p)//HF/6-31G(d), which has been suggested as the appropriate level of theory for investigating
carbohydrates, correctly predicted WdM to be the more stable configuration, but
underestimated the relative stability by approximately 0.4 kcal/mol.
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The MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ (first values), MP2/aug-cc-pVTZ//MP2/aug-cc-
pVTZ (second values), and experimental (third values) geometries of WdM, MdW, water, and
methanol. Experimental geometries for water and methanol were obtained from refs 21 and

5 respectively.
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Basis set convergence at the MP2 level of theory for WdM and MdW. Dashed lines indicate

the approximate complete basis set limit (see text).
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Approach trajectories for MdW computed at HF/6-31G-(d)//HF/6-31G(d), BSSE-corrected
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