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We investigate the quantum dynamical nature of hydrogen bonding in 1,2-ethanediol and monohydrated 1,2-
ethanediol using different levels ab initio theory. Global full-dimensional potential energy surfaces were
constructed from PW91/cc-pVDZ, B3LYP/cc-pVDZ, and MP2/cc-pVBE initio data for gas-phase and
monohydrated 1,2-ethanediol, using a modified Shepard interpolation scheme. Zero-point energies and nuclear
vibrational wave functions were calculated on these surfaces using the quantum diffusion Monte Carlo
algorithm. The nature of intra- and intermolecular hydrogen bonding in these molecules was investigated by
considering a ground-state nuclear vibrational wavefunction with reduced complete nuclear permutation and
inversion (CNPI) symmetry. Separate wavefunction histograms were determined from the ground-state nuclear
vibrational wavefunction by projection into bondlength coordinates. TheHGand O-O wavefunction
histograms and vibrationally averaged distances were then used to probe the extent of intra- and intermolecular
hydrogen bonding. From these data, we conclude that gas-phase ethanediol may possess a weak hydrogen
bond, with a relatively short ©0 distance but no detectable proton delocalization. Monohydrated ethanediol
was found to exhibit no intramolecular hydrogen bonding but instead possessed two intermolecular hydrogen
bonds, indicated by both shortening of the-O distance and significant proton delocalization. The degree

of proton delocalization and shortening of the vibrationally average@®@istance was found to be dependent

on theab initio method used to generate the potential energy surface (PES) data set.

Introduction (a) (b) 4/H
As a simple model for biologically significant polyhydroxy- 0\3
lated molecules such as sugars and carbohydrates, 1,2-ethanediol 1 H 2H y H
(Figure 1a) has been the subject of intensive theorét#®dnd o/ o/ 1/ /H
experiment&+9.26-36 jnvestigation. | | 0 0’2
A large number ofb initio studies have been carried out on C C é !:
gas-phase ethanedioft012-2124.25ranging from HF calculations H A \H 'H ey \H

with small split-valence basis sets and partially optimized H H
geometries * to G2(MP2) calculations with fully optimized  gigyre 1. 1,2-Ethanediol and 1,2-ethanediol monohydrate, with the
MP2/6-3H-G* geometrieg* These studies have established that, 0—H bonds labeled.

provided that sufficiently large (at least valence doul)leasis

sets are used with a method that includes some correlationthe effect of solvation on 1,2-ethanediol, from determination
correction (at least density functional theory), all 10 symmetry- of low-energy conformations of the monohydrated sdfute
distinct rotamers obtained by rotation about the ®-C—C classical molecular dynamics simulations incorporating 195
and O-C—C—0 dihedrals (Figure 2) are local minima on the water molecules surrounding the sol&itéhe results obtained
gas-phase ethanediol potential energy surface (PES). All of theseyill be briefly summarized below. For further details of each
investigations found that the relative energies of all 10 rotamers method, we refer the reader to the papers referenced here and
lie within 14.6 kJ/mol, with the tGgisomer being the lowest  the references cited therein.

in energy by around 1.7 kJ/mol from the next lowest energy  The simplest solvation model, monohydrated 1,2-ethanediol

isomer, gGY (Figure 1b), was studied by Manivet et?aIAt the MP2/6-
These theoretical results are in good agreement with experi-31G* level of theory, it was found that the most stable
mental microwave spectroscoffy”33343glectron diffractior?? conformation involved intermolecular hydrogen bonding be-

and infrared (IR) spectroscoffyon gas-phase ethanediol. These tween both hydroxide groups of the ethanediol molecule and
studies all agree that tGgs the predominant conformer, the bridging water. The configurations with only one hydrogen
although the IR results suggest that the giSgmer may also  pond between the ethanediol and the water molecule were 8.4
be accessible through zero-point and thermal motion. kJ/mol higher in energy. According to the polarizable continuum
A smaller number of theoretical0.11.13.15.222%nd experi- solvation model used by both Alagona etl%nd Cabraf?

menta?33%-32 studies have been carried out on solvated 1,2- using MP2/4-31G* and BLYP/6-31G**, respectively, the tGg
ethanediol. A number of approaches have been utilized to modeland gG¢ conformers were found to be most stable in solution,
followed by the ¢Gg conformer and then the tTt conformer.

