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Abstract: Correlated ab initio calculations with very large (correlation-consistent polarized valence triple-{) basis sets
predict that 1,2-ethanediol adopts a gas-phase population of conformers at 298 K comprised of rotamers 98% gauche
and 2% trans about the C—C bond. Gauche conformers that have internal hydrogen bonds make up 83% of the total
population. Changes in relative energy of up to 0.6 kcal/mol are observed upon decreasing the size of the basis set
to correlation-consistent polarized double-{ (which is still larger than commonly used polarized double-{ basis sets),
illustrating the difficulty of even gas-phase conformational analysis in this seemingly simple molecule; the extra variational
freedom and more complete polarization space in the larger basis stabilizes trans hydroxyl conformations and increases
by a factor of 2 both the predicted fractional population of trans C-C rotamers and the predicted population of
conformers with no internal hydrogen bond. Solvation effects were studied using the SMx series of quantum statistical
aqueous solvation models. By adding calculated free energies of solvation to gas-phase free energies, it is found that
the trans population increases from 2 to 12%, and the portion of conformers having no internal hydrogen bond increases
from 17 to 25%. The calculated results are in reasonable agreement with experimental results both in the gas phase
and inaqueoussolution. Theresults providea consistent picture of the competition between the various effects (electronic
energies, zero point effects, thermal vibrational-rotational free energy components, and electric polarization and first
hydration shell contributions to solvation free energies) that, when combined with the proper statistics, contribute to
determining the populations of all possible isomers in aqueous solution. Calculated relative solvation free energies for
gauche vs trans C—C torsion are also in good agreement with classical Monte Carlo and molecular dynamics simulation

results.

1. Introduction

Polyhydroxylated molecules are ubiquitous in biological
chemistry, with the most notable examples being sugars.!? Such
molecules are especially hydrophilic as a result of the hydroxyl
groups serving as both donors and acceptors in hydrogen bonds
withsurrounding water molecules. Aninteresting question which
arises is that of the extent to which the intramolecular hydrogen
bonds found between vicinal hydroxyl groupsin the gas phase are
disrupted in aqueous solution in order to permit additional
intermolecular hydrogen bonding with water molecules.®* Since
molecular recognition of sugar molecules may playa rolein cellular
uptake of glycosylated substrates,? this conformational issue is
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additionally relevant to the extent to which binding to a specific
receptor site also involves formation of new intermolecular
hydrogen bonds at the expense of intramolecular or solute—solvent
ones.

1,2-Ethanediol is the simplest example of a saturated carbon
compound withvicinal hydroxyl groups. Conformational isomers
differ by the specification of the three possible rotameric dihedral
angles, one about the C~C bond and one about each of the two
C-O bonds. Assuming typical 3-fold torsion potentials with
minima for angles near 60°, 180°, and 300°, this gives rise to 27
(i.e., 3%) conformational minima. Symmetry, however, makes
many of these degenerate; the 10 unique possible isomers are
displayed in Figure 1 with their degeneracies indicated. Following
conventional notation, the dihedral angles noted above are
designated g*, ¢, and g-, respectively, for gauche clockwise, trans,
and gauche counterclockwise C-O torsions, and similarly G*, T,
and G- for the C—C torsion. Thus, the all-transoid conformer is
designated ¢Tt. Symmetry in the form of an external mirror
plane parallel to the C—C bond may be thought of as reflecting
+ into ~ for all three torsions and vice versa, while ¢ and T are
unaffected. In addition, symmetry in the form of an internal
plane bisecting the C-C bond relates isomers via the same
reflection process, with concomitant interchange of the first and
the third descriptors. Thus, by following these two procedures,
one finds g*G* g to be identical to g~G-g* (external reflection),
g*G-g (internal reflection), and g~G*g* (both reflections taken
in either order).

1,2-Ethanediol has been studied in the gas phase by a variety
of methods including microwave spectroscopy,’ electron diffrac-
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Figure 1. The ten stereochemically unique conformers of 1,2-ethanediol. Structures were fully optimized at the ab initio MP2/cc-pVDZ level. The
degeneracy of the individual conformers is indicated by the number in parentheses below its designation. The sum of the degeneracies is equal to the

total number of possible torsional combinations, i.e., 27.

tion,® and infrared (IR) spectroscopy.” The latter technique has
alsobeen used tostudy the diol in mixtures with inert gases quickly
cooled to form low-temperature matrices.® Thesestudiesall agree
that tG*g is the predominant conformer. While the g*G*g
conformer was not identified in either the microwave or the
electron diffraction studies, the IR results suggest that it
constitutes an appreciable fraction of the equilibrium mixture,”8
and, in addition, Tasumi et al. assigned a number of very weak
signals in their IR studies to the gG*g conformer.8¢ No other
isomers have been proposed to contribute to the room temperature
equilibrium population to within the detection limits of the various
methodologies (probably about 5%).

Abinitiocalculations are in general accord with these findings.
Early studies at the Hartree—Fock (HF) level employing small
split-valence basis sets and only partially optimized geometries
were carried out for some or all isomers by a number of
workers.82% Van Alsenoy et al.,'® employing the HF/4-21G
level,'! were the first to perform complete geometry optimizations
for all 10 conformers. They found valence angle differences of
up to 8° among the isomers and bond distance differences of up
to 0.02 A. Subsequently, seven groups published higher level
studies®d.!2-17 employing the 6-31G*, 6-31G**, and larger basis
sets and taking account of electron correlation with Moller—
Plesset perturbation theory up to fourth order (MP4).!" Also,
studies using quadratic configuration interaction including all
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single, double, and pertubative triple excitations (QCSID(T))!®
and, most recently, density functional theory within the local and
nonlocal spin density approximations!® have been reported. One
of these studies!® also tested molecular mechanics force fields0
and discussed problems related to parameterizing such force fields
using a combination of gas-phase and liquid-phase solution data.
All but one of these studies?d!3-17 jncluded only 4-6 of the
conformers, and in four cases!3-1¢ the only conformer considered
with a trans C-C bond was ¢Tt. The very recent study of Oie
et al.,'? on the other hand, explored all 10 possible isomers at
levels up to MP4/6-311G**/ /MP2/6-31G** (we follow through-
out the standard notational convention!! that x/y//z/w denotes
a calculation with method x and basis y at a geometry optimized
with method z and basisw) and NLSD/TZVP//NLSD/DZVP2
(where NLSD is the local spin density approximation!® with
nonlocal exchange and correlation corrections included using the
methods of Becke?' and Perdew,?? respectively, and the TZVP
and DZVP2 basis sets?* are polarized triple-{ and double-{,
respectively). These authors found reasonable agreement between
relative isomeric energies predicted at the MP4 and NLSD levels
of theory, demonstrated the range of energy spanned by all 10
isomers to be less than 4.5 kcal /mol, and observed relative energies
for the various isomers to be converged to within about 0.5 kcal/
mol with respect to their final increase in basis set size. All of
these investigations agree that tG*g and g*G*g are the lowest
and next lowest energy isomers, respectively.

