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The molecular structure of 1,3-dihydroxyacetone (DHA) has been studied by gas-phase electron diffraction
(GED), combined analysis of GED and microwave (MW) data, ab initio, and density functional theory
calculations. The equilibriumre structure of DHA was determined by a joint analysis of the GED data and
rotational constants taken from the literature. The anharmonic vibrational corrections to the internuclear distances
(re - ra) and to the rotational constants (Be

(i) - B0
(i)) needed for the estimation of there structure were

calculated from the B3LYP/cc-pVTZ cubic force field. It was found that the experimental data are well
reproduced by assuming that DHA consists of a mixture of three conformers. The most stable conformer of
C2V symmetry has two hydrogen bonds, whereas the next two lowest energy conformers (Cs andC1 symmetry)
have one hydrogen bond and their abundance is about 30% in total. A combined analysis of GED and MW
data led to the following equilibrium structural parameters (re) of the most abundant conformer of DHA (the
uncertainties in parentheses are 3 times the standard deviations):r(CdO) ) 1.215(2) Å,r(C-C) ) 1.516(2)
Å, r(C-O) ) 1.393(2) Å, r(C-H) ) 1.096(4) Å, r(O-H) ) 0.967(4) Å, ∠C-CdO ) 119.9(2)°,
∠C-C-O ) 111.0(2)°, ∠C-C-H ) 108.2(7)°, ∠C-O-H ) 106.5(7)°. These structural parameters
reproduce the experimentalB0

(i) values within 0.05 MHz. The experimental structural parameters are in good
agreement with those obtained from theoretical calculations. Ideal gas thermodynamic functions (S°(T),
C°p(T), andH°(T) - H°(0)) of DHA were calculated on the basis of experimental and theoretical molecular
parameters obtained in this work. The enthalpy of formation of DHA,-523 ( 4 kJ/mol, was calculated by
the atomization procedure using the G3X method.

1. Introduction

1,3-Dihydroxyacetone (DHA), or 1,3-dihydroxy-2-propanone
(HO-CH2-CO-CH2-OH), is the simplest ketone form of
sugars, the most abundant biomolecules on the Earth. This
prebiotic molecule provides a direct route to other monosac-
charides, including important biochemicals such as glucose and
fructose.1 Recent detection of DHA in the interstellar medium2,3

has conceived the idea that large biologically relevant organic
compounds can be easily generated in space and be delivered
to Earth by comets, meteorites, and asteroids.

Despite interest in DHA, there is not enough reliable
information about the structure and conformations of this
molecule in the gas-phase. The microwave (MW) spectrum of
DHA has been recently investigated by Lovas et al.4 with a
Fourier transform microwave spectrometer. The experimental
evidence for aC2V structure with two hydrogen bonds to the
carbonyl oxygen was obtained from the analysis of the rotational
spectrum; however, this result did not agree with theC2

theoretical structure calculated by the MP2 and B3LYP methods
with the 6-311++G(d,p) basis set, and the authors suggested
that a higher level of theory appeared necessary in this case.

Widicus et al.5 have also studied the MW spectrum of DHA.
The values of rotational constants determined in two MW
studies4,5 are in excellent agreement. From B3LYP/6-31++G-
(d,p) calculations,5 the doubly hydrogen bonded conformer of
C2V symmetry was found to be the lowest energy conformer of
DHA, while the singly CdO‚‚‚H-O hydrogen bonded con-
former was calculated to be 8 kJ/mol less stable.

The structures and relative energies of the DHA conformers
were calculated at the HF, MP2, and DFT levels of theory with
the 6-31G(d,p) basis set.6 Four stable conformers of DHA were
determined from these calculations. The conformer ofC2

symmetry with two CdO‚‚‚H-O hydrogen bonds was found
to be the energetically most favorable arrangement, whereas
three conformers with O-H‚‚‚O-H hydrogen bonding were
predicted to be less stable by 10.5-19.3 kJ/mol at the MP2/6-
31G(d,p) level and by 17.0-23.1 kJ/mol at the B3LYP/6-31G-
(d,p) level. One of these conformers has two hydrogen bonds
between the hydroxyl hydrogen and the hydroxyl oxygen.

The gas-phase vibrational spectrum of DHA between 800
and 4000 cm-1 was investigated by Fourier transform in-
frared spectroscopy (FTIR) combined with theoretical predic-
tions.7 A total of six stable conformers were found for DHA
at the B3LYP/6-31G(d,p) and MP2/6-31G(d,p) levels of
theory. Both methods predicted the doubly hydrogen bonded
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(CdO‚‚‚H-O) conformer to be the most stable form. The
energy difference between this conformer and other stable
conformers with one hydrogen bond ranges from 7 to 24 kJ/
mol. In contradiction to earlier calculations,6 CdO‚‚‚H-O
hydrogen bonding was also determined in the next three lowest
energy conformers of DHA. From FTIR spectra analysis,7 it
was shown that the spectrum of the isolated molecule is
seemingly well reproduced by harmonic fundamental wave-
numbers calculated at the different levels of theory. From the
temperature-dependent gas-phase spectra of DHA, the weak
band near 3680 cm-1 was assigned to the second most stable
conformer with one CdO‚‚‚H-O hydrogen bond and one free
OH group in the syn position with respect to the C-C bond.

