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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//IMP2/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 BBygsnardi counterpoise scheme. Extrapolating

to the complete basis set limit resulted in interaction energies87 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 configuration in a nitrogen matrixwhile in an argon matrix
they observed the WdM configuratidrindicating that subtle

The quantitative descrlptlo_n of'nonbonded mteractlon.s be- environmental forces can play a role in determining the favored
tween small polar molecules is a first step toward assessing the

A . . . . configuration. In vacuo, Huisken and Stemmler, as well as
significance of these interactions in larger biomolecular SYStemS o0 man and co-workers. observed the WdM complex, sug-
such as carbohydrates, nucleic acids, and proteins. Thoroughgesting that it is the Iower’energy configuratishWhile thé

analysis of nonbonded forces is particularly important due to relative stabilities have been qualitatively established, there has

the a_bundance_ of SUCh Interactions as hydrog(_an l_)ondln_g Inyet to be an experimental determination of the interaction energy
chemical and biological systems. Hydrogen bonding is particu- for either configuration

larly relevant in the case of carbohydrates, where the molecular . . .
conformation depends in part on a balance between the weak Early guantum mechanical studies, perfo_rmed in 1971 on the
forces among the hydroxyl groups within the molecule and those two c;)nflgurft(l)olrgs, I/COSE‘C:Uded that MldW IS th% mo;e lstable
between the carbohydrate and the solvent. As water is the onIy_CI_Omp eé( y L. kca r(;1 t. n gon(;ra?tihc ol?lle; /tg ??1 Geza Ie altetzrr], t
biologically relevant solvent, an accurate description of water thseV?/ZMCO-Wer erf_ N ermltr;]e a et bi b ofz)ke\(/eﬁq Ia
hydroxyl group interactions is essential for understanding the : 61998 éon f%;”a |o(;1 was i more staf ed yh < Kealimol.
conformational properties of carbohydrates. However, until now n 1995, f otr;]z t\zNan (f:.o-wotr. ers e¥amg‘§ tht € mter?ctlon d
relatively little attention has been given to the forces associatedenetﬁ'eiﬂgg / 6%1&.—0(3(:3” lgura 'Onf .”Sé'q% eolryapgrtcr)]rrpe
with solvation of these molecules. The smallest molecular 9" € ) (d.p) geometries. 1€y conclude a
system that can be used to model carbohydratater interac- WadM was the more stable configuration by 0'6 keal/ mo_l. The
tion is the watet-methanol dimer. The water dimer has been following year, Jursic performed a more extensive examination
extensively investigated by both theoretical and experimental of the tvyo conflgurathns using a var'lety of thgoretlcal levels
methods, but its simplest one-carbon analogue, the water a_nd basis sets, but with the interaction energu_as_computed at
methanol dimer, is not as well characterized. In this complex, hlghgr, Ievecljs thhan useld for the gect>)r|netry opt||m|_zat|ifbrhs. di
there are two possible hydrogen bond configurations that dependJurSIC s study, theory alone was unable to conclusively predict
on whether the water (WdM) or the methanol (MdW) acts as the stability of one configuration over the other because of the
the hydrogen bond donor (Figure 1). In the past decade disagreements among the various theories and basis sets
theoreticians and experimentalists have become increasinglyemployed' iny in combination W't.h experlmentql data could
interested in the watemrmethanol dimer because of the delicate the gonclu.smn be drawn that WdM is the energetically favored
balance between the repulsive and attractive forces that deterConfiguration. . _
mine the more stable hydrogen bond configuration. Experimen- ~ The inconsistencies between the reported theoretical and
tally, both configurations have been observed using infrared €xperiment results form the grounds for this study. We have
matrix isolation!2 Racine and co-workers observed the Mdw undertaken a quantum mechanical investigation of the two
water—methanol configurations to provide geometries, harmonic
* Author to whom correspondence should be addressed. Voice: (706) fréquencies, and interaction energies that are more rigorous than
542-4454. Fax: (706) 542-445. E-mail: rwoods@ccrc.uga.edu. previously obtained (see Table 1) in hopes of providing a
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Figure 1. The MP2/aug-cc-pVDZ//IMP2/aug-cc-pVDZ (first values),
MP2/aug-cc-pVTZ/IMP2/aug-cc-pVTZ (second values), and experi-
mental (third values) geometries of WdM, MdW, water, and methanol.
Experimental geometries for water and methanol were obtained from
refs 21 and 25, respectively.