Liquid-phase solution data are more scarce. Based on nuclear
magnetic resonance (NMR) studies, Pachler and Wessels assigned
the concentration of isomers gauche about the C—~C bond to be
88 £ 3% in deuterium oxide.2* This may be compared to very
dilute IR studies in carbon tetrachloride where, if one assumes
identical extinction coefficients for the O—H stretching bands
from both free and hydrogen-bonded hydroxyl groups, a ratio of
90:10 is inferred for isomers having an internal hydrogen bond
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compared to those which do not.25 Note, however, that while it
is true that no trans isomer can have an internal hydrogen bond,
it is also true that of the gauche isomers only tG*g- and g*G*g-
have such a bond. It is thus not possible to make a direct
comparison between these two experiments, although it is clear
that in neither solvent is there a particularly large percentage of
trans conformers.

Aqueous solvation effects on the diol have been explored
theoretically with explicit solvent simulations by Nagy et al.}?
and Hooft et al.26 The former group performed Monte Carlo
calculations using the optimized potentials for liquid simulations
(OPLS)?" force field and the 4-point transferable intermolecular
potential (TIP4P)28 water model. Changes in free energies of
solvation were monitored while individual dihedral angles were
driven from one conformer to another, and four conformers were
considered throughout. The latter group employed a molecular
dynamics approach using the Gréningen molecular simulation
(GROMOS) force field? and the simple point charge (SPC)30
water model. By freezing only bond distances, the molecular
dynamics approach was allowed to sample all conformers
(assuming that the simulation time was long enough for this to
occur in practice). Both studies found that the ¢Tt isomer is
better solvated than the tG*g-, with the former group finding a
1.2 £ 0.5 kecal /mol difference and the latter 1.1 £ 0.2 kcal /mol.
Considering only the ¢ Tt trans conformer, Nagy et al.!? predicted
a 299:1 gauche/trans ratio about the C~C bond in aqueous
solution. This ratio employs the required corrections pointed out
by Hooft et al.26 On the other hand, Hooft et al., considering
all possible conformers, predicted about a 67:33 ratio for the
same equilibrium.26 Most of the difference is due to the gas-
phase energy surface to which the differential solvation free
energies were added; Nagy et al.!3 used gas-phase free energies
calculated at the MP2/6-31G*//HF /6-31G* level, while Hooft
et al.26 took their gas-phase energies from the GROMOS? force
field. Hooft et al. found that the gas-phase preference for
internally hydrogen-bonded solute molecules disappeared com-
pletely in aqueous solution. In light of the great overestimate of
the trans form population by their force field, one must question
whether this dramatic predicted solvation effect is valid.

Alagona and Ghio!4 analyzed the effects of aqueous solvation
on 1,2-ethanediol by an alternative method, in which the solvent
is represented by a continuum dielectric. Using the polarized
continuum model (PCM) of Tomasi and co-workers,?! they
considered differences in only the electrostatic portions of the
solvation free energy at the HF/4-31G and HF/6-31G* levels
for four conformers. At both of these levels, using geometries
optimized invacuo, they found the ¢t Tt isomer to be better solvated
than the tG*g~ by only 0.2 kcal/mol. Other relative differences
were more sensitive to basis set, but they found g*G*g-and g=G*g-
to be better solvated than tG*g- by 0.6-1.1 kcal/mol.

We present here a third approach for analyzing the confor-
mational equilibrium in aqueous solution, employing quantum
statistical solvation models?2-35 which take account of both the
mutual polarization of solute and solvent (like a continuum model)

(25) (a) Krueger, P. J.; Mettee, H. D. J. Mol. Spectrosc. 19685, 18, 131.
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and also local effects specific to the first solvation shell (like an
explicit solvent simulation). In particular, the Austin Model
1-Solvation Models 1a and 2 (AM1-SM1a32 and AM1-SM23)
and the Parameterized Model 3-Solvation Model 3 (PM3-SM334),
which will be discussed in more detail below, were employed to
calculate absolute free energies of solvation; these were added to
gas-phase free energies calculated from significantly higher levels
of ab initio theory than have been used to date. The para-
meterization of these models is consistent with respect to
separating gas-phase and solution components of molecular
energies. All 10possible conformers have been considered. Section
2 describes the computational methodology and the solvation
models, section 3 provides the results of the calculations for gaseous
and solvation free energies, and section 4 discusses how our data
compare with experiment and earlier calculations.

2. Theoretical Methods

Gas-Phase Calculations. Complete geometry optimizations were
performed for all 10 isomers at both the HF and the MP2 levels using
the correlation-consistent polarized valence double-{ (cc-pVDZ) basis
set of Dunning36 (which yields 86 contracted basis functions for the present
molecule). The MP2/cc-pVDZ geometries were used for additional single
point calculations taking account of correlation using the coupled cluster
formalism, considering all single and double excitations to infinite order
and using a perturbative approach for triple excitations,? i.e., CCSD-
(T)/cc-pVDZ//MP2/cc-pVDZ. HF and MP2single point calculations
at these geometries were also carried out with the much larger cc-pVTZ
basis set,36 which is a valence triple-{ set including 2p and 1d polarization
functions on hydrogen and 2d and 1f polarization functions on the heavy
atoms (a total of 204 contracted basis functions for the diol). Relative
energies, Erq, were then calculated as [MP2/cc-pVTZ + (CCSD(T)/
cc-pVDZ - MP2/cc-pVDZ)], with all calculations at the MP2/cc-pvVDZ
geometry, i.e., higher order correlation effects calculated with the smaller
basis set were added to the largest basis set MP2 calculation. These
energies were converted to relative gas-phase free energies employing
standard statistical mechanical formulae,! 138 using vibrational frequencies
and moments of inertia calculated at the HF /cc-pVDZ level. The latter
level was also used to verify all structures as local minima. Finally, each
isomer has a contribution to its gas-phase free energy of -RT In w, where
w is the structural degeneracy of the isomer as listed in Figure 1. All ab
initio calculations were carried out with the GAUSSIAN92 program
suite.®