To determine the structural parameters of DHA and inves-
tigate the conformational composition of this molecule in the
gas-phase, the GED study was undertaken in this work. Due to
employment of the MW rotational constants4 and results of
theoretical calculations, it was possible to perform the combined
analysis of GED and MW data. Since the structural parameters
were previously determined only at the B3LYP/6-31G(d,p) and
MP2/6-31G(d,p) levels,6 the structural analysis was aided by
high level quantum chemical calculations. These calculations
could also resolve the contradiction in symmetry of the most
stable conformer and in structures and energies of the next low-
energy conformers predicted earlier.5-7 The obtained experi-
mental and theoretical results were also used to estimate the
ideal gas thermodynamic properties of DHA, which were not
published up to now.

The structural parameters of DHA are of obvious interest in
comparison with related compounds. MW and GED studies8-11

were performed for some molecules which are structurally very
similar to DHA. The C-O bond length in glycolic acid
(HO-CH2-COOH) was determined to bers ) 1.406(4) Å from
MW spectra8 andr°R ) 1.407(4) Å from analysis of gas-phase
electron diffraction data.9 This value was substantially smaller
than the C-O bond in glycolaldehyde (HO-CH2-COH), rs )
1.437(1) Å, obtained from a MW study.10 The last value was
assumed for the C-O bond length in the interpretation of the
MW spectra of hydroxyacetone (HO-CH2-CO-CH3).11 It is
difficult to explain this large difference in the C-O bond lengths
among structurally similar molecules. That is why the structural
study of DHA is of interest.

2. Experimental Section

A sample of crystalline powder of DHA with a purity of 98%
and melting point about 350 K was purchased from the Merck
KGaA company and used without further purification. In order
to have a sufficient vapor pressure for the GED experiment,
the sample of DHA was heated. Most experiments were carried
out with the nozzle temperature between 357 and 378 K. Since
the required heating may result in sample decomposition, the
vapor composition at the experimental temperature was analyzed
by a gas chromatography-mass spectrometric system. The
analysis showed that DHA was the main component of the
fraction and the amount of volatile impurities did not exceed
1%. Such a level of impurities is not significant for the GED
analysis, and qualitative analysis of the substance impurities
was not carried out.

Electron diffraction intensities were recorded using the
electron diffraction apparatus at Moscow State University.
Information about the experimental conditions is listed in Table
1. The electron wavelength was calibrated against diffraction
patterns of CCl4. The optical densities were measured using a

commercial Epson Perfection 4870 photo scanner. The data were
processed (with a program UNEX12) using standard routines.
The experimental intensity curves are presented in Figure 1,
where the final backgrounds are shown for the average curves
for the long and short camera distances. The data are available
in Table 1S of Supporting Information.

3. Theoretical Calculations

With four torsional degrees of freedom, DHA can exist in a
large variety of conformations. Since the low-energy conformers
should be taken into account in the GED structural analysis,
the possible conformers of DHA were determined in the present
work using the ab initio and DFT calculations with different
basis sets. Additionally, the Gaussian-3X (G3X) method13 was
used for energy estimations. The G3X method is one of the
composite methods developed to achieve high accuracy in

TABLE 1: Experimental Conditions of Gas-Phase Electron
Diffraction Experiment

long camera short camera

camera distance (mm) 362.28 193.94
nozzle temperature (K) 360 378
accelerating voltage (kV) 60 60
electron wavelength (Å) 0.049519 0.049860
number of plates used 3 3
range ofs value (Å-1)a 3.2-18.6 8.2-30.2
scale factor 0.733(9)b 0.642(21)b

a s ) 4πλ-1sinθ/2, whereθ is the scattering angle andλ is the
electron wavelength.b Value in parentheses is the estimated standard
deviation.

Figure 1. Experimental intensity curves with the background for the
model of the conformer mixture.
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energy calculations. All these calculations were carried out using
the Gaussian 03 program package.14

Other results provided by the theoretical calculations were
the quadratic and cubic force fields which are necessary to
estimate the vibrational amplitudes, harmonic, and anharmonic
vibrational corrections to the internuclear distances and to the
rotational constants. The SHRINK program15,16 was used to
calculate these values.

3.1. Geometry of DHA Conformers.To determine the stable
conformers of DHA, first the geometries of 10 possible
structures were optimized at the B3LYP/6-31G(d,p) level. The
initial values of torsional anglesæ1, æ2, æ3, andæ4 around the
C1-C3, C1-C4, C3-O5, and C4-O6 bonds, respectively, (see
Figure 2 for atom numbering) were assumed to be 0° or 180°
in different combinations. Calculated vibrational frequencies for
nine optimized structures were real, confirming that these
structures were the true minima on the potential energy surface.
The relative energies of nine stable conformers of DHA are
listed in Table 2. Assuming IUPAC nomenclature,17 the
conformers can be described by synperiplanar (sp), antiperipla-
nar (ap), synclinal (sc), and anticlinal (ac) stereochemical
arrangements. In the next stage, we searched for the possible
low-energy conformers by a series of constrained optimizations
at the B3LYP/6-31G(d,p) level. The optimized I-VI structures
were used as starting points for the one-dimensional potential
energy scans. The energy profiles as a function of torsional angle
were determined by alternately scanning four dihedral angles
from 0° to 360° at 10° intervals, while the remaining molecular
structural parameters were optimized. From calculated torsional
profiles, the new low-energy conformers have not been detected.

