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The complexes of glyoxal (Gly), methylglyoxal (MGly), and diacetyl (DAc) with water have been studied
using Fourier transform infrared (FTIR) matrix isolation spectroscopy and MP2 calculations with 6-311++G-
(2d,2p) basis set. The analysis of the experimental spectra of the Gly(MGly,DAc)/H2O/Ar matrixes indicates
formation of one Gly‚‚‚H2O complex, three MGly‚‚‚H2O complexes, and two DAc‚‚‚H2O ones. All the
complexes are stabilized by the O-H‚‚‚O(C) hydrogen bond between the water molecule and carbonyl oxygen
as evidenced by the strong perturbation of the O-H, CdO stretching vibrations. The blue shift of the CH
stretching vibration in the Gly‚‚‚H2O complex and in two MGly‚‚‚H2O ones suggests that these complexes
are additionally stabilized by the improper C-H‚‚‚O(H2) hydrogen bonding. The theoretical calculations confirm
the experimental findings. They evidence the stability of three hydrogen-bonded Gly‚‚‚H2O and DAc‚‚‚H2O
complexes and six MGly‚‚‚H2O ones stabilized by the O-H‚‚‚O(C) hydrogen bond. The calculated vibrational
frequencies and geometrical parameters indicate that one DAc‚‚H2O complexes, two Gly‚‚‚H2O, and three
MGly‚‚‚H2O ones are additionally stabilized by the improper hydrogen bonding between the C-H group and
water oxygen. The comparison of the theoretical frequencies with the experimental ones allowed us to attribute
the calculated structures to the complexes present in the matrixes.

Introduction

Hydrocarbons containing carbonyl groups play an important
role in atmospheric chemistry. The simple carbonyl-containing
compounds formaldehyde, acetaldehyde, and acetone are im-
portant sources of HOx in the troposphere.1-3 The photo-
oxidation of aromatic hydrocarbons, that are emitted into the
atmosphere in urban and industrial areas, leads to formation of
the simpleR-dicarbonyls glyoxal, methylglyoxal, and diacetyl.4

Various carbonyl compounds are found in relatively high
concentrations in polluted water droplets.5,6

The binary complex between water and formaldehyde may
serve as a model for water carbonyl group interactions and has
been a subject of very intense theoretical studies.7-24 Kumpf
and Damewood8 reported the most complete data obtained by
high-level ab initio calculations on various possible configura-
tions of the water-formaldehyde complex in its ground state.
The detailed infrared matrix isolation studies of the formalde-
hyde-water complex in inert matrixes25,26 indicated the forma-
tion of the complex with the O‚‚‚H-O hydrogen bond between
the CO and OH groups. The experimental data suggested that
the complex exists in two isomeric forms with different relative
orientations of the two interacting molecules. Fourier transform
infrared (FTIR) matrix isolation studies of the binary complex
between water and acetone indicated a structure in which water
is hydrogen bonded to the carbonyl oxygen of acetone.27 Ab
initio SCF calculations performed for this complex27 demon-
strated a cyclic hydrogen-bonded structure involving, in addition
to the O-H‚‚‚O(C) bond, a weak C-H‚‚‚O(H2) interaction
between one methyl hydrogen and water oxygen atom. The
complex has been more recently studied by help of the DFT
method; however, the work focused on the solvent shifts of the
complex infrared spectrum.28

Methylglyoxal, in addition to its role in atmospheric chem-
istry, plays also an important role in biological systems,29 and
its behavior in water has been recently the subject of detailed
studies.30 The behavior of glyoxal in water solution has been
also the subject of numerous studies.31,32 However, to our
knowledge, there are neither theoretical nor experimental data
on the binary complexes between water and simpleR-dicarbo-
nyls glyoxal, methylglyoxal, and diacetyl. These complexes may
play a role in the chemistry of atmosphere. In addition, the data
concerning the water-methylglyoxal interaction may be im-
portant for understanding the biological activity of methylgly-
oxal. This work was undertaken to obtain information on the
binary complexes between water and glyoxal, methylglyoxal,
or diacetyl molecules. We performed FTIR studies of the
complexes isolated in low-temperature matrixes and supported
them with ab initio calculations at the MP2/6-311++G(2d,2p)
level of theory.

Experimental Section

Infrared Matrix Isolation Studies. Monomeric glyoxal
CHOCHO was prepared by heating the solid trimer dihydrate
(98%, Sigma) topped with P4O10 powder under vacuum to 120
°C and by collecting the gaseous monomer in a trap at 77 K.
From a 40% aqueous solution of methylglyoxal CH3COCHO
(Aldrich), the major amount of water was distiiled off in a
vacuum line. The residue was depolymerized at about 90°C,
and the product was passed through P4O10 and was trapped at
77 K. The sample was stored at liquid nitrogen temperature.
Diacetyl CH3COCOCH3 (97%, Aldrich) was carefully outgassed
and vacuum distilled, discarding the most volatile and the least
volatile impurities. The dicarbonyl/Ar, H2O/Ar, and dicarbonyl/
H2O/Ar mixtures were prepared by the standard manometric
technique; the concentration of mixtures varied in the range 4/1/
2400-1/1/150. The gas mixtures were sprayed onto gold-plated* To whom correspondence should be addressed. E-mail: zm@
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copper mirror held at 17 K by a closed cycle helium refrigerator
(Air Products, Displex 202A). Infrared spectra (resolution 0.5
cm-1) were recorded in a reflection mode with Bruker 113v
FTIR spectrometer using liquid N2 cooled MCT detector.