* Corresponding author. E-mail: m.jordan@chem.usyd.edu.au. Explicit solvent simulations have been performed by Nagy et
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Figure 2. The 10 symmetry-distinct rotamers of 1,2-ethanediol, depicted as Newman projections. The two lowest energy configurations in the gas
phase are tGgand gG¢.

al#13and Hooft et al! The approach taken by Nagy et al. was to be approximately isoenergetic in aqueous solution, and
to optimize the geometries of four ethanediol conformers’(tGg delocalization of the nuclear vibrational wavefunction over both
0Gd, gGd, and tTt) in the gas phase at HF/6-31G* and then the conformers may occur. Quantum nuclear motion is also
combine the MP2/6-31G* internal energy at each geometry with important in predicting the behavior of smaller, lighter atoms,
the solvation energy determined from a Monte Carlo simulation such as hydrogen. Examination of the nuclear motion of protons
using the OPLS force field with the TIP4P intermolecular may provide a probe of the extent of hydrogen bonding in a
potential. Hooft et al. employed a molecular dynamics approach, molecule or complex. Previous studies have sought to character-
allowing for nuclear motion of the solute within the solvent ize the nature of intramolecular hydrogen bonding in 1,2-
model and hence considering all possible ethanediol conformers.ethanediol on the basis of geometrical, energetic, and electron
This simulation used a molecular mechanics method to describedensity topological data. From the geometrical and energetic
the ethanediol molecule with a simple point charge (SPC) water studies that have been carried 6tit?.12-21.24the stabilization
model. Both studies found that the gauche and trans isomersof the two gauche conformers tGand gGgand the elongation
are likely to coexist in aqueous solution, although Nagy et al. of the bridging O-H have been taken as evidence of the
predicted a 99:1 gauche-to-trans ratio, while Hooft et al. presence of an intramolecular hydrogen bond in 1,2-ethanediol.
predicted 67:33 for the same quantity. Adopting a different More recently, however, a number of electron density topologi-
approach, Cramer and Truhtaused the semiempirical-based cal studie3>3” have concluded that 1,2-ethanediol does not
AM1-SMX and PM3-SMX solvation models with MP2/cc- possess an intramolecular hydrogen bond, according to the
pVDZ internal energies. Similar to Monte Carlo and molecular criteria for bonding defined by Popeli& As yet, however, no
dynamics studies, it was found that both gauche and transdefinitive criterion has been established for characterizing the
isomers of 1,2-ethanediol are likely to coexist in a ratio of 75: presence, nature, and strength of intramolecular hydrogen bonds.
25. These theoretical predictions are consistent with nuclearWe propose that examining the extent of proton delocalization
magnetic resonance (NMR) studies of 1,2-ethanediol in aqueousin the nuclear vibrational wavefunction may provide a solution
solution2® which predict a gauche-to-trans ratio of 88:12. to this problem. Therefore, in this study, we set out to determine
Although 1,2-ethanediol has been the subject of intense the quantum motion of the nuclei of gas-phase and monohy-
theoretical investigation, we are not currently aware of any drated 1,2-ethanediol. We describe how the nuclear vibrational
studies that have been carried out to determinegentum wavefunction can be used to probe hydrogen bonding and to
motion of the nuclei for either the gas-phase or solvated system.answer the following questions:
Quantum nuclear motion becomes important if there are a (1) Does 1,2-ethanediol have an intramolecular hydrogen
number of low-lying local minima on the global potential energy bond?
surface that have low barriers to interconversion. In these cases, (2) How is the intramolecular 1,2-ethanediol bonding changed
a number of states may be accessible through zero-point andupon the addition of a water molecule? That is, does monohy-
thermal motion. An example of such a system is solvated drated 1,2-ethanediol have an intramolecular hydrogen bond,
ethanediol, where the tGgnd gG¢ conformers are predicted only intermolecular hydrogen bonds, or both?
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TABLE 1: Parameters Used in Quantum Diffusion Monte Carlo Simulations