In accordance with theoretical calculations at different levels
of theory, the most stable conformer of DHA has a doubly
hydrogen bonded sp,sp,sp,sp configuration (conformer I, Figure
2). For the high level theoretical calculations, the geometry
optimization led to the structure ofC2V symmetry withæ1 )
æ2 ) æ3 ) æ4 ) 0° (Table 2). However, the structures ofC2

symmetry with nonzero torsional angles were obtained at the
B3LYP and MP2 levels of theory with 6-31G(d,p) and
6-311++G(d,p) basis sets, whereas a planar heavy atom
configuration did not correspond to a true minimum, since one
calculated frequency was imaginary. The synperiplanar con-
formation is defined by the range of torsional angle from 0° to
(30°17 and so theC2 forms are also specified as the sp,sp,sp,sp
conformer.

The symmetry of the conformer I was verified by frequency
calculations at all levels of theory except for the MP2 theory
with basis sets cc-pVTZ, aug-cc-pVTZ, and cc-pVQZ. However,
the optimization of theC2 structure by three just listed methods
converged to the structure withæ1 ) æ2 ≈ æ3 ) æ4 ≈ 0°, i.e.,
the structure ofC2 symmetry was not revealed by these methods.
The structural parameters of the most stable conformer I

calculated at different levels of theory are presented in Table
3. As is seen from this table, the calculated values of bond
lengths and angles are in rather good agreement.

The next lowest energy conformers can be divided into two
groups: with a single hydrogen bond (II-VI, Figure 3) or
without hydrogen bonding (VII-IX). The values of torsional
angles for all stable conformers of DHA obtained from B3LYP/
cc-pVTZ calculations are given in Table 4. In conformers II,
III, and V, the intramolecular hydrogen bond is formed between
the hydroxyl hydrogen atom and the carbonyl oxygen atom
(O2‚‚‚H11 bond). In conformers IV and VI, the hydroxyl
hydrogen atom is connected by a hydrogen bond with the
hydroxyl oxygen atom (O5‚‚‚H12 bond). The structural param-
eters of hydrogen bonds in the conformers I-VI are given in
Table 2S of Supporting Information.

The relative energies of singly hydrogen bonded conformers
are substantially less than those for conformers with free OH
groups (Table 2). The sole exception is the conformer VI, whose
energy is close to that of conformer VII. It should be noted
that the geometry optimization of conformer VI is the difficult
optimization case. This conformer was not found at the B3LYP/
6-31G++(d,p) and MP2/6-31G++(d,p) levels because the
optimization led to the structurally close conformer IV. Besides,
to succeed in the optimization procedure, in a few instances a
geometry optimization of conformer VI was preceded by a
vibrational frequency calculation.

3.2. Conformational Composition of DHA.The conforma-
tional composition can be estimated from the computed values
of relative Gibbs free energies of the conformers. The G3X
electronic energies were used in these calculations. The values
needed for Gibbs free energy calculations are listed in Table
3S (Supporting Information) together with predicted conformer
composition. Only conformers II and III have significant
abundance at the temperature of the experiment (20% and 10%,
respectively), and these conformers were taken into account in
the GED analysis of DHA.

3.3. Force Field Calculation. In this study, a structural
analysis, including a joint analysis of GED and MW data, was
carried out to obtain the experimental-theoretical approach to
equilibrium re geometry by calculating anharmonic vibrational
corrections based on the cubic force field. The equilibrium
structure, quadratic, and cubic force constants, and vibrational
frequencies for three lowest energy conformers of DHA were
calculated at the B3LYP/cc-pVTZ level. The harmonic force
constants were calculated from analytical expressions for the
second energy derivatives, and the cubic force constants were
obtained by numerical differentiation of the second derivatives.
From the quadratic and cubic force constants, the amplitudes
of vibration (u), harmonic (rh1 - ra), and anharmonic (re - ra)
vibrational corrections to the internuclear distances and to the
rotational constants (Be

(i) - B0
(i)) were calculated using the

SHRINK program.15,16 The calculated values of amplitudes of
vibration and vibrational corrections are given in Table 4S
(Supporting Information).

4. Structural Analysis

4.1. Analysis of the GED Data.The theoretical calculations
gave evidence for some conformers of DHA, one of which
was at substantially lower energy than others. The abundance
of the next two low-energy conformers was predicted to be
about 30% in total. Such an amount of conformers can be
detected by the GED method. At first, we performed a data
analysis assuming that the DHA molecule has a single confor-
mation in the vapor phase. Since aC2 structure was predicted

Figure 2. Structure of the most stable doubly hydrogen bonded
conformer of DHA with atom numbering. The torsional anglesæ1, æ2,
æ3, andæ4 are the dihedral angles O2-C1-C3-O5, O2-C1-C4-
O6, H11-O5-C3-C1, and H12-O6-C4-C1, respectively.
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for the conformer I by several theoretical calculations (see
Table 2), a set of preliminary refinements with different starting
values for torsional angleæ1 ) æ2 was carried out ignoring
(ra structure) or including (rh1 and re structures) vibrational
corrections. Assuming aC2 symmetry for the molecule, the
structure of DHA can be described by 15 parameters listed in
Table 3. Refinements of this structure were done by the method
of least-squares,12 adjusting simultaneously the eight geometrical
parameters, r(CdO), r(C-C), r(C-O), r(C3-H7),
∠C-CdO, ∠C-C-O, ∠C1-C3-H7, and æ1 ) æ2 )
æ(C-C), to the experimental molecular intensities. The C-H
and O-H bonds were described by only one variable. The
differences between their values were constrained at the values
from MP2/6-311++G(d,p) calculations. The C-C-H
and O-C-H bond angles were refined by the same way.
Two geometrical parameters, namely, dihedral angles

OdC-C3-H7 and OdC-C3-H8, and vibrational amplitudes
were assumed at their theoretical values and were not refined.