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 parameter
set for simulating carbohydrates employing the AMBER
classical 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
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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 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 Hartrdeock (HF), Mgller-Plesset
second-order perturbation (MP%),and density functional
Becke-Three Lee-Yang—Parr (B3-LYPJ? levels of theory
using the Gaussian94 program suiteAll calculations were
performed on the closed shell ground electronic state. Only the
valence electrons were correlated for the Mgtlelesset 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), 6-3t+G(d,p), 6-3%+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 OPETIGHT was included to increase the conver-
gence 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 frequen-
cies 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 schefid.o be con-
sistent 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

an adequate level for many of the properties associated with The relative stabilities between the WdM and MdW com-

carbohydrates, nucleic acids, and proteins. However, carbohy-

plexes are dependent on the subtle balance between repulsive

drates present a unique challenge in parametrization due to thesnd attractive forces in each configuration. The repulsive forces

large number of hydroxyl groups that are capable of forming

intra- and intermolecular hydrogen bonds. This feature neces-

arise primarily from nuclearnuclear repulsion and the Pauli
exclusion principle. The attractive forces are dominated by

sitates an increase in the level of quantum accuracy in order toglectrostatics, with small contributions from induction and
discriminate between the subtle molecular forces present within dispersion forces. Correct modeling of weak forces is highly

carbohydrates.

dependent on basis set, requiring a good description of the orbital

Here, for the first time are presented the approach trajectoriesspace of the monomet&.In the past, a variety of theoretical

for the formation of the WdM and MdW complexes. Full
optimization of the dimer configurations yielded geometries and

levels employing small to medium sized basis sets have been
used in the hope of determining the lower energy configuration,

energies that are determined by short-range forces, while thetypically by calculating interaction energies on geometries
approach trajectories provide an estimation of the strength of determined at lower levels of theoky- 81719 While it appears

long-range forces involved in the formation of the complexes.

that the growing consensus in the literature is that the WdM
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TABLE 1: Ab Initio Results for the Ground State of MdW and WdM

Kirschner and Woods

ré uP energy D D, d ZPVE®  ref
WdM (C,)
HF/6-31G(d)//HF/6-31G(d) 2.952 2.89 —191.0550190 —5.556 (-4.551) —3.699 (-2.654) 51.000
HF/aug-cc-pVDZ//HF/aug-cc-pVDZ 2.997 2.92 —191.1105912 —4.124 (-3.941) —2.405(-2.222) 50.437
B3-LYP/6-31++G(d,p)//B3-LYP/6-31+G(d,p) 2.855 2.96 —192.1790691 —6.259 (-5.566) —4.157 (-3.464) 47.573
B3-LYP/6-31++G(2d,2p)//HF/6-31G(d) 2.66 —192.1890972 —5.056 (-4.639)
MP2/6-31G(d)//MP2/6-31G(d) 2.869 1.94 —191.5552944 —7.725(-4.672) —5.524(-2.471) 48.680
MP2(full)/aug-cc-pVDZ//MP2(full)/aug-cc-pVDZ 2.840 2.10 —191.7009809 —6.296
MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ 2.845 2.09 —191.6927353 —6.209 (-5.045) —4.267 (-3.103)  47.699
MP2/aug-cc-pVTZ//MP2/aug-cc-pVTZ 2.840 2.53 —191.8675671 —6.003 (-5.514)
MP2/aug-cc-pVQZ//IMP2/aug-cc-pVTZ 2.52 —191.9243502 —5.867 (-5.717)
MP2 CBS Limit —5.87
HF/STO-3G//HF/STO-3G 2.77 —5.218 5
HF/4-31G (constrained optimization) 2.84 4.48 —8.27 6
HF/6-31G —7.78 19
HF/6-31G(d) (constrained optimization) 2.97 3.21 —5.73 6
HF/6-31G(d,p)//HF/6-31G(d,p) —5.433 1
B3-LYP/6-311G(3df,2p)//B3-LYP/6-31%G(d,p) -5.9 7
MP2/6-31H-G(d,p)//MP2/6-31+G(d,p) 2.906 —6.14 17
MP2/6-31H1-G(2df,2p)//IMP2/6-31+G(d,p) —5.50 17
MP4/CBSB4//IMP2/6-31G(d) -5.9 8
QCISD(T)/6-311G(d,p)//MP2/6-31G/(d -7.2 8
CBSQ —4.0 8
G2 -3.9 8
G2/IMP2(full)6-311G(d,p) -5.2 7
Experiment 2994 0.009 2.625-0.14 4
MdW (Cy)