Semiempirical calculations at the Neglect of Diatomic Differential
Overlap (NDDO)* level were also carried out with the Austin Model
1 (AM1)#! and Parametrized Model 3 (PM3)42 Hamiltonians. Again,
complete geometry optimizations were performed; the ¢tG*r isomer was
not stationary with either semiempirical Hamiltonian, and other differ-
ences in geometry between the semiempirical and ab initio levels are
discussed in the following sections. We regard these calculations as
delivering electronic and nuclear potential energies, E, and convert these
to G;9s by employing the same thermodynamic formulae!! as in the ab
initio case.
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Table 1. Calculated Relative Energies of 1,2-Ethanediol Conformers in the Gas Phases®

internal H-bond

no internal H-bond

level Gty g*Gtg g GYr tTg* T  g*G*g*  1Grgt  gtTgt tTt 1G*t
AM1 0.00 -088  -095 155 022 098 254 039 297 d
PM3 0.00 -139 078 106 -0.68  -0.82 176 043 255 d
HF/4-21G* 0.00 0.88 228 319 335 4.30 644 399 255 539
HF/6-31G**/ 0.00 0.64 128 236 244 2.02
HF/cc-pVDZ 0.00 0.56 153 237 235 322 394 269 208 36l
HF/cc-pVTZ//MP2/cc-pVDZ 0.00 0.80 1.13 177 210 2.87 314 229 135 262
MP2/6-31G*//HF/6-31G* ¢ 0.00 0.24 1.25 3.36
MP2/6-31G**//HF/6-31G**/ 0.00 0.20 122 325 299 323
MP2/cc-pVDZ 0.00 -0.04 158 331 279 327 433 305 346 434
CCSD(T)/cc-pVDZ//MP2/cc-pVDZ 000  —0.12 139 314 260 3.11 420 285 334 427
MP4/6-311G**//MP2/6-31G* 000  -0.09 149 314 267 3.03 428 293 331 424
NLSD/TZVP//NLSD/DZVP2* 000  -0.01 102 305 259 2.70 368 270 310  3.60
MP2/cc-pVTZ//MP2/cc-pVDZ 0.00 0.31 120 291 280 3.22 3.81 299 285 348
composite Ere 0.00 0.23 1.01 274 261 3.06 368 279 273 341
ZPVE/ 0.00 005  -037 034 026 053 043 029 035 0.1
AGyiprot(TYH 0.00 019 058 052 038 060 065 001 019 039
-RThw 0.00 0.00 0.41 000 0.4l 0.41 000 041 082 041
composite Gyoq' 0.00 0.42 0.84 222 264 2.87 3.03 321 336 343

2 In keal/mol. ® Unless otherwise indicated, geometries were fully optimized at the reported level. ¢ Absolute energies (Ep) for this column are
-36.033 35;-33.707 05; —228.394 43;-228.945 01;-228.953 39; -229.024 30, -229.540 61;-229.596 48; —229.613 37; —229.668 85; not reported; not
reported; —229.860 44; —229.915 92; 0.091 88; 0.063 91; —0.001 30; —229.853 31. 4 Not stationary at this level of theory. ¢ Reference 10./ Reference
8d. & References 13 and 14. # Reference 17. ! See Section 2. / Calculated from unscaled HF /cc-pVDZ frequencies. ¥ ZPVE + vibrational-rotational
heat capacity and entropy terms, again at HF/cc-pVDZ level. ! Calculated as composite Erel + AGyibcot(T) — RT In w.

Aqueous Calculations, Solvation free energies were calculated using
the AM1-SM1a,32 AM1-SM2,33 and PM3-SM33 solvation models. The
standard state for these calculations is 298 K and one mol L-! solute
concentration both in the gas phase and in solution. These models divide
the free energy of solvation into two parts. The first, known as AGgnp,
accounts for the favorable effects of mutual polarization of the solute and
the solvent and the associated costs of electronic and geometric distortion,
at least to the extent that these effects can be simulated using AM1 or
PM3 partial charges at the nuclear centers. The second term, Gepg,
includes the effects of cavitation, dispersion, and other interactions specific
to the first solvation shell, such as the nonelectrostatic components of
solute—solvent and solvent—solvent hydrogen bonding and the entropic
effects of perturbing the structure of the first shell of solvent; it also
includes electric polarization effects due to local atomic dipoles that are
beyond the ability of the atom-centered partial charges to represent and
makes up empirically for some of the deficiencies of the AM1 and PM3
partial charges. While all three SMx models calculate AGgnp in the
same manner (but using different optimized parameters), they differ in
the way in which Gepg is treated.

In the AM1-SM1a model, every atom is assigned a surface tension
and contributes to Gepg based on its solvent-accessible surface area.$3
For the diol, four types of atoms are explicitly assigned: carbon, carbon-
bound hydrogen, sp? oxygen, and oxygen-bound hydrogen. The SM2
and SM3 models, on the.other hand, are more general in that they do
not require an assignment of atomic “type”. Instead, all atoms have a
single atom-specific surface tension, which is further adjusted depending
on the number of attached hydrogen atoms as evaluated from the self-
consistently determined bond order matrix.?® This prescription allows
hydrogen atoms themselves, which have drastically different interactions
with the first solvation shell depending on the heavy atom to which they
are attached, to be treated much more accurately than would be possible
using a single hydrogen-atom surface tension. The attached hydrogen
atoms modify other atoms’ surface tensions, and their own solvent-
accessible surface area is set to zero. Moreover, they do not explicitly
block solvent from the underlying heavy atoms, which thereby take on
the role of representing fragments (e.g., CH; and OH in 1,2-ethanediol)
in the G(.:DS calculation (although H atoms remain explicit for AGgNp).
As a result of these differences, the SM1a model can be somewhat more
discriminating between distinct rotamers involving -XH, groups than
the SM2and SM3 models. Thisisdiscussed in more detail in the following
sections,

For each SMx model, the calculation was performed in two ways.
First, free energies of solvation were computed for the “frozen” MP2/

(43) (a) Lee, B.;Richards, F.M. J. Mol. Biol. 1971, 55,379. (b) Hermann,
R. B. J. Phys. Chem. 1972, 76, 2754, (c) Eisenberg, D.; McLachlan, A. D.
Nature 1986, 319, 199. (d) Ooi, T.; Oobatake, M.; Nemethy, G.; Scheraga,
H. A. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 3086.

cc-pVDZ geometry; this approach does not include contributions from
nuclear structural relaxation, but it may be more trustworthy in cases
where the semiempirical AM1 or PM3 Hamiltonian fails to deliver a
reasonable gas-phase (or liquid-phase solution) structure. In addition,
calculations were performed for fully “relaxed” structures, e.g., AG;,V =
PM3-SM3//PM3-SM3 - PM3//PM3. Finally, for the AM1-SM2
model, additional calculations were performed where only the three critical
dihedral angles of 1,2-ethanediol were “locked” at the MP2/cc-pVDZ
values, all other degrees of freedom being permitted to optimize. All
semiempirical calculations, both in the gas phase and in solution, were
performed with version 3.5 of the AMSOL computer program.*

Equilibrium Populations and Absolute Free Energies of Solvation.
Equilibrium populations of conformers were calculated using a standard
Boltzmann formalism, i.e., the fraction of conformer A is

—GA/RT
FA)=— 1)

Ze-a,'/nr

]

where G may be either a gas-phase or a solution value, and i runs over
all conformers. In tables, %(A) = 100F(A). The absolute free energy
of solvation, AG,,, is calculated as%

. ~Gyuu(A)/RT .
AG,,, =-RTIn L e~8Guin(A)/RT %))
Z e Gm()/RT

where both i and A run over all conformers.