Figure 3. Structures of five singly hydrogen bonded conformers. Hydrogen bonds are shown by dashed lines.

TABLE 2: Relative Energies of DHA Conformers Calculated at Different Levels of Theory (kJ/mol)a

B3LYP MP2

conformer symmetry G3Xb /6-31G(d,p) /6-311++G(d,p)
/cc-pVTZ

/aug-cc-pVTZc /6-31G(d,p) /6-311++G(d,p)

/cc-pVTZ
aug-cc-pVTZc

/cc-pVQZc

I sp,sp,sp,sp C2V or C2 0 (C2V) 0 (C2) 0 (C2) 0 (C2V) 0 (C2) 0 (C2) 0 (C2V)
II sp,ap,sp,ap Cs 7.9 9.9 7.5 9.1 7.2 7.5 8.9
III sp,-ap,sp,sc C1 10.0 9.3 9.9 10.2 7.2 10.3 10.3
IV ac,ac,ap,sc C1 19.4 20.3 17.3 22.6 13.2 12.6 19.8
V -sp,-sp,sp,ap C1 or Cs 21.1 (Cs) 23.4 (C1) 21.7 (C1) 21.8 (Cs) 21.5 (C1) 18.9 (C1) 21.3 (Cs)
VI -ap,ac,sc,sc C1 30.3 24.6 d 29.7 19.7 d 28.7
VII ap,sp,ap,ap Cs 30.8 36.2 31.1 33.2 31.1 27.8 32.6
VIII -ap,sp,sc,ap C1 33.6 36.2 33.9 35.0 31.5 30.6 34.5
IX sp,sp,-ap,-ap C2 46.1 51.9 47.3 48.1 48.1 41.5 47.4

a Relative energies are calculated from total energiesEtot,298 ) Ee + ZPE+ [H298 - H0], whereEe is the electronic energy, ZPE is the zero point
energy correction, and [H298 - H0] is the thermal correction. ZPE and thermal corrections are calculated at the B3LYP/6-31G(2df,p) level for G3X
energies and at the B3LYP/6-31G(d,p) and MP2/6-31G(d,p) levels for B3LYP and MP2 energies, respectively.b The geometry was optimized at
the B3LYP/6-31G(2df,p) level.c Only the most stable conformer I was investigated with aug-cc-pVTZ and cc-pVQZ basis sets.d The conformer
was not revealed at this level of theory (see text).

TABLE 3: Structural Parameters of Doubly Hydrogen Bonded Conformer I of DHA Calculated at Different Levels of Theorya

B3LYP MP2

parameter /6-31G(d,p) /6-311++G(d,p) /6-31(2df,p) /cc-pVTZ
/aug-

cc-pVTZ /6-31G(d,p) /6-311++G(d,p) /cc-pVTZ
/aug-

cc-pVTZ /cc-pVQZ

symmetry C2 C2 C2V C2V C2V C2 C2 C2V C2V C2V
r(CdO) 1.222 1.216 1.216 1.214 1.214 1.231 1.221 1.222 1.222 1.219
r(C-C) 1.518 1.516 1.517 1.512 1.513 1.513 1.515 1.508 1.508 1.506
r(C-O) 1.399 1.403 1.397 1.400 1.401 1.405 1.404 1.400 1.402 1.397
r(C3-H7) 1.104 1.100 1.103 1.098 1.097 1.099 1.102 1.094 1.095 1.093
r(C3-H8) 1.102 1.098 1.103 1.098 1.097 1.094 1.095 1.094 1.095 1.093
r(O-H) 0.973 0.969 0.969 0.969 0.969 0.970 0.966 0.968 0.970 0.967
∠C-CdO 119.8 120.3 120.0 120.3 120.4 120.1 120.8 120.4 120.5 120.4
∠C-C-O 111.8 112.2 111.7 112.1 112.1 111.5 112.1 111.6 111.7 111.6
∠C1-C3-H7 107.5 107.8 108.1 108.2 108.5 107.1 106.4 108.0 108.3 108.2
∠C1-C3-H8 108.7 109.0 108.1 108.2 108.5 109.4 109.8 108.0 108.3 108.2
∠C-O-H 105.7 107.0 105.7 106.4 106.9 105.3 105.8 105.0 105.7 105.6
æ(OdC-C3-H7) 118.1 117.3 122.8 122.5 122.3 112.0 106.0 122.3 122.0 122.1
æ(OdC-C3-H8) -127.3 -127.1 -122.8 -122.5 -122.3 -132.6 -137.9 -122.3 -122.0 -122.1
æ1 ) æ2 ) æ(C-C) -4.7 -4.9 0 0 0 -10.8 -16.5 0 0 0
æ3 ) æ4 ) æ(C-O) 6.2 6.2 0 0 0 15.5 25.0 0 0 0
∆A, % 0.5 0.6 0.9 1.0 0.9 0.7 1.5 0.5 0.3 0.9
∆B, % 0.1 0.6 0.2 0.1 0.1 0.2 0.6 1.1 0.8 1.3
∆C, % 0.1 0.5 0.2 0.1 0.1 0.2 0.2 0.9 0.6 1.1

a Bond lengths in Å, angles in degrees;∆A, ∆B, and ∆C are the percentage differences between the observed (reference 4) and calculated
rotational constants.