HF/6-31G(d)//HF/6-31G(d) 2.962 2.84 —191.0550728 —5.590 (-4.676) —3.906 (-2.992) 50.826
HF/aug-cc-pVDZ//HF/aug-cc-pvVDZ 3.039 2.93 —191.1100300 —3.772(3.584) —2.349(2.161) 50.141
B3-LYP/6-31++G(d,p)//B3-LYP/6-3%+G(d,p) 2.898 3.02 —192.1781856 —5.705(-4.873) —3.909 (-3.077) 47.267
B3-LYP/6-31++G(2d,2p)//HF/6-31G(d) 2.59 —192.1885096 —4.688 (-4.339)
MP2/6-31G(d)//MP2/6-31G(d) 2.903 2.45 —191.5548828 —7.467 (-5.268) —5.639 (-3.440) 48.307
MP2(full)/aug-cc-pVDZ//MP2(full)/aug-cc-pVDZ 2.906 2.85 —191.6996613 —5.468
MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ 2,912 2.85 —191.6914013 —5.372 (4.480) —3.789(2.897) 47.340
MP2/aug-cc-pVTZ//IMP2/aug-cc-pVTZ 2.904 2.86 —191.8663776 —5.257 (-4.779)
MP2/aug-cc-pVQZ//IMP2/aug-cc-pVTZ 2.86 —191.9231841 —5.135 (-4.946)
MP2 CBS Limit —5.16
HF/STO-3G//HF/ISTO-3G 271 —6.259 5
HF/4-31G (constrained optimization) 2.84 4.13 —7.85 6
HF/6-31G —6.74 19
HF/6-31G(d) (constrained optimization) 2.97 3.04 —5.55 6
HF/6-31G(d,p)//HF/6-31G(d,p) —5.517 1
B3-LYP/6-311-G(3df,2p)//B3-LYP/6-31%+G(d,p) -5.2 7
MP2/6-31HG(d,p)//IMP2/6-31%+G(d,p) 2.855 —6.64 17
MP2/6-31HG(2df,2p)//IMP2/6-31+G(d,p) —6.08 17
MP2/cc-pVDZ (constrained optimization) —4.08 18
MP2/cc-pVTZ (constrained optimization) —4.44 18
MP2/cc-pVQZ (constrained optimization) —4.70 18
MP2/cc-pV5Z (constrained optimization) —4.80 18
MP2 CBS limit —4.99 18
MP4/CBSB4//MP2/6-31G(d) —5.7 8
QCISD(T)/6-311G(d,p)//MP2/6-31G/(d -7.2 8
CBSQ —-3.7 8
G2 —3.6 8
G2//IMP2(full)6-311G(d,p) —4.6 7

a Oxygen-oxygen separation, in angstronidipole moment, in Debye’. Energies are in Hartreé Dissociation energies are in kcal/mol, and
BSSE-corrected values, in parenthese&ero-point vibrational energies are in kcal/mol.

complex is the more stable configuration, the relative magnitude set andB andC are adjustable parametéfdn this work Ey is

of its stability remains uncertait® Table 1 gives the results  the interaction energy obtained using the aug-cc-pVxZ basis
from MP2 theory using several augmented and correlation- sets andEcgs is the interaction energy extrapolated to the
consistent basis sets. The basis sets appear to converge on atbmplete basis set limit. The BSSE-corrected energies were used
interaction energy for each hydrogen bond configuration (see for the least-squares-fitting of this equation, since it has been
Figure 2). The MP2/aug-cc-pVQZ//IMP2/aug-cc-pVTZ BSSE- demonstrated that their convergence curves are better behaved
corrected interaction energy is5.72 kcal/mol for the WdM then the uncorrected curvésThe CBS limit at the MP2 level
complex and—4.95 kcal/mol for the MdW complex. For Yyielded interaction energies 6f5.87 kcal/mol for WdM and
comparison purposes, the BSSE-corrected interaction energy for—5.16 kcal/mol for MdW. Thus, the WdM complex is the more
the water dimer is-4.92 kcal/mol at this level of theory. Thus, stable by 0.7 kcal/mol, a larger value than that of 0.3 kcal/mol
the WdM complex is more tightly bound than the water dimer, reported by Jursié.

while the MdW complex has essentially the same strength as The geometries of the WdM and MdW complexes, as well
the water dimer. An approximation to the complete basis set as those of their respective monomers, determined at the MP2/
(CBS) limit was accomplished using the exponential function aug-cc-pVDZ//MP2/aug-cc-pVDZ and MP2/aug-cc-pVTZ//