3. Results and Discussion

Gas Phase. Figure 1 illustrates the optimized structures of all
10 conformers at the MP2 /cc-pVDZ level; additional geometric
and energetic details are provided as supplementary material.
Table 1 provides a comprehensive listing of our own and several
earlier gas-phase calculations for these conformers. It is evident
that the cc-pVDZ basis set is the best polarized double-{ basis
employed: the Hartree—Fock electronic energy of optimized tG*g-
is 5.3 kcal/mol lower with the cc-pVDZ basis (86 contracted

(44) Cramer, C. J.; Lynch, G. C.; Hawkins, G. D.; Truhlar, D. G. AMSOL,
version 3.5, Quantum Chemistry Program Exchange, programno. 606. QCPE
Bull. 1993, 13, 55.

(45) Ben-Naim, A. Statistical Thermodynamics for Chemists and Bio-
chemists; Plenum: New York, 1992,
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Cramer and Truhlar

Equilibrium Gas-Phase Population of Conformers at 298 K at Various Levels of Theory, with Higher Levels of Theory to the Rights

isomer AM1® PM3¢ HF/4-21G* CCSD(T)/cc-pVDZe MP4/6-311G**f NLSD/TZVPs composite (C)*
tG*rg 5.2 4.2 82.6 48.7 50.3 49.3 55.9
Falar's 16.7 322 13.5 43.2 42.5 36.3 27.4
gGre 34.6 21.1 23 6.2 5.4 11.7 13.4
tTg* 0.9 1.7 0.9 0.6 0.6 0.7 1.3
& Te 35 12.7 0.3 0.6 0.5 0.6 0.6
gtG*gt 37.6 233 0.1 0.4 0.4 0.7 0.4
1Gtg* 0.2 0.6 0.0 0.1 0.1 0.3 0.3
gt Tg* 1.3 4.1 0.1 0.2 0.2 0.3 0.2
tTt 0.0 0.0 0.4 0.1 0.1 0.1 0.2
1G*t i i 0.0 0.0 0.0 0.1 0.2
total C-C gauche 94.3 81.5 98.4 98.6 98.7 98.4 97.6
total C-C trans 5.7 18.5 1.6 14 14 1.6 2.4
internal H-bond/ 21.9 36.4 96.0 92.0 92.7 85.6 834
no internal H-bond 78.1 63.6 4.0 8.0 7.3 14.4 16.7

2% (A) as defined below eq 1.  From Table 1, AM1 + AGyiprot(T) — RT In w. ¢ From Table 1, PM3 + AGyibrot( ) — RT In w. 4 From Table 1,
HF/4-21G + AGyiprot(T) = RT In w. ¢ From Table 1, CCSD(T)/cc-pVDZ + AGyiprot(T) — RT In w. / From Table 1, MP4/6-311G** + AG,ib—rot(T)
- RT In w. 8 From Table 1, NLSD/TZVP + AGyibroe(T) — RT In w. * From composite final row of Table 1, based on MP2/cc-pVTZ and CCSD(T)/

cc-pVDZ calculations. ! Not stationary. / Sum of isomers tG*g~ and g*G*g.

basis functions) than with the nominally comparable 6-31G**
basis (90 contracted basis functions). At the frozen core MP2
level, the difference increases to 9.0 kcal/mol (using the HF
optimized geometries), illustrating the superior balance of the
cc-pVDZ basis for correlated calculations. Finally, although
absolute energies were not reported by Oie et al.,'” we note that
our largest basis, cc-pVTZ, is considerably more complete (204
contracted basis functions) than was theirs, 6-311G** (108
contracted basis functions); very large basis sets are required in
order to accurately calculate correlation energies.#¢ Table 2
presents the results of Table 1 in the form of equilibrium
populations in the gas phase at 298 K.

It is particularly interesting to examine this system with the
correlation-consistent basis sets?¢ because some previous studies*’
have pointed out systematic deficienciesin the 6-31Gand 6-311G
basis sets, in particular, insufficiently diffuse valence orbitals;
the correlation-consistent basis sets do not suffer from these
problems.

A number of interesting trends are apparent. First, isomeric
relative energies differ considerably with improving basis set—even
on going from the cc-pVDZ basis, which is quite large by most
standards, to the cc-pVTZ basis, energies relative to the global
minimum change by up to 0.80 kcal/mol at the HF level (note
that slightly different geometries are involved) and by up to 0.86
kcal/mol at the MP2 level (identical geometries). In particular,
the larger basis appears to stabilize conformers with ¢ hydroxyl
orientations relative to the global minimum, which itself has a
single ¢t hydroxyl, but is unique in that the hydroxyl in question
is serving as a hydrogen bond acceptor. Thus, the largest
stabilizations are observed for the ¢Tt and ¢tG*t isomers, where
both hydroxyl torsions are trans. In addition, the only other
conformer with an internal hydrogen bond, g*G+*g-, goes up 0.35
kcal/molin energy, suggesting that this intramolecular interaction
is overestimated even with a polarized cc-pVDZ basis. The net
result on going from the cc-pVDZ to the cc-pVTZ composite free
energies is to about double the equilibrium percentage both of
conformers having no internal hydrogen bond and of conformers
whichare trans about the C—C bond (Table 2). Thisis in marked
contrast to the MP4 results of Oie et al.,'” which most closely
resemble our CCSD(T)/cc-pVDZ results and do not capture the
changes observed on going to the composite cc-pVTZ level. The
NLSD/TZVP results of Oie et al.,'” on the other hand, agree
quite well with our best composite triple-{calculations. The only

(46) (a) Almlsf, J.; Taylor, P. R. J. Chem. Phys. 1987, 86, 4070. (b)
Gordon, M. S,; Truhlar, D. G. Int. J. Quantum Chem. 1987, 31, 81. (c)
Bauschlicher, C. W., Jr,; Langhoff, S. R.; Taylor, P. R. In Supercomputer
Algorithms for Reactivity, Dynamics, and Kinetics of Small Molecules;
Lagana, A, Ed.; Kluwer: Dordrecht, 1989; p 1.

(47) (a) Grev, R. S,; Schaefer, H. F., I11. J. Chem. Phys. 1989, 91, 7305.
(b) Del Bene, J. E.; Aue, D. H.; Shavitt, 1. J. Am. Chem. Soc. 1992, 114,1631.

Figure 2. Structure of the gG*g-conformer optimized at the AM1 level.
The perspective shown on the right illustrates the nearly eclipsed nature
of the structure.

deviation of noteis in the relative proportions of the twointernally
hydrogen-bonded isomers, with the NLSD level predicting the
tG*g isomer to be only slightly more prevalent than the g*G*g~.
However, of the ab initio calculations, only these two models
predict the total amount of these two isomers to be in the 85%
range, as compared to the lower level ab initio predictions of
92-96%. Asdensity functional methods remainrelatively untested
for systems with internal hydrogen bonds, this comparison is
particularly interesting. Finally, it is noteworthy that in general
the larger basis sets decrease the energetic separation between
the two internally hydrogen-bonded isomers and the eight others
and that this effect is reduced at correlated levels compared to
the HF level.