TABLE 4: Torsion Angles of DHA Conformers Calculated
at the B3LYP/cc-pVTZ Levela

conformer symmetry æ1 æ2 æ3 æ4

I C2V 0.0 0.0 0.0 0.0
II Cs 0.0 180.0 0.0 180.0
III C1 -0.3 -174.6 -0.2 84.7
IV C1 148.3 147.5 176.4 62.2
V Cs 0.0 0.0 0.0 180.0
VI C1 -168.1 138.1 87.6 64.0
VII Cs 180.0 0.0 180.0 180.0
VIII C1 -169.8 -1.8 86.2 -178.8
IX C2 14.4 14.4 -173.5 -173.5

a Torsional anglesæ1, æ2, æ3, andæ4 are in degrees; their definition
is shown in Figure 2.
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The torsional angleæ3 ) æ4 ) æ(C-O) describing the
rotation of OH groups cannot be refined freely together with
other geometrical parameters. Because of this, we attempted to
estimate its value by the comparison ofR-factors for the models
with different assumed values ofæ1 andæ3. The models with
all compositions ofæ1 andæ3 values from-40° to 40° at 1°
steps were calculated using the utility of the two-dimensional
scan.12 The lowestR-factor was obtained for the model with
æ1 ) -17° and æ3 ) 1° (in the terms of thera structure).
Therefore, the equilibrium value ofæ3 was assumed to be 0° in
the following analysis.

The refinement ofC2 structures led to the conformer with
near-zero values of torsional angleæ(C-C) for the rh1 and re

structures. Since these structures were corrected for harmonic
(rh1 structure) or anharmonic (re structure) vibrational effects,
the determined values ofæ(C-C) correspond to the equilibrium
position or close to it. The nonzero values of this torsional angle
(-12° to -17°) were obtained for thera structure when
vibrational corrections were not included. Thus, the thermal-
average molecular structure (ra) of DHA derived directly from
an analysis of GED data has a nonplanar heavy atom config-
uration. This suggests a large-amplitude motion about the C-C
bonds and is in agreement with rather low values of corre-
sponding torsional vibrations (60 and 99 cm-1). Strictly speak-
ing, the torsional motion about the C-C bonds should be treated
as a large-amplitude motion. However, the treatment of the GED
dynamic model with a two-dimensional potential presents a
considerable challenge for structural analysis.

Since the near-zero values of the torsional angles were
obtained forrh1 andre structures, the structure ofC2V symmetry
with æ(C-C) ) 0° andæ(C-O) ) 0° was accepted for DHA
in further analyses. TheC2V structure of DHA can be described
by 10 independent parameters listed in Table 5. Eight of these
parameters were chosen as adjustable:r(CdO), r(C-C),
r(C-O), r(C-H), ∠C-CdO, ∠C-C-O, ∠C-C-H, and the
dihedral angle OdC-C3-H. The C-H and O-H bonds were
described by only one parameter. The difference between their
values was constrained at the value determined from B3LYP/

cc-pVTZ calculation. The C-C-H and C-O-H bond angles
were refined in a similar way. There are also vibrational
amplitudes constructed by grouping individual amplitudes
together; these groups are presented in Table 6. The initial values
of geometrical parameters and vibrational amplitudes were taken
from the B3LYP/cc-pVTZ calculations. The anharmonic vibra-
tional corrections, (re - ra), calculated from the B3LYP/cc-
pVTZ cubic force field were used in structural analysis. Table

TABLE 5: Molecular re Structure of DHA Obtained from GED Study a

GED GED+ MW

parameter MWb single conformer mixture of conformersc single conformer mixture of conformersc

r(CdO) 1.211(3) 1.213(2) 1.211(2) 1.215(2)
r(C-C) 1.514(3) 1.512(2) 1.514(2) 1.516(2)
r(C-O) 1.392(2) 1.391(2) 1.392(2) 1.393(2)
r(C-H) 1.103(6) 1.108(5) 1.102(4) 1.096(4)
r(O-H) 0.975(6)d 0.979(5)d 0.974(4)d 0.976(4)d

∠C-CdO 119.8(4) 119.8(3) 120.0(2) 119.9(2)
∠C-C-O 110.9(4) 111.3(3) 110.9(2) 111.0(2)
∠C-C-H 109.8(16) 109.1(18) 110.6(7) 108.2(7)
∠C-O-H 108.1(16)e 107.3(18)e 108.9(7)e 106.5(7)e

OdC-C3-H 120.9(14) 120.2(14) 121.7(5) 122.5(6)
æ(C-C) 0 0 0 0
æ(C-O) 0 0 0 0
A0 9801.2914(12) 9844.0 [0.4%] 9850.9 [0.5%] 9801.2822 [0.0001%] 9801.2398 [0.0005%]
B0 2051.5257(7) 2050.3 [0.1%] 2048.6 [0.1%] 2051.5121 [0.0007%] 2051.5046 [0.0010%]
C0 1735.1645(8) 1736.8 [0.1%] 1737.1 [0.1%] 1735.1816 [0.0010%] 1735.2020 [0.0022%]
mole fraction

conformer I 1.00 0.70(3) 1.00 0.69(4)
conformer II 0.06 0.11
conformer III 0.24(9) 0.20(10)

RL 5.4 3.1 5.5 3.3
RS 7.4 5.1 7.6 6.6
Rtot 5.9 3.6 6.0 4.3

a Bond lengths in Å, angles in degrees, rotational constants (A0, B0, C0) in MHz; values in parentheses are 3 times the standard deviations; the
percentage differences between the MW and GED rotational constants are given in square brackets; together with total value of agreement factor
(Rtot), theR-factors are given for long (RL) and short (RS) camera distance.b Reference 4.c Parameters for the most stable conformer I are given.
d O-H bond was refined in the group together with the C-H bond.e C-O-H angle was refined in the group together with the C-C-H angle.