Ex = Ecgs + Be~® wherex is the cardinal number of the basis MP2/aug-cc-pVTZ levels of theory are presented in Figure 1.
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-4.00 1-

. 0.01 A and the hydrogen bond angle opened up~i8?’.
i 5SSE ot Therefore, even extending as far as the MP4 level offers little

—&— WdM

- WM - BSSE Comected improvement over the MP2 approximation. Further optimiza-
\ tions 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-pVDzZ//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 @2or the WdM complex, relative to the
MP2/aug-cc-pVDZ geometry. Similar results were obtained for
450 the MdW complex, indicating that correlation of the core
Mo VBN e PV TE MHageyQU g VT electron does not significantly alter the geometry of the WdM

Theory Level A
Figure 2. Basis set convergence at the MP2 level of theory for WdM and MdW complexes at the MP2 level of theory. Since

and MdW. Dashed lines indicate the approximate complete basis set"créasing the MallerPlesset level of theory and the inclusion
limit (see text). of the core electrons in the correlation does not appear to bring

theory into better agreement with the microwave experiment, a
The root-mean-squared (RMS) deviation between the two levels more sophisticated treatment such as CC singles and doubles
of theory is 0.009 A for bond |engths and 0fr bond ang|es_ excitations (CCSD) is warranted. A final calculation at the
The low RMS deviations indicate that the geometries are very CCSD/aug-cc-pVDZ level was performed in the same manner
close to convergence for the MP2 level of theory. At the MP2/ as the MP4/aug-cc-pVDZ calculation described above. Even at
aug-cc-pVTZ//MP2/aug-cc-pVTZ level of theory, the oxygen  this level of theory, the oxygeroxygen distance lengthened
oxygen distance in WdM is 2.840 A, while in MdW a somewhat Only to 2.882 A, while the hydrogen bond angle was reduced
longer value of 2.904 A was obtained. Hydrogen bond angles t0 162.F. Thus, the CCSD/aug-cc-pVDZ level of theory is in
(O—H- - -O) of 166.TF and 177.1 were obtained for WdM and ~ better agreement with the microwave experimental oxygen
MdW, respectively. Notably, the less stable MdW configuration OXygen distance but worsens the hydrogen bond angle agree-
more closely resembles the water dimer, in terms of hydrogen ment.
bond length and angle, with both dimers posses§ingym- Alternatively, it is possible that there may be an error in the
metry. Using microwave spectroscopy for the waterethanol microwave geometry. It would be interesting to see what results
system, Suenram and co-workers determined an oxygen would be obtained if the WdM MP2/aug-cc-pVTZ//MP2/aug-
oxygen distance of 2.99% 0.009 A and a hydrogen bond angle cc-pVTZ geometry were used as the initial guess for fitting the
of 1794 1°, which they attributed to the WdM configuratidn.  microwave data instead of the assumption that the complex
The theoretically determined distances and angles for either thewould be similar to the water dimer, as was made in the original
MdW or WdM configuration are in poor agreement with these analysis of the experimental dét#.the experimental hydrogen
values, despite the rather high level of theory employed. The bond angle were closer to the T6istead of the near linear
disagreements between the MP2/aug-cc-pVTZ geometry and thevalue that was originally determined, the oxygexygen
experimental geometryAfo- ——o = 0.16 A andAOp_pond = distance would be expected to shorten, giving better agreement
13°) may arise from several sources. with the theoretically determined values.

First of all, the MP2 approximation may not be a sufficient Table 2 gives the theoretical and experimental frequen-
treatment of electron correlation. One way to evaluate the cies-?2223for the WdM and MdW complexes, as well as those
performance of our choice of theory is to examine how well for their constituent monomers. The formation of the dimer
the MP2/aug-cc-pVTZ/IMP2/aug-cc-pVTZ level of theory, using creates six vibrational modes that are unique to the complex,
the same convergence criteria employed for the watesthanol whose most notable vibration is best described as an oxygen
complexes, performs at reproducing the microwave structure oxygen stretchiy OO). The theoreticab OO for WdM and
of the water dimer. This theoretical level determines a water MdW are 192 and 163 cm, respectively. In WdM the stretch
dimer oxyger-oxygen distance of 2.907 A. The microwave is 29 cnt? higher in frequency than in MdW, which is further
structure, determined by Odutola and Dyke, has an oxygen indication that WdM is the more tightly bound configuration.
oxygen distance of 2.976 & Thus, in the water dimer, the ~ While the computed frequencies agree qualitatively with the
MP2/aug-cc-pVTZ level of theory determines the oxygen experimental data, the quantitative agreement between theory
oxygen distance to be 0.07 A shorter than the experimental and the matrix experiments is poor. This is to be expected due
distance. Therefore, it appears that approximately half of the to the harmonic approximation made in the ab initio calculations,
0.16 A disagreement between the theory and microwave WdM and to the absence of matrix effects in these calculations.
geometry may be attributed to the level of theory used. However, enlightening trends can be observed between the