Itisalsoclear that the semiempirical levels are totally unsuited
to gas-phase conformational analysis in this instance. This is a
typicalresult for conformational problems, and itappears toarise
in the present case from two key anomalies. The first, unique to
AM1I, is the tendency for isomer g~G*g- to optimize from a

staggered geometry about the C—C bond to one in which the two

C-O bonds are nearly eclipsed (Figure 2). This appears to be
driven by a strongly favorable interaction between the protons
and the oxygens on opposite hydroxyl groups. This is reminiscent
of the bifurcated hydrogen bonds which are typically produced
by AMI1,*8 and the effect is to dramatically increase the
equilibrium population of this conformer in the gas phase. The
PM3 structures, conversely, are all reasonably similar to their ab
initio counterparts.

The other anomaly in the semiempirical gas-phase methods is
the apparent preference in both methods for the O-H bond to
eclipse some other bond ina 1,3-fashion, such that gauche hydroxyl
torsions are dramatically stabilized over trans. This effect is
sufficient to render the tG*t conformer nonstationary. Moreover,
since one of the two intramolecularly hydrogen-bonded conformers
which dominate the ab initio population has a trans hydroxyl, its
destabilization causes the ratio of hydrogen-bonded to non-
hydrogen-bonded conformers to effectively reverse on going from
the best ab initio level of theory to either of the semiempirical

(48) (a) Khalil, M.; Woods, R. J.; Weaver, D. F.; Smith, V., H., Jr. J.

Comput. Chem. 1991, 12, 584, (b) Zheng, Y.-J.; Merz, K. M., Jr. J. Comput.
Chem. 1992, 13, 1151.61.
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Table 3, Free Energies of Solvation for 1,2-Ethanediol Conformers®®

J. Am. Chem. Soc.,

Vol. 116, No. 9, 1994 3897

SMla SM2 SM3

isomer frozen relaxed frozen relaxed locked ISCF frozen relaxed
H{ead' o -8.76 -8.80 -9.45 -9.62 -9.61 -9.19 -8.96 -9.25
&G -9.20 -9.11 -9.52 -9.70 -9.59 -9.39 -9.05 -9.44
g Gty -9.25 -8.77¢ -9.54 -9.08¢ -9.52 -9.36 -9.02 -9.39
tTg* -9.18 -9.18 -10.41 -10.40 -10.36 -10.02 -10.16 -10.06
e Ty -9.54 -9.64 -10.51 -10.48 -10.48 -10.15 -10.28 -10.17
g*Gtg* -9.45 -8.68 -9.67 -8.99 -9.55 -9.30 -9.18 -9.33
tG*tg* -9.48 -9.62 -10.23 -10.48 -10.23 -9.69 -9.67 -9.74
gt Tg* -9.61 -9.55 -10.52 -10.48 -10.46 -10.12 -10.29 -10.14
tTt -8.87 -9.05 -10.42 -10.47 -10.46 -10.03 -10.16 -10.05
1G*t -9.32 d -10.27 d -10.28 d -9.72 d

AG:O,V‘ -9.01 -8.92 -9.55 -9.64 ~9.64 -9.32 -9.09 -9.37

aSolvation free energies refer to a standard state of 298 K and 1 mol L-! solute concentration in both the gas phase and solution. # The SM3 1SCF
calculations are carried out with the geometry frozen at the gas-phase structures optimized by PM3; see Section 2 for details of how the geometries
were chosen in other columns. ¢ Structure is quite different from ab initio geometry; see Figure 2. 4 Structure is not stationary at this level of theory.

¢ Using eq 2 from text,

levels! This is apparently not related to the small basis implicit
in the semiempirical techniques, since at the ab initio level the
tendency is for smaller bases to overemphasize the percentage of
the conformers with an internal hydrogen bond. It has been
suggested that semiempirical H~H core repulsion functions
overstabilize the eclipsing of vicinal X-H bonds, leading to
incorrect flattening of S-membered alicyclicrings at such levels;#
however, this explanation has been disputed.’® It is not clear
what is responsible for the apparent favorability of the more distant
1,3-interaction in this instance. It is, however, perhaps worth
noting that in general only primary aliphatic alcohols can adopt
a transoid hydroxyl torsion which fails to 1,3-eclipse another
bond. As such, 1,2-ethanediol is a worst-case scenario for this
problem, while more complicated molecules, like sugars with a
majority of secondary or tertiary alcohols, may be less adversely
affected.

The poor accuracy of the AM1 and PM3 models for gas-phase
free energies is mentioned for its intrinsic interest, but it will not
affect our final results in aqueous solution since, as in previous
studies,>3! we will combine high-level ab initio gas-phase free
energies with SMx solvation energies.

Several previous studies of 1,2-ethanediol included only one
conformer, ¢Tt, that is trans about the C—C bond. Table 1 shows
that at all HF levels of theory the electronic energy of tTt is
indeed lower than any other C—C transoid conformer, but it enjoys
much less correlation energy; moreover, it is the only isomer which
has no geometrical degeneracy (a cost of 0.82 kcal/mol relative
to 4-fold-degenerate conformers at 298 K). Considering all of
these effects together with a temperature correction which is
about average, the 7t conformer is found to constitute less than
10% of the total gas-phase trans population at the highest level
of theory in Table 2. Conformers t7Tg* and tTg are found to be
the dominant trans isomers at the highest level. The question of
whether aqueous solvation may favor ¢ Tt sufficiently to make it
the dominant C~C trans conformer in solution will be discussed
further below on the basis of the present complete conformational
analysis of all C-C trans conformers.

An interesting trend observed when the zero point vibrational
energies and AG,j, (T values are compared for all 10 isomers
in Table 1 is that these terms favor the isomers without internal
hydrogen bonds by an average of 0.5 kcal /mol compared to those
with internal hydrogen bonds. This is reasonable since the five-
membered ring structure of the internal hydrogen bonding tightens
the torsional potentials and bending frequencies. Attempts to
explain the conformational equilibria without including such
effects cannot be quantitative.

(49) Ferguson, D. M.; Gould, I. R.; Glauser, W. A.; Schroeder, S.; Kollman,
P. A. J. Comput. Chem. 1992, 13, 525.

(50) Csonka, G. 1. J, Comput. Chem. 1993, 14, 895.

(51) Cramer, C. J.; Truhlar, D. G. J. Am. Chem. Soc. 1993, 115, 8810.