TABLE 6: Interatomic Distances (ra) and Experimental and
Calculated Vibrational Amplitudes (u) at 369 Ka

GED

single conformer mixture of conformersb

bond
distance r, Å uexp, Å r, Å uexp, Å

B3LYP/cc-pVTZ
ucalcd, Å

O5-H11 0.987 0.061(6)1 0.991 0.069 0.069
C3-H7 1.120 0.0701 1.125 0.078 0.078
C1-O2 1.214 0.042(6)2 1.215 0.041(2)1 0.038
C3-O5 1.400 0.046(5)3 1.399 0.047(3)2 0.048
C1-C3 1.523 0.0513 1.521 0.0522 0.053
C3···H11 1.951 0.085(9)4 1.944 0.100 0.100
O5···H7 2.053 0.0904 2.052 0.105 0.105
C1···H7 2.167 0.1024 2.160 0.118 0.118
O2···H11 2.231 0.219(27)5 2.226 0.221 0.221
O2···C3 2.377 0.065(2)6 2.376 0.065(2)3 0.060
C1···H11 2.403 0.1695 2.396 0.171 0.171
C1···O5 2.420 0.0726 2.422 0.0723 0.067
C3···C4 2.626 0.077(5)7 2.620 0.071(4)4 0.077
O2···O5 2.702 0.1137 2.708 0.1064 0.112
C3···H9 2.910 0.159(28)8 2.900 0.189 0.189
O2···H7 3.072 0.1628 3.064 0.192 0.192
C3···O6 3.793 0.098(6)9 3.791 0.084(4)5 0.080
C3···H12 3.902 0.173(31)10 3.892 0.176 0.176
O5···H9 4.111 0.17710 4.100 0.180 0.180
O5···H12 4.708 0.20310 4.706 0.206 0.206
O5···O6 4.823 0.111(14)11 4.828 0.088(10)6 0.089

a Values in parentheses are 3 times the standard deviations. Equal
superscripts indicate that these amplitudes were refined in one group;
values without superscripts were constrained at theoretical values.
Amplitudes calculated at the B3LYP/cc-pVTZ level were used as the
initial values in the GED model and in joint analysis of GED and MW
data.b Values for the most stable conformer I are given.
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5 shows the final result of least-squares refinement of the GED
single conformer model, where all eight geometrical parameters
and six vibrational amplitude groups of nonhydrogen interatomic
distances were refined simultaneously. The amplitudes of
hydrogen distances were obtained from preliminary constrained
refinements.

In the following refinements, the model of the mixture of
three conformers was tested. The mole fractions of the conform-
ers I and III were determined as additional adjustable parameters.
The differences in the bond lengths, bond angles, and vibrational
amplitudes of conformers were set to the B3LYP/cc-pVTZ
values. The molecular parameters of the major conformer I were
refined in the analysis whereas the values of the conformers II
and III were deduced by adding the differences to the refined
values of the conformer I. The anharmonic vibrational correc-
tions were taken into account for all conformers. Tables 5 and
6 list the results of the final refinement for the conformational
mixture, where eight geometrical parameters, the abundances
of conformers I and III, and six vibrational amplitudes of
nonhydrogen distances were varied simultaneously. The am-
plitudes of hydrogen distances were constrained at their theoreti-
cal values. The refined geometrical parameters of three DHA
conformers are listed in the Supporting Information (Table 5S).
Table 6S in Supporting Information gives the correlation matrix
for the parameters of conformer I. The resulting molecular
intensity and radial distribution curves are shown in Figures 4
and 5, respectively.

4.2. Combined Analysis of GED Data and Rotational
Constants. With (Be

(i) - B0
(i)) corrections calculated from the

B3LYP/cc-pVTZ cubic force constants, the rotational constants
A0, B0, andC0 determined by MW spectroscopy4 were converted
to Ae, Be, andCe values, needed in the joint analysis of GED
and MW data (Table 7). By this means, the MW data were
transformed to anre basis. To bring the GEDra distances to
the same basis by eliminating vibrational effects, the (re - ra)
corrections (Table 4S in Supporting Information) were used.
The refinements were done by the method of least-squares,
adjusting the theoretical intensity data and rotational constants
to experimental ones by varying simultaneously most of the
molecular parameters.

The weights of the rotational constants relative to the GED
intensities were empirically adjusted18 to obey a balance between

a sufficiently accurate reproduction of both rotational constants
and GED intensities. This means that the relative weights of
the rotational constants are increased until the calculated
rotational constants reproduce the experimental values within
tenths of a MHz, while the agreement between experimental
and calculated GED data still remains reasonable. As is seen
from Table 7, the rotational constants calculated from the joint
analysis of GED and MW data are very close to the experimental
ones. The decrease of relative weights of the rotational constants
had practically no effect on the values of GED structural
parameters and theR-factor. The geometrical parameters result-
ing from the joint refinement of the GED and MW data are
given in Table 5.