ethanediol monohydrated ethandiol
parameter sampling convergence sampling convergence
number of replicas 1200 900 1000 1000
maximum initial displacement from equilibrium (Bohr) 0.5 0.5 0.5 0.5
number of time steps, equilibration phase 1000 50 000 1000 50 000
number of time steps, production phase 4000 50 000 4000 50 000
step size (a.u.) 0.1 1.0 0.1 1.0
number of descendant weighting generations N/A 40 N/A 40
number of time steps, descendant weighting N/A 20 000 N/A 20 000
(3) What is the effect of using different levels ab initio atomic displacements are small and atomic rearrangements are

theory to construct the global potential energy surface (PES) not expected to occur. QDMC simulations were then used to
on the nuclear vibrational wavefunction, in particular, on the sample configuration space. The details of these QDMC

extent and nature of hydrogen bonding? simulations are given in the QDMC section below. From the
. configurations accessed during the QDMC simulation, an
Computational Methods alternatingh-weigh®° and root-mean-squared (rms) deviaffon

scheme was used to select molecular configurations to become
new data points. The details of theb initio calculations
n performed at these geometries are given inahénitio section

The methods used in this work are based on constructing an
interpolated potential energy surface frab initio data and
calculating quantum observables using the quantum diffusio

Monte Carlo (QDMC) algorithm. Each of these steps will be P€OW- _ _ _
explained in further detail below. QDMC Calculations. The fully anharmonic zero-point

The calculations reported here were carried out on the nNergy and nuclear vibrational wavefunction were determined

computing facilities of the School of Chemistry at the University USing the quantum diffusion Monte Carlo algorittfif® with
of Sydney and at the Australian Partnership for Advanced energies calculated from the interpolated PES. The parameters
Computing (APAC) National Facility. used for both the sampling and convergence QDMC simulations

PES Interpolation. The details of the modified Shepard @€ given in Table 1. _ _ _
have been previously reported. We refer the reader to a recentof the zero-point energy and nuclear vibrational wavefunction,
review for further detail® and summarize the salient features after 1, 10, 25, 50, 75, and 100 data points had been added to