Two points worthy of comment are the difference in potential
energy between the lowest energy internally hydrogen-bonded
isomer and the lowest energy isomer without such a hydrogen
bond and also the difference in energy between the lowest energy
gauche C-C isomers and the lowest energy trans C—C isomer.
The former difference is 1.0 kcal/mol, and the latter is 2.6 kcal/
mol. These values become 0.8 and 2.2 kcal/mol, respectively, if
we consider free energies instead of rigid molecule potential
energies at optimized structures.

Aqueous Solution. Solvation free energies calculated from the
three solvation models for various constrained or relaxed
geometries are presented in Table 3. The final column of Table
3 is our most reliable estimate.

Comparison of the last and seventh (SM3 ISCF) columns of
Table 3 provides our most reliable estimate of how much the
solvation energy changes when the solute geometry is allowed to
relax in solution. It is interesting to have an estimate of this
effect since it is typically not addressed in explicit water
simulations; we find that it is a small effect, ranging from 0.02
to 0.06 kcal/mol for all conformers.

Adding the solvation energies in Table 3 to the composite gas-
phase free energies of Table 1 provides relative free energies in
solution, which are presented in Table 4 in the form of the
equilibrium population of conformers at 298 K. By using eq 2,
it is possible to calculate the conformationally averaged absolute
free energy of solvation. Our best value of this quantity (last
column of Table 3) is —9.4 kcal/mol. Considering all of the
different methods, the theoretical precision is about 0.5 kcal/
mol.

4. Comparison to Experiment and Previous Simulations

Although an experimental measurement’? from 1935 yielded
a free energy of solvation of —7.7 kcal/mol, the experimental
technique employed suggests considerable error in this value.5?
A much more recent measurement, employing a dew point
technique, yielded a free energy of solvation of 9.6 kcal /mal,
in excellent agreement with our calculation, which preceded the
new measurement.

The more recent value seems quite reasonable from a group
contribution perspective since on going from ethane to ethanol,
the free energy of solvation changes’ from 1.8 to—5.0 kcal/mol

(52) Butler, J. A. V.; Ramchandi, C. N. J. Chem. Soc. 1935, 952.

(53) The experiment bubbled a stream of dry air through a solution of
1,2-ethanediol (0.57 M solution in water) and measured a 34 ppm concentration
of the diol in the condensed stream, which was assumed to represent the ratio
of vapor pressures over the solution. The potential difficulties arise from
nonideality, nonequilibrium of the gas bubbles with the solution, and solute
entrainment in small hydrogen-bonded gas-phase water clusters.

(54) Suleiman, D.; Eckert, C. A. J. Chem. Eng. Data, submitted for
publication.

(55) Cabani, S.; Gianni, P.; Mollica, V.; Lepori, L. J. Solution Chem.
1981, 10, 563.
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Table 4. Equilibrium Gas-Phase and Aqueous Solution Populations of Conformers at 298 K at Various Levels of Theorys®

C + SMla C+ SM2 C + SM3

isomer gas-phase C¢ frozen relaxed frozen relaxed locked frozen relaxed
G 55.9 36.3 454 474 53.9 53.3 44.8 45.8
Faltar's 274 37.6 377 26.2 303 25.3 25.6 31.0
gGte 134 20.1 10.4 13.3 5.2 11.0 11.9 14.0
tTg* 1.3 1.7 2.0 5.6 4.7 44 8.0 4.2
s Ty 0.6 1.6 2.2 33 2.6 2.5 4.8 2.5
g*Gtg* 04 0.9 0.3 0.5 0.1 0.4 0.5 04
tGtg* 0.3 0.7 1.1 1.0 1.4 0.9 0.9 0.6
gtTg* 0.2 0.7 0.7 1.3 1.0 1.0 1.9 0.9
tTt 0.2 0.1 0.2 0.8 0.8 0.8 1.2 0.6
Gt 0.2 0.3 d 0.6 d 0.5 0.5 d
total C—-C gauche 97.6 95.9 94.9 89.1 90.9 91.4 84.3 91.8
total C-C trans 24 4.1 5.1 10.9 9.1 8.6 157 8.2
internal H-bond¢ 83.3 73.9 83.1 73.6 84.2 78.6 70.4 76.8
no internal H-bond 16.7 26.1 16.9 26.4 15.8 214 29.6 23.2

4%, using eq 1 from text. Solution free energies are taken as the sum of free energies of solvation from Table 3 and gas-phase composite free energies
from the last row of Table 1. ® See Section 2 for details on how geometries were chosen. ¢ C denotes composite gas-phase resultsin Table 1. 4 Unconstrained
geometry is not a stationary point at this level of theory. ¢ Sum of isomers tG*g~ and g*G*g.

(AM1-SM1a, AM1-SM2, and PM3-SM3 predict?5 0.8, 1.2,1.2
and-4.4,-4.9,-4.6 for these twomolecules, respectively). While
the vicinal addition of another hydroxyl group will clearly have
less than a fully additive effect, it seems unlikely, even given the
intramolecular hydrogen bonding possibility, that only another
-2.7 keal/mol of additional favorable solvation would be gained
after the initial change of —6.8; moreover, the SMx solvation
models slightly underestimate the initial gain, suggesting that
the —9.4 kcal/mol prediction is probably not too negative.

We now turn to a discussion of how our results compare to
other experimental data, explicit water simulations, and other
results obtained with continuum models.

We consider first the relationship between the solvation model
results and the experimental measurementin D,O of an 88 & 3%
concentration of conformers which are gauche about the C-C
bond.24 It is important to note that the quoted error refers only
tothe precision of the measurement and does not include potential
errors in the estimated coupling constants for the “pure” gauche
and trans isomers. The latter are derived from a reaction field
methodology which does not explicitly account for either intra-
or intermolecular hydrogen bonds.%

The SMx results, however, appear to support this ratio quite
closely. Thus, if we eliminate the relaxed AM1-SMx models
because of their very poor geometries for the g~G*g~ conformer,
we find a general agreement that the gauche fraction is 88 £ 4%
for all of the remaining models except the frozen AM1-SM1a
results. The agreement between the frozen SM2, locked SM2,
frozen SM3, and relaxed SM3 results is remarkably close for the
percentage population of every conformer, affording us some
confidence in the performance of the models. A corollary is that
the four models are in fairly close agreement on the equilibrium
ratio of conformers with and without an internal hydrogen bond,
roughly 75:25, These results, together with our best gas-phase
calculations, suggest that on passing from the gas phase into
aqueous solution there is a relative increase in the population of
trans conformers by a factor of 3-5, in absolute terms an increase
of about 6-10 percentage points. From inspection of Tables 3
and 4, most of this appears to result from an increase in the
population of trans conformers tTg* and g*Tg at the expense
of conformer gG*g~.

It is unfortunately difficult to compare these results to the
explicit water simulations of Nagy er al.!* and Hooft, van Eijck,
and Kroon.26 In the former case, where an estimated 99:1 G:T
ratio in aqueous solution was suggested, only the ¢ Tt isomer was
considered. However, the SMx models suggest that this isomer
is a minor player in the equilibrium compared to ¢ Tg* and g*Tg.