5. Ideal Gas Thermodynamic Properties

Experimental and theoretical data on molecular parameters
of DHA obtained in this work allow one to calculate the
thermodynamic properties of this molecule. To our knowledge,
no experimental or theoretical data on entropy, heat capacity,
and enthalpy of formation of DHA is available in the literature.

5.1. Entropy, Heat Capacity, and Enthalpy. Standard
entropies,S°(T), heat capacities,C°p(T), and enthalpies,H°(T)
- H°(0), were calculated by standard statistical thermodynamic
formulas using the rigid-rotor harmonic-oscillator approxima-
tion. Moments of inertia were calculated using the structural
parameters of DHA conformers determined from the combined
analysis of GED and MW data. The B3LYP/cc-pVTZ vibra-
tional frequencies and G3X relative energies of conformers were
used in thermodynamic functions calculation. Calculated vi-
brational frequencies were scaled using recommended scale
factors.19 Molecular parameters for three DHA conformers and
calculated thermodynamic functions are given in Supporting
Information (Tables 7S and 8S, respectively). The main errors
in the calculated values arise from the approximate treatment
of internal rotation and may amount to 3-5 J/(K mol) for
S°(298) andC°p(298).

Figure 4. Experimental (O) and theoretical (solid line) molecular
intensitiessM(s) and the difference curves∆sM(s) for the model of
the conformational mixture of DHA.

Figure 5. Experimental (O) and theoretical (solid line) radial distribu-
tion curvesf(r) with the difference curve∆f(r) for the model of the
conformational mixture of DHA. A damping factor of exp(-0.0015s2)
is used. Distances distribution for the most stable conformer is indicated
by vertical bars.
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5.2. Enthalpy of Formation. The enthalpy of formation of
DHA, ∆fH°298 ) -523 ( 4 kJ/mol, is calculated by the
atomization procedure using a G3X method.13 The uncertainty
of the computed value is estimated on the basis of our
assessment of the G3X method for different organic com-
pounds.20,21 The values used in the calculation of the enthalpy
of formation are given in Tables 9S and 10S in Supporting
Information. The∆fH°298 value for DHA can be also calculated
by the empirical method of group equations22 from known
experimental enthalpies of formation of related compounds:

With the use of the experimental∆fH°298 values23 for CH3-
COCH3 (-217.1( 0.7 kJ/mol), CH2(CH2OH)2 (-408.0( 6.0
kJ/mol), and C3H8 (-104.7 ( 0.5 kJ/mol), the enthalpy of
formation of DHA may be estimated as-520.4( 7 kJ/mol.
As is seen, both methods give close values of the enthalpy of
formation of DHA. Thus, the calculated G3X value gets
additional support from the result of the method of group
equations, which is a rather accurate estimating scheme if the
enthalpies of formation of the reference compounds are deter-
mined with high accuracy and if it is possible to choose the
reaction with good group balance.

6. Results and Discussion

The C2V structure with two hydrogen bonds to the carbonyl
oxygen was found to be the lowest energy conformer of DHA
in agreement with results of MW studies4,5 and high level
theoretical calculations performed in this work. TheC2 sym-
metry was previously reported for DHA from calculations with
6-31G(d,p)6 and 6-311G++(d,p)4 basis sets. In this work, to
examine the basis set effects, the geometry optimizations were
carried out for planar (C2V) and nonplanar (C2) geometry using
the B3LYP and MP2 method with larger basis sets (cc-pVTZ,
aug-cc-pVTZ, and cc-pVQZ). It was found that in all cases the
C2 geometries converged to the planar structures with near-
zero values of torsional angles. Vibrational frequency calcula-
tions were carried out at the B3LYP/cc-pVTZ and B3LYP/aug-
cc-pVTZ levels, verifying that theC2V model represents a true
minimum on the potential energy surface.

On the basis of theoretical calculations, the next five lowest
energy conformers (II-VI, see Figure 3) have one hydrogen
bond, which shows the important role of hydrogen bonding in
structure stabilization. The same conformers were determined
earlier from B3LYP and MP2 calculations with the 6-31G(d,p)
basis set,7 whereas the conformers with one CdO‚‚‚H-O
hydrogen bond (II and III) were not found in ref 6 using the
same methods. The conformers with one O-H‚‚‚O-H hydrogen
bond (IV and VI) were determined in the previous calcula-

tions.6,7 As to the conformer with two O-H‚‚‚O-H hydrogen
bonds,6 it has one imaginary frequency and therefore is not the
true minimum. Compared to previous theoretical calculations,6,7

three stable conformers without hydrogen bonding, VII-IX
(Table 2), were also determined in this work. As would be
expected, the relative energies of these conformers are substan-
tially larger than those for the hydrogen bonded conformers.
The conformer V with energy∆E ) 8.0 kJ/mol was predicted
to be the second most stable conformer from B3LYP/6-31++G-
(d,p) calculations.5 This result is inconsistent with that obtained
in this work and in ref 7, where the conformer V with energy
∼23 kJ/mol was found to be the fifth stable conformer of DHA.
This discrepancy may be the result from constrained geometry
optimization used in ref 5.