Geometry optimization performed with a more complete dimers and the monomers. The frequencies of the hydrogen bond
treatment of electron correlation, such as using MP4 or coupled- acceptor in each complex remain essentially unchanged from
cluster methods (CC), with an appropriate basis set, would helptheir isolated values, indicating little perturbation in the acceptor
answer this question. To investigate the effects of valence geometries. When water becomes the proton donor, its frequen-
electron correlation on the hydrogen-bonded geometries in thecies become significantly shifted, exemplified by#&™ OH
Mgller—Plesset regime, the internuclear bond distance, angle,red shift of 38 cm™. Likewise, when methanol is the hydrogen
and dihedral angles of WdM were optimized at the MP4/aug- Pond donor its frequencies undergo a significant shift, exempli-
cc-pVDZ level of theory. The individual monomer geometries fied by anv OH red shift of 119 cm*.
were constrained to the values found in the MP2/aug-cc-pVDZ  The approach trajectories for the formation of the WdM and
complex geometries, since it is unlikely they would change MdW complexes are presented in Figures 3 and 4. The
significantly. The oxygeroxygen distance lengthened only by trajectories were generated with and without BSSE correction

&
in
z

o
2

Interaction Energy (keal/mol)
5 .
n




4154 J. Phys. Chem. A, Vol. 105, No. 16, 2001

Kirschner and Woods

TABLE 2: MP2/Aug-cc-pVDZ and Experimental Frequencies (cnm?) for MdW, WdM, and Their Respective Monomers

assignment theoretical experimental assignment theoretical experiment
WdM Mdw
VAYMH,0 3900 37037 VvaSYMH,0 3924 (A') 3713.8
v OH (methanol) 3828 3663.2 vYMH,0 3795 (A) 3627.4
vYMOH (donor H-water) 3658 3538.7 v OH (methanol) 3722 (A 3536.1
VAYMCHg 3203 3017.8 vYMCHz 3174 (A) 2982.4
VaSYMCH; 3156 2973.6 VaSYMCHg 3112 (A")
vYMCHz 3069 vYMCHz 3040 (A) 2835.4
0 HO 1646 1696.5 0 HO 1624 (K) 1600.9
OYMCHs 1503 OYMCHs 1507 (A) 1474.5
03YMCH3 1493 1466.4 03YMCH;3 1492 (A") 1463.5
OYMCHjs 1464 OYMCHjs 1463 (A) 1447.7
0 COH 1364 0 COH 1424 (R) 1379.6
CH; wag 1170 CHwag 1170 (A)
0 CHzrock+ 6 COH 1072 1078.0 0 CHzrock+ 6 COH 1109 (A) 1102.9
v CO 1029 1031.7 v CO 1063 (A 1048.3
OH (donor H-water) wag 656 OH(methanol) wag 682'(A 606
HOH rock 391 HO rock 245 (A)
OH (methanol) wag 320 $ twist 188 (A")
r 00 192 v 00 163 (R)
OH(nondonor H-water) wag 124 Ghvist + H,0 wag 84 (A)
skeleton deformation 66 skeleton deformation 72)(A
skeleton deformation 58 skeleton deformation 63 (A
CH;OH H.O
v OH 3842 (K) 3667.0 (3681.5) YaSYMQOH 3937.5(B2) 3942%
vYMCH 3190 (A) 3005.5 (2999.0) yYMOH 3803.3 (A1) 3832.2
V3SYMCH 3131 (A") 2961.5 (297Gt 4) 0 HOH 1622.3 (A1) 1648.5
OYMHCH 1505 (A) 1473.0 (avg. 1478)
O03YMHCH 1494 (X") 1466.0 (1465t 3)
OYMHCH 1465 (K) 1451.5 (1454.5)
0 COH 1366 (A) 1334.0 (avg. 1340)
0 CHs wag 1169 (A)  ----- (1145+ 4)
0 CHrock+ 6 HOC 1075 (A) 1076.5 (1074.5)
v CO 1044 (A) 1033.5 (1033.5)
OH wag 311 (A) 2715-----

a|nfrared spectra obtained in an argon matrix, ref irfrared spectra obtained in a nitrogen matrix, ref hfrared spectra obtained in an argon
matrix and on gaseous methanol in parentheses, refR8tational-vibrational spectra of gaseous water, ref 22.