(56) Abraham, R. J; Cavalli, L.; Pachler, K. G. R. Mol. Phys. 1966, 11,
49,

Table 5. Relative Populations for Conformers of the T and G
Rotamers from Different Methodsa?

Hooft, van Eijck, C+5SM2 C+ SM3
isomer and Kroon¢ frozen locked frozen relaxed
Gt 24 53 58 53 50
&Gy 22 29 28 30 34
£G'e 10 15 12 14 15
Palcar & 15 1 0 1 0
1Grg* 20 1 1 1 1
tG*t 9 1 1 1 d
1Tg* 47 51 51 51 5]
gt T 24 30 29 30 30
g*Tg* 12 12 11 12 11
tTt 17 8 9 7 2

2%, » SMx data from Table 4. ¢ Reference 26. 4 Not stationary at
this level.

While Hooft, van Eijck, and Kroon calculated the aqueous
population for all conformers, they did so with the gas-phase
portion of the free energy calculated using the GROMOS force
field, leading to an incorrect overall G:T ratio of 67:33. (This
ratio is the average for two separate sampling techniques, one of
which predicts [trans]/[gauche] to be 0.54 £ 0.08, and other
predicts 0.46 £ 0.04.) However, we may compare the relative
populations of the T and G rotamers separately, thereby
eliminating any effect from errors in their internal force field
with respect to describing the torsion about the central C—C bond.
Such an analysis is provided in Table 5, where it is apparent that
the agreement for the T isomers is excellent. The SMx models
predict slightly higher populations of conformers tTg* and g* Tg~
at the expense of conformer T, but that is the only significant
difference. It is not clear whether this latter discrepancy arises
from a poor torsional term in the force field or an inadequacy in
either of the solvation models, but whatever the cause, the effect
would be quite small if expressed in kcal/mol.

For thedominant G rotamers, on the other hand, the agreement
is rather poor. We find about a 40-50% relative increase in
populations of conformers without an internal hydrogen bond,
i.e., water does compete with internal hydrogen bonds but is by
nomeans strong enough to completely eliminate internal hydrogen
bonding. In contrast, the results of Hooft, van Eijck, and Kroon
predict much higher concentrations of G conformers that lack an
internal hydrogen bond. This leads to the suspicion that the
GROMOS force field fails to accurately estimate the energy of
the internal hydrogen bond relative to external ones.

While this last assumption is somewhat speculative, it is
supported to some extent by an analysis of another calculation
common to all three solvation studies, the solvation free energy
of tTt relative to tG*g-. Nagy et al.* and Hooft, van Eijck, and
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Kroon?$ predict the latter isomer to be less well solvated by 1.2
+ 0.5 and 1.1 £ 0.2 kcal/mol, respectively. The SM2 frozen,
SM2 locked, SM3 frozen, and SM3 relaxed results are 1.0, 0.8,
1.2,and 0.8 keal/mol, respectively; the simulations employ either
unrelaxed or partially relaxed geometries, and these SMx results
agree very closely. Thus, since the simulation results and the
SMx results are in harmony for the relative free energies of
solvation for these isomers, one with and one without an internal
hydrogen bond, it seems likely that population differences among
the G conformers with and without internal hydrogen bonds must
be due to a gas-phase effect, with the high-level ab initio results
almost certainly being preferred over the molecular mechanics
ones in this instance.

We note in addition, with regard to the solvation free energy
of Tt relative to tG*g, that the frozen AM1-SM1a model
performs surprisingly poorly, predicting the latter to be less well
solvated by a mere 0.1 kcal/mol. This is particularly surprising
insofar as this model had the smallest root-mean-square error for
the parametrization set employed in the development of the SMx
models.? However, analysis of the data in Table 3 suggests that
the AM1-SM1a model, unlike the others, predicts trans hydroxyl
groups to be quite a bit less well solvated than gauche ones. The
cause of this effect lies in the CDS component of the free energy
of solvation. In the SM2 and SM3 models, the hydroxyl proton
does not have a surface tension of its own, nor does it block the
accessible surface of the hydroxyl oxygen. Rather, it modifies
the underlying oxygen surface tension, making it more negative.
This approach makes the CDS term insensitive to hydroxyl
rotation, other than to the extent that it changes other aspects
of molecular structure. The SM1a model, on the other hand, has
a unique surface tension for both the oxygen atom and the
hydrogen atom, with the latter being smaller than the former by
about a factor of S. As a result, there is a fairly strong tendency
for the hydroxyl proton to prefer a sterically congested (eclipsed)
location relative to what might be thought of as an oxygen lone
pair. We have not observed this nonphysical anomaly before,
and it does not appear to have an adverse impact on the absolute
free energy of solvation. However, it does appear to make the
SM1a model unsuitable for conformational analysis where such
rotations are an issue.

The continuum approach employed by Alagona and Ghio also
predicts a very small difference in solvation free energies between
tTt and tG*g, with the former being favored over the latter by
only 0.2 kcal/mol.'* However, this model fails to take account
of directional components of hydrogen bonding (i.e., components
not considered in an electrostatic only model), the cost of
reorganization of the solvent shells, cavitation, or dispersion. The
latter two will not differ much for the various conformers, but
the former two may well differ. As such, it is instructive to
decompose the SMx solvation free energies into their individual
ENP and CDS components. The former term is most closely
related to the portion of the solvation free energy addressed in
the calculations of Alagona and Ghio, while the latter provides
some insight into the importance of local effects. We emphasize
that the scheme used to parametrize the SMx model allows the
parameters governing the CDS term to relax in order to account
for systematic errors in the ENP term (e.g., poor atomic partial
charges from the AM1 or PM3 wave functions or the breakdown
of theatom-centered generalized Born charge polarization model
itself), and as such this decomposition should be taken to be
qualitative in nature. Nevertheless, the separate ENP and CDS
terms retain semiquantitative significance, and they provide
qualitative insight into the origin of solvation effects.