Although a rather lowR-factor was obtained for a single
conformer model (6.0%), there is a distinctive difference
between the experimental and theoretical radial distribution
curves in the region of the distances from 3 to 5 Å (Figure 6),
where the additional peaks from conformers II and III can be
detected. As is seen from Figure 6, the model of the conformer
mixture shows a better agreement between experimental and
theoretical radial distribution curves resulting in a decrease in
the R-factor to 4.3%. The abundance of the most stable
conformer I (69( 4%) was determined with a good precision.

TABLE 7: Comparison between Experimental Rotational Constants (MW) and Those Calculated from Joint Analysis of GED
and MW Data for the Model of the Conformer Mixture

MW GED + MW

B0
(i) (exptl)a (Be

(i) - B0
(i))b Be

(i) (exptl) Be
(i) (calcd) B0

(i) (calcd) differencesc

A, MHz 9801.2914( 0.0012 101.5004 9902.7918 9902.7402 9801.2398 0.0516
B, MHz 2051.5257( 0.0007 24.3248 2075.8505 2075.8294 2051.5046 0.0211
C, MHz 1735.1645( 0.0008 17.8435 1753.0080 1753.0455 1735.2020 -0.0375

a Reference 4.b Anharmonic corrections calculated from the B3LYP/cc-pVTZ cubic force field.c Refer to the difference betweenB(i)( exptl) and
B(i)(calcd).

∆fH°298(HO-CH2-CO-CH2-OH) -
∆fH°298(CH3-CO-CH3) )

∆fH°298(HO-CH2-CH2-CH2-OH) -
∆fH°298(CH3-CH2-CH3)

Figure 6. Comparison between experimental (O) and theoretical (solid
line) radial distribution curvesf(r) of DHA for the model of the single
conformer and the mixture of three conformers. The difference curves,
∆f(r), are experimental minus theoretical. The distances distribution is
indicated by vertical bars. For the model of conformer mixture, only
the O‚‚‚O and C‚‚‚O distances of conformers II and III are shown.
The R-factors of 6.0 and 4.3% correspond to two above models.
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The next stable conformer of DHA is the form III, whose
abundance (20( 10%) is somewhat larger than that of
conformer II. It seems to not be possible to determine with high
accuracy how the abundance is shared by the minor conformers.
The refined conformational composition of DHA is in agreement
with results of theoretical calculations (Table 2 and Table 3S
in Supporting Information), which predict about equal amounts
of conformers II and III with total abundance of 30%. The gas-
phase IR spectrum of DHA7 was assigned to the predominant
conformer I and to the second less-stable conformer III with
weak but distinct absorption. From Figure 4 in ref 7, the
abundance of conformer III atT ) 320 K can be approximately
estimated at 10-15%, which is somewhat less than the value
determined in this work.

The equilibrium structural parameters of DHA determined
in this work for both models (single conformer and a mixture
of conformers) and by both methods (analysis of GED data alone
and joint analysis of GED and MW data, see Table 5) are in
good agreement with those obtained from theoretical calculations
(Table 3). All parameters are within the range of theoretical
values with the exception of the C-O bond length whose value
of 1.393(2) Å is slightly less than theoretical ones (1.397-1.405
Å). The combined analysis of GED and MW data, where least-
squares refinements were made by simultaneously fitting a
theoretical intensity curve to two experimental curves and three
rotational constants, had very good agreement to the experi-
mental data: theR-factor for the electron diffraction data was
4.3%, and the calculated rotational constants were within 0.05
MHz of the experimental values. Inclusion of the rotational
constants in the analysis is important in order to get as good a
structure determination as possible. It is believed that the
resulting values represent the best structure obtainable for DHA
using current methods.

The cubic force field calculation provides a way of getting
the approach to equilibrium geometry. The equilibrium structural
parametersre, as distinct from GED parametersra, rg, r°R, rh1,
are directly comparable to geometries calculated with reliable
quantum chemical methods. The determinedre structure of DHA
is in the best agreement with that from the MP2/cc-pVQZ
calculation on the highest level of theory applied in the present
work (see Table 3).

It is also interesting to compare the structural parameters of
DHA with those determined experimentally for molecules with
similar structures. The results obtained for glycolaldehyde10

(HO-CH2-COH), glycolic acid8,9 (HO-CH2-CO-OH), and
hydroxyacetone11 (HO-CH2-CO-CH3) are given in Table 8
together with results from MP2/cc-pVQZ calculations carried
out in this work. As can be seen, the calculations at a rather
high level of theory, MP2/cc-pVQZ, lead to similar values of

structural parameters for these molecules. The experiment and
theory are in good agreement for glycolic acid and DHA.
However, there is a considerable difference in the experimental
and calculated C-O bond lengths for glycolaldehyde, where
the experimental value is 0.04 Å longer than the calculated one
and those for glycolic acid and DHA. This finding puts the
accuracy of the experimental value of the C-O bond for
glycolaldehyde10 in doubt.

7. Conclusion

The re structure of DHA was determined from the mixed
experimental-theoretical approach to equilibrium geometry. The
GED + MW structure represents the best combination of the
available experimental and theoretical data on this molecule.
The derived structural parameters are in good agreement with
those obtained from high level theoretical calculations (B3LYP
and MP2 with cc-pVTZ, aug-cc-pVTZ, and cc-pVQZ basis sets).
It was revealed that the experimental data are well reproduced
by assuming that DHA consists of a mixture of three conformers.
The most stable conformer has two hydrogen bonds, whereas
the next two lowest energy conformers have one hydrogen bond
and their abundance is about 30% in total.
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