molecular configuration is expressed as a weighted sum of Mmonitored after the addition of 1, 10, 25, 50, 75, and 100 data
second-order Taylor polynomials about data points in a PES Points to the PES. Ten independent simulation runs were carried
data set. The energy and derivative data required for the TayloroUt, and the zero-point energy reported here was calculated as
polynomial expansions are obtained fra initio electronic ~ the average of the 10 values obtained. The reported uncertainty
structure calculations. The PES is constructed in inverse in the zero-point energy is twice the standard error of the mean,
bondlength coordinates and is designed to be invariant to 20/vN, whereo is the standard deviation of the 10 energy
complete nuclear permutation and inversion (CNPI) symmetry. values andN = 10.
A key feature of the interpolation scheme is that the PES is  Wavefunction histograms were obtained by binning the
“grown” by iterative improvement of the PES data set. Each interatomic distances into 0.05 b bins for each replica at every
iteration consists of a dynamics simulation to explore config- time step of the simulation run and averaging over the 10
uration space, the selection of new data points from configura- simulation runs. These wavefunction histograms were con-
tions accessed by the dynamics simulation, and the calculationstructed without incorporating CNP symmetry. That is, each of
of energetic and derivative data at the selected molecularthe atoms that would be indistinguishable according to CNP
configurations. This cycle is continued until the observable of symmetry were labeled such that all atoms and interatomic
interest ceases to change upon the addition of further data. distances were artifically distinguishable. This enabled each
For the gas-phase ethanediol molecule, the initial data setinteratomic distance to be monitored separately during the course
was defined by six stationary points on the global PES, with of the QDMC simulation. To obtain physically relevant ob-
the local minima corresponding to the conformers'tGGt, servables, it is necessary to “undo” the artificial labeling of
and tTt and the transition states corresponding td iQgner- atoms and average over CNP equivalent histograms. Vibra-
ization, tGt isomerization, and conversion of tTt to tGt. We tionally averaged internal coordinates were obtained using the
considered each of these configurations to possess 192 CNPHescendent weighting algorithth. Again, the vibrationally
symmetry equivalent structures, defined by permutation of the averaged internal coordinates were calculated without incorpo-
two equivalent carbon atoms, the two equivalent oxygen atoms, rating CNP symmetry, and postprocessing by averaging over
the four equivalent carbon-bound hydrogen atoms, and the two CNP equivalent internal coordinates is required to yield physi-
equivalent oxygen-bound hydrogen atoms. For the monohy- cally relevant observables.
drated ethanediol molecule, the initial data set was defined by Ab Initio Calculations. For each system, three potential
a collection of five approximately isoenergetic local minima. energy surfaces were constructed, each using a different method
The permutation symmetry group was defined by considering for treating electron correlation, either density functional theory
all atoms distinct except the two hydrogen atoms bound to the (DFT) using the PW91 functiondl, 3! DFT using the BSLYP
water molecule, which are considered equivalent, and the two functional®253 or second-order many-body MgliePlesset
sets of two carborhydrogen atoms, where the hydrogen atoms perturbation theory (MP2¢* The Huzinage-Dunning correla-
in each set are considered equivalent. Although this CNP grouption consistent valence double-split basis set (cc-pVBZs
is minimal, it is expected to contain most of the feasible implemented in the Gaussian 98 program packégeas used
permutations encountered during the QDMC simulation, as the for all ab initio calculations. This basis set was chosen as it
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Figure 3. Convergence of zero-point vibrational energy with respect Figure 4. O—H wavefunction histograms for gas-phase ethanediol
to the size of the PES data set for ethanediol gas-phase surfaces growgalculated from converged, 100 data point potential energy surfaces at
at PW91/cc-pVDZ ¢), B3LYP/cc-pVDZ ©), and MP2/cc-pVDZ4). PW91/cc-pVDZ ), B3LYP/cc-pVDZ ©), and MP2/cc-pVDZ 4).

Only one G-H wavefunction histogram is depicted, as both were
represents an acceptable tradeoff between computational expengdentical upon convergence. The standard error of the mean falls within
and chemical accuracy for this systéhiThe first and second  the size of the data points.
derivatives of the energy with respect to nuclear displacement

TABLE 2: Equilibrium ( ro) and Vibrationally Averaged (r
were obtained using analytic differentiation. J (&) y ged (fed

O—H Distances (A) for Gas-Phase and Monohydrated

) ) Ethanediol
Results and Discussion ethanediol monohydrated ethanediol
Gas-Phase 1,2-EthanediolThe zero-point energy of 1,2- theory non-H-bonded  non-H-bonded H-bonded
ethaneo_hol as a function of_th_e number _of d_|st|nct data points PWOILro 1 006L 0.003 1004 0.003 1027 0.003
that define the global PES is |”Ustrateq n Flgure 3. From this nglreq 0.978+ 0.003 0.976+ 0.001 0.996+ 0.001
figure, we observe that all three potential energy surfaces have B3LYPr, 0.9964+ 0.003  0.992+ 0.002  1.005t 0.003
converged with respect to quantum diffusion Monte Carlo B3LYPre; 0.969+0.002  0.968£ 0.001  0.982+ 0.001
evaluation of the ground-state energy to withii®.5 kJ/mol MP2ro 0.9964+0.003  0.992£0.002  1.002t 0.003
by 100 data points. From this figure, we also observe that the MP2req 0.968+0.002  0.967-0.001  0.9770.001

MP2, B3LYP, and PW91 energies fall within a range of 11.2
kJ/mol, with energies in the following order:

aVibrationally averaged bond lengths were calculated from the
converged 100 data point PW91/cc-pVDZ, B3LYP/cc-pVDZ, and MP2/
cc-pVDZ potential energy surfaces.