Table 6 provides the separated energetic components for all
three models, using the frozen MP2/cc-pVDZ geometries for
consistency. The entries labeled “NOPOL” correspond to
solvation free energies in the absence of any solute electronic
relaxation as a result of solvent-induced polarization, i.e., this
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Table 6. Components of the Aqueous Free Energy of Solvation
(kcal/mol) for 1,2-Ethanediol Conformers

AMI1-SMla AMI-SM2  PM3-SM3
isomer ENP CDS ENP CDS ENP CDS
Gt NOPOLe -1.45 -7.11 -142 -785 -1.53 -7.11
ISCF*  -165 -7.11 -1.61 -7.84 -1.86 -7.10
¢'G*tg¢ NOPOL -151 -747 -147 -784 -1.60 -7.12
ISCF  -1.73 -7.47 -1.67 -784 -1.95 -7.10
gG*¢ NOPOL -1.51 -7.58 -149 -7.90 -1.60 -7.17
ISCF  -1.67 -7.58 -1.65 -7.89 -1.86 -7.16
tT¢* NOPOL -125 -7.83 -124 -9.08 -1.56 -8.26
ISCF  -135 -783 -135 -9.07 -191 -8.25
¢'Te& NOPOL -133 -8.11 -133 -9.10 -1.67 -8.30
ISCF ~ -143 -8.11 -143 -9.08 -2.00 -828
g'G*g* NOPOL -1.55 -7.69 -1.53 -7.95 -1.68 -7.21
ISCF  -1.75 -7.69 -1.73 -7.94 -198 -7.20
1G*g* NOPOL -1.85 -7.42 -183 -8.11 -184 -7.35
ISCF -206 -7.42 -215 -8.09 -2.34 -7.33
¢'Tg* NOPOL -130 -8.17 -129 -9.13 -160 -831
ISCF  -1.44 -8.17 -142 -9.11 -1.99 -8.30
(Tt NOPOL -129 -747 -1.28 -9.03 -1.63 -8.21
ISCF  -1.39 -747 -139 -9.02 -1.96 -8.20
tG*t  NOPOL -191 -7.14 -187 -814 -191 -7.37
ISCF  -218 -7.14 -215 -8.12 -2.36 -7.36

@ Gas-phase semiempirical electronic wave function at gas-phase MP2/
cc-pVDZ geometry. ¢ Frozen calculation: polarized semiempirical elec-
tronic wave function at gas-phase MP2/cc-pVDZ geometry.

term is a static Gp polarization term only.3> The entries labeled
“1SCF”include the effect of electronic relaxation (which proceeds
until the internal energy cost relative to the gas-phase optimum
begins to exceed the system’s energy gain from interaction with
thesolvent) and are thus AGgpenergies. Since frozen geometries
are being used, neither term includes the nuclear repulsion
contribution AGy; however, this effect is very small, as discussed
in section 3.

Table 6 shows clearly that the majority of the solvation free
energy comes from the CDS term. Moreover, it is this term
which appears to discriminate most effectively between Gand T
rotamers—in general the latter are favored by about 1.2 kcal/
mol with the SM2 and SM3 models. The SM1a model exhibits
anomalous behavior because of the strong dependence on hydroxyl
group torsions noted earlier. Thus, almost all of the difference
in the solvation free energies for the ¢7¢ and tG*g is found in
this term, and it is not surprising that the continuum approach
of Alagona and Ghio failed to observe much difference between
the two in an electrostatic sense. Their value of 0.24 kcal/mol
for the difference at the HF/6-31G* level is in good agreement
with our frozen SM2 and frozen SM3 1SCF values for the ENP
term of ~0.22 and 0.10 kcal/mol, respectively. There is less
agreement among the various models for the difference in solvation
free energies between conformers tG*g- and g*G*g~. Nagy et
al.l? predict the latter to be better solvated by 0.95 % 0.20 kcal/
mol, Hooft, van Eijck, and Kroon2® predict 0.69 = 0.16, and
Alagona and Ghio!4 predict 1.13 and 0.65 at the HF/4-31G and
HF/6-31G*levels, respectively. Our SM3 relaxed result predicts
this difference to be quite a bit smaller, 0.19 kcal/mol (the frozen
models predict about half this). The results from the continuum
models are probably slightly less trustworth in this regard. The
predictions of Alagona and Ghio show a large basis set effect and
do not take account of several other discriminating components
of solvation, as mentioned earlier. The SM2 and SM3 models
have difficulty in distinguishing changes in the CDS components
of solvation arising from conformational changes associated
exclusively with proton locations, since they are explicitly
recognized only in the ENP portion of the calculation, not the
CDS. Of course, the large variation even between the two
simulations for this last energy difference suggests that more
work needs to be done to determine which models are most
accurate in this respect.

We note in closing that the various SMx models predict very
little difference between the ENP components for any of the four
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most important gas-phase conformers. Dissolution in nonpolar
solvents, where the ENP effects will be roughly halved with respect
to water while the CDS terms will be effectively constant for all
isomers (although probably different from aqueous values), is
thus predicted to have very little effect on the gas-phase
equilibrium population. This appears to be entirely consistent
with the IR results in inert gas matrices and carbon tetrachloride
solution.825 Additionally, the small variation in the ENP energy
across all 10 conformers stands in contrast to the behavior of the
molecular dipole moment, which ranges from zero for g+ Tg- and
tTt (by symmetry) to 3.05 D for tG*g* (using the MP2/cc-
pVDZ density matrix; see supplementary material for complete
list of dipole moments). It is thus evident that the widely used
Kirkwood-Onsager approach,’’ which models the electrostatic
component of the free energy of solvation as being proportional
to the square of the molecular dipole moment, would be entirely
unsuitable for 1,2-ethanediol.

5. Conclusions

Conformational analysis of 1,2-ethanediol requires high-level
treatments, in terms of both basis sets and correlation, in order
to accurately predict relative energies in the gas phase. The
combination of correlated, extended basis set, gas-phase free
energies with the quantum statistical SMx models allows an
exploration of the effect of aqueous solvation on all of the possible
conformers of the solute at a more reliable level than previously
employed methods. The SMx models are validated by noting
that they predict an aqueous equilibrium population in close
agreement with available experimental results, an absolute free
energy of solvation for the solute which is also consistent with
experimental trends, and relative free energies of solvation between
conformers, with and without internal hydrogen bonds between
the vicinal hydroxyl groups, which agree nicely with and extend
available results from explicit water simulations,

(57) (a) Kirkwood, J. G. J. Chem. Phys. 1934, 2, 351, (b) Onsager, L.

J. Am. Chem. Soc. 1936, 58, 1486. (c) Kirkwood, J. G. J. Chem. Phys. 1939,
7,911.

Cramer and Truhlar

The calculations show that the population of trans C-C
conformations is increased by a factor of 3-5 in aqueous solution
as compared to the gas phase, due in large part to first hydration
shell effects. The identity of the hydroxyl rotamers that make
the dominant contribution for each C-C conformation is not
changed by aqueous solvation. The percentage of molecules with
no internal hydrogen bond is increased from 17% to only about
23% by aqueous sovlation; thus the solvent water molecules do
not compete so strongly for the solute hydroxyls as to disrupt the
qualitative conformational picture that results from internal
energetic interactions present in the gas-phase molecule~—a very
important conclusion for the qualitative understanding of diols
and polyols.

The ability of the quantum statistical models to accurately
treat both solute polarization and first hydration shell effects like
hydrogen bonding suggests that these models will prove par-
ticularly useful for analyzing the influence of aqueous solvation
on similar conformation issues in more complex polyols, like
sugars.” The advantage of being able to explore many more
conformers than would be typical for much more time consuming
simulation approaches is especially significant. It appears that
continuum solvation models including both volume electric
polarization effects and surface hydration shell effects may be
very useful for aqueous conformational problems.
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