0.0 4

—&— HF/6-31G(AWHEF6-31G(d)
—#— HF/6-31G(dW/HL/6-31G(d) - BSSE Corrected
—8— B3LYP/6-31++G(2d.2p)//HF/6-31G(l}

=20 4

Relative Energy (kcal/mol}

2 25 3 35 4 4.5 5

R(0---0) (&)

55 6 6.5 7

Figure 3. Approach trajectories for WdM computed at HF/6-31G-
(d)//HF/6-31G(d), BSSE-corrected HF/6-31G(d)//HF/6-31G(d), and B3-
LYP/6-31++G(2d,2p)//HF/6-31G(d) levels of theory.

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
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Figure 4. Approach trajectories for MdW computed at HF/6-31G-
(d)//HF/6-31G(d), BSSE-corrected HF/6-31G(d)//HF/6-31G(d), and B3-
LYP/6-31++G(2d,2p)//HF/6-31G(d) levels of theory.

2 25 3 35 4

become energetically distinguishable, and the approach trajec-
tories 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/6-3H1G-

as 0.7 kcal/mol, neither the BSSE-corrected or uncorrected HF/ (2d,2p)//B3-LYP/6-31G(d,p)5d is an appropriate level of theory

6-31G(d)//HF/6-31G(d) results reproduce the correct relative
stability. Moreover, the BSSE-corrected and uncorrected tra-
jectories for WdM are essentially identical to those for MdW,

at the HF/6-31G(d)//HF/6-31G(d) level. This appears to be

for the investigation of carbohydrate propert#é3hey 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

incorrect since at higher levels of theory the two configurations to investigate the performance of B3-LYP/6-81G(2d,2p)
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energy calculation using the HF/6-31G(d) optimized geometries determined value of 179The differences between the theoreti-
of the water-methanol complexes. The curves determined by cal and experimental geometries suggest that further theoretical
B3-LYP/6-31++G(2d,2p)//HF/6-31G(d,p) behave very differ- investigations and possibly a reexamination of the experimental
ently between the two complexes near the minima. The curve data is warranted.

for MdW closely mimics that computed at the BSSE-corrected  In addition to these rigorous calculations, we also determined
HF/6-31G(d)//HF/6-31G(d) level (Figure 4), while the curve for the approach trajectories for WdM and MdW complexes at the
WdM differs significantly from the BSSE-corrected Hartree ~ HF/6-31G(d)//HF/6-31G(d) (BSSE-corrected and uncorrected)
Fock curve (Figure 3). The B3-LYP data are in better agreementand B3-LYP/6-3%+G(2d,2p)//HF/6-31G(d) levels. Both the
with the rigorous MP2/aug-cc-pVTZ//IMP2/aug-cc-pVTZ cal- BSSE-corrected and uncorrected HF/6-31G(d)//HF/6-31G(d)
culation than the Hartreg~ock data, in that the B3-LYP data  data incorrectly predict the lower energy configuration, com-
correctly predicts the more stable configuration. Prior to BSSE pared to the higher levels of theory. In contrast, the B3-LYP/
correction, the energy calculated at the B3-LYP level predicts 6-31++G(2d,2p)//HF/6-31G(d), which has been suggested as
the WdM complex to be the more stable by 0.37 kcal/mol. the appropriate level of theory for investigating carbohydrates,
Performing the BSSE correction at the B3-LYP/64+3#&G- correctly predicted WdM to be the more stable configuration,
(2d,2p) level yields an average BSSE correction of 0.38 kcal/ but underestimated the relative stability by approximately 0.4
mol for the complexes (Table 1), while leaving the relative kcal/mol.

stability unchanged. Not surprisingly, it appears that B3-LYP/ .

6-31++G(2d,2p) possesses less BSSE (0.38 kcal/mol versus A_cknowled_gment. This research was supported by the
0.96 kcal/mol), and is in better agreement with the more rigorous National Institutes of Health (NIGMS).
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