MP2 > B3LYP > PW91
From Figure 4 and Table 2, we also observe that the B3LYP

As the zero-point energy depends only on the topology of and MP2 surfaces give qualitatively similar wavefunction
the PES, these energy differences are diagnostic of differenceshistograms and vibrationally averaged bond lengths, whereas
in shape between the MP2, B3LYP, and PW91 potential energy the PW91 surface gives a wavefunction histogram which is
surfaces. For a one-dimensional system, the relationship betweershifted to longer ©-H distance, giving a significantly longer
PES topology and zero-point energy is straightforward; increas- average bond length. This is, however, a reflection of the fact
ing the steepness of the walls serves to increase the zero-pointhat PW91 predicts a longer equilibrium bond length than
energy, whereas the shallower the minima, the lower the zero-B3LYP and MP2, rather than larger magnitude proton motion
point energy. These results suggest that the MP2 surface woulddue to zero-point vibration. In fact, the magnitude of proton
relative to the B3LYP and PW91 surfaces, have either steepermotion was independent of the levelatf initio theory used to
walls, tighter minima, higher barriers, or some combination of construct the PES. In all cases, the vibrationally averageti O
the above. Similarly, the B3LYP surface would be expected to distances were found to be0.028 A longer than the equilibrium
have either steeper walls, tighter minima, or higher barriers than distances.
the PW91 PES. The vibrationally averaged-©0 heavy atom distance is also

Each of the potential energy surfaces was found to have known to provide a probe of hydrogen-bond strerfgind the
converged with respect to the construction of @ wavefunc- vibrationally averaged ©0 distances for both gas-phase and
tion histograms from the ground-state nuclear vibrational monohydrated ethanediol are reported in Table 3. From this
wavefunction by the addition of 100 data points to the data set table, we observe that the intramolecular-O distances for
defining the PES. The superposed wavefunction histograms fromgas-phase ethanediol are similar to the intermolecutaOO
the 1, 10, 25, 50, 75, and 100 data point potential energy surfaceglistances for monohydrated ethanediol to within numerical
were found to agree to within the uncertainty of the QDMC uncertainty, irrespective of the level of theory used to construct
simulations, and only the wavefunction histograms calculated the PES. At this @O distance, monohydrated ethanediol is
from the 100 data point surfaces are shown in Figure 4. known to exhibit intermolecular hydrogen bonding. This implies

Although wavefunction histograms were constructed from the that, with a similar G-O distance, gas-phase ethanediol will
nuclear vibrational wavefunction for both -@4 distances exhibit intramolecular hydrogen bonding. Overall, this evidence
separately, we report only one-® wavefunction histogram  suggests that gas-phase ethanediol may possess a weak intramo-
(Figure 4) and one vibrationally averaged-@ bond length lecular hydrogen bond, although our simulation is not sensitive
(Table 2) for each potential energy surface, as the two enough to resolve any proton delocalization.
wavefunction histograms were found to be identical. This  From Table 3, we also observe that there is no clear pattern
implies that there is no proton delocalization in gas-phase 1,2- of deviation of the vibrationally averaged<® distances from
ethanediol to within the accuracy of our QDMC simulation. equilibrium, although in the majority of cases the vibrationally
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TABLE 3: Equilibrium ( ro) and Vibrationally Averaged (req)

O—0 Distances (A) for Gas-Phase and Monohydrated

Ethanediol?
ethanediol monohydrated ethanediol
theory intramolecular  intramolecular  intermolecular
PW91r, 2.694+0.018  3.084: 0.026  2.723+ 0.026
PW91req 2.728+ 0.001  3.045t 0.001  2.733t 0.003
B3LYPrg 2.769+ 0.025  3.029+ 0.027  2.78%: 0.029
B3LYP req 2.755+ 0.001 3.02H 0.001 2.76H 0.002
MP2rq 2.683+0.034  3.064: 0.088  2.768+ 0.053
MP2req 2.746+ 0.001  3.009t 0.001  2.774+ 0.004

aVibrationally averaged bond lengths were calculated from the
converged 100 data point PW91/cc-pVDZ, B3LYP/cc-pVDZ, and MP2/
cc-pVDZ potential energy surfaces.
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Figure 5. O—0O wavefunction histogram for gas-phase ethanediol
calculated from the converged, 100 data point MP2/cc-pVDZ potential
energy. The standard error of the mean falls within the size of the data
points.

Probability

averaged © O distances are similar to the equilibrium distances
to within numerical uncertainty. This implies that the PES is
symmetric along this coordinate over the range of bond lengths
accessed by the nuclear vibrational wavefunction. This is
confirmed by the symmetric ©O wavefunction histogram
illustrated in Figure 5. It is also interesting to note that the
standard error of the mean is significantly larger for the
vibrationally averaged ©0 distances than the-€H distances
(Tables 2 and 3), and there are two factors which account for
this behavior. First, the PES is shallower along the- @
coordinate and hence larger amplitude vibrational motion is
observed, with a concomitant increase in the uncertainty. From
Figure 4, we observe that the-® wavefunction histogram is
delocalized over 1.2 A, while Figure 5 shows that the @
wavefunction histogram is delocalized over 1.7 A. Second, the
statistical error in the ©H distance can be reduced by averaging
over the symmetry equivalent-€H distances, whereas gas-
phase ethanediol possesses only oregOQdistance.
Monohydrated 1,2-Ethanediol. The zero-point energy of
monohydrated 1,2-ethanediol as a function of the number of
distinct data points that define the global PES is illustrated in
Figure 6. From this figure, we observe that all three potential
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Figure 6. Convergence of zero-point vibrational energy with respect
to the size of the PES data set for monohydrated ethanediol surfaces
grown at PW91/cc-pVDZ <), B3LYP/cc-pVDZ ©), and MP2/cc-
pVDZ (»).
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Figure 7. O—H wavefunction histograms for monohydrated ethanediol,
calculated from the converged, 100 data point PW91/cc-pVDY, (
B3LYP/cc-pVDZ ), and MP2/cc-pVDZ 4) potential energy surfaces.
The two radial distribution functions correspond to both hydrogen-
bonded (solid line) and non-hydrogen-bonded (dashed line) protons.
The wavefunction histograms for the hydrogen-bonded protons were
generated by averaging histograms fromibonds 1 and 3 (Figure

1). The wavefunction histograms for the non-hydrogen-bonded protons
were generated by averaging histograms fromHDbonds 2 and 4
(Figure 1). The standard error of the mean falls within the size of the
data points.

energy surfaces have converged with respect to calculation of Separate ©H wavefunction histograms for all four -€H

the ground-state energy to within0.75 kJ/mol by 100 data

bonds in monohydrated 1,2-ethanediol were constructed from

points. We also observe that the zero-point energies differ the nuclear vibrational wavefunctions calculated using the
according to theab initio method used to construct the PES, pwg1, B3LYP, and MP2 potential energy surfaces. The
with the energies falllng within a range of 15.4 kJ/mol. Similar wavefunction histograms shown in Figure 7 were calculated
to gas-phase 1,2-ethanediol, the order of the energies is therom data sets defined by 100 data points. One hundred data
following: points corresponded to the minimum number of data points
required to demonstrate convergence of the PES with respect
to the construction of ©H wavefunction histograms, as
and similar arguments can be invoked about the topology of illustrated in Figure 8. Vibrationally averaged-® and O-O
these potential energy surfaces. distances were subsequently calculated from these converged

MP2 > B3LYP > PW91



2976 J. Phys. Chem. A, Vol. 109, No. 12, 2005 Crittenden et al.

0.12 4 the O-H wavefunction histogram, provides a sensitive and
010 sensible means of quantifying the notion of hydrogen bonding.
: A number of questions have been specifically posed and
.. 0081 addressed in this work, and the answers are summarized below.
= (1) Does 1,2-ethanediol ha an intramolecular hydrogen
g 0.06 1 bond?
T 904 | Maybe. The quantitative similarity between the-B distri-
bution functions for the terminal hydroxide and the putative
0.02 | hydrogen-bonded hydroxide is evidence of a lack of intramo-
000 lecular hydrogen bonding. However, the resolution of the
s T T A’

il ‘ ‘ etk QDMC simulation is relatively low, and the vibrationally
12 14 16 18 2 22 24 26 28 averaged GO distances are consistent with the possibility of
O-H distance (Bohr) weak hydrogen bonding.
Figure 8. Example of PES convergence: convergence of the MP2/ 2. How is the intramolecular 1,2-ethanediol bonding changed

cc-pvDZ PES with respect to calculation of-® wavefunction upon the addition of a water molecule? Does monohydrated

histograms for tr_le hyo_lrogen-bonded protons of monohydrated ethanediol.q 5_athanediol hee an intramolecular hydrogen bond, only
The wavefunction histograms were calculated from PES data Setsintermolecular hydrogen bonds, or both?

comprised of 1 ¢), 75 (©), and 100 £) unique data points. The . .
standard error of the mean falls within the size of the data points. Monohydrated 1,2-ethanediol does not possess an intramo-

lecular hydrogen bond. No change in the intramoleculatO

surfaces, and these results are given in Tables 2 and 3 wavefunction is observed upon solvation, and indeed, the
respectively. yibrationally averaged int.erm_olecular—@ distance increases _

All three potential energy surfaces predict qualitatively similar N monohydrated ethane.dlol with respect to gas-phase ethanediol.
behavior of the protons, with the wavefunction histograms Monohydrated ethanediol does, on the other hand, possess two
showing two proton environments. One proton environment mtgrmolecular hydrogen bonds, both of equal ;trength. This is
corresponds to non-hydrogen-bonded protons, and thél O ewdencgd by a §h|ft Qf the ©H Wavefunctlpn histograms .to
wavefunction histogram for these protons is the same as that inlonger distance, implying proton delocalization, and a relatively
gas-phase ethanediol (Figure 4). The other proton environmentShort vibrationally averaged-€0 distance. o
corresponds to hydrogen-bonded protons, where the wavefunc- 3 Whatis the effect of using differentds of ab initio theory
tion histogram is shifted to longer-€H distances, relative to  t0 construct the global PES on the nucleabrational wave
the gas-phase. The shift of the wavefunction histogram to longer function, in particular, on the extent and nature of hydrogen
distance indicates proton delocalization, which is indicative of Ponding? o o
the presence of intermolecular hydrogen bonding. The main The treatment of electron correlaﬂon in t_hla initio theory
difference between the ©H wavefunction histograms is the ~Used to construct the PES has a significant effect on the
extent of proton delocalization for the hydrogen-bonded protons; calculated nuclear vibrational wavefunction. B3LYP and MP2
results obtained from the PW91 surface demonstrate a largerProduce quantitatively similar results for both gas-phase and
shift of the wavefunction histogram to long distance compared Monohydrated ethanediol, whereas PW91 overestimates the
to those obtained from the B3LYP and MP2 surfaces. This effect Vibrationally averaged ©H distances and the degree of proton
can also be observed from the vibrationally averageeHO delocalization due to hydrogen bqndlng rglatlve to the B3LYP
distances (Table 2); B3LYP and MP2 predict a 0.023 A shift and MP2 results. In ge'neral,.densny funqtlpnal methods should
to longer distance, whereas PW91 predicts a 0.043 A shift. e benchmarked against higher-leva initio methods for

From Table 3, we observe that all three surfaces predicted hydrogen-bonded systems.
similar results for the vibrationally averaged-Q distances.
The intramolecular ©0 distance was found to be0.3 A
longer than the intermolecular-€D distances, for all methods (1) Radom, L.; Lathan, W. A.; Hehre, W. J.; Pople, JJAAm. Chem.
considered. Together with the fact that the- @ distances and ~ Soc.1973 95, 693-698. )
wavefunction histograms show no proton delocalization, the (2 Ha, T. K. Frei, H.; Meyer, R.; Guthard, H. H.Theor. Chim. Acta
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