Computational Details.The Gaussian 03 program33 was used
for geometry optimization and harmonic vibrational calculations.
The structures of the isolated monomers (CHOCHO, CH3-
COCHO, CH3COCOCH3, and H2O) and the structures of the
dicarbonyl complexes with water were fully optimized by using
the 6-311++G(2d,2p) basis set34,35 at the MP2 level.36,37

Vibrational frequencies and intensities were computed both for
the monomers and for the complexes. Interaction energies were
corrected by the Boys-Bernardi full counterpoise correction.38

Results
Experimental Spectra. The infrared spectra of glyoxal in

the gas phase39 and in low-temperature matrixes have been
reported;40,41 the molecule exists at standard conditions in the
trans form. The spectra of diacetyl isolated in argon matrixes
and in the solid state have been published recently,42 and it was
shown that both in the crystalline phase and in the matrixes the
compound exists in the trans conformation. The spectra of
methyglyoxal in low-temperature matrixes have been the subject
of recent studies in our laboratory and they are in accord with
the reported gas phase spectra.43 Like the other two simple
R-dicarbonyls, the molecule exists at standard conditions in the
trans conformation.44 The spectra of water in low-temperature
matrixes are well-known.45-48 Before the study of complexes
was undertaken, the spectra of the parent molecules in argon
matrixes were recorded, and they are in accord with the spectra
previously reported.

When both water andR-dicarbonyl molecules are present in
the matrixes, many new absorptions appeared in the vicinity of
the glyoxal, methylglyoxal, diacetyl, and water monomer bands.
The representative regions of the spectra of the Gly/H2O/Ar,
MGly/H2O/Ar, and DAc/H2O/Ar are shown in Figures 1-3.
The frequencies of the observed product bands are presented
in Tables 1-3.

Glyoxal-Water Complexes. In Figure 1, the region of the
OH and CdO stretching vibrations in the spectra of Gly/H2O/
Ar is presented. Two new bands appear in the OH stretching
region, at 3714.3 and 3588.6 cm-1, and one new band in the
CdO stretching region at 1717.8 cm-1, when both glyoxal and
water molecules are present in the matrix. The above absorptions
are accompanied by the product bands in the C-H stretching,
rocking, and wagging regions (at 2863.7, 2858.1, and 1322.6

and 808.1 cm-1, respectively) and in the HOH bending region
(at 1591.7 cm-1). The new bands show small sensitivity to
matrix annealing; their relative intensities were constant within
an experimental error in all performed experiments.

Methylglyoxal-Water Complexes.The spectra of MGly/H2O/
Ar matrixes in the OH and CdO stretching regions are shown
in Figure 2. Five new bands were observed in the water OH
stretching region (at 3712.1, 3709.9, 3596.7, 3571.5, and 3561.7
cm-1) and four in the CdO stretching one (at 1736.5, 1722.6,
1711.9, and 1705.3 cm-1). As one can see in Figure 2, the new
bands can be separated into two groups, MI and MII, on the
basis of their response to matrix annealing. The bands attributed
to group MII increase and the bands assigned to group MI

disappear after matrix annealing. The 3709.9, 3561.7, and 3596.7
cm-1 bands and 1736.5 and 1711.9 cm-1 ones in the OH and
CdO stretching regions, respectively, increase after matrix
annealing and are attributed to the MII group. The bands
observed at 3712.1, 3571.5 cm-1 and at 1722.6, 1705.3 cm-1

strongly decrease when the matrix is warmed up and are
assigned to the group MI. In addition, careful spectra analysis
allowed us to distinguish among the bands belonging to group
MII those which exhibit larger (MIIA) and smaller (MIIB) intensity
increase after annealing process; however, the separation into
MIIA and MIIB groups is not always evident, particularly for the
weaker bands. The 3709.9, 3561.7, and 1711.9 cm-1 bands are
assigned to MIIA band set whereas the 3596.7 and 1736.5 cm-1

ones are assigned to the MIIB group. The bands belonging to
the band sets MI, MIIA , and MIIB appear also in the other spectral
regions; the frequencies of all observed bands are collected in
Table 2.

Diacetyl-Water Complexes.Figure 3 shows the region of
the water OH stretching and diacetyl CdO stretching vibrations
in the spectra of DAc/H2O/Ar matrixes. Three bands due to the
perturbed water vibrations appear at 3708.3, 3582.8, and 3553.8
cm-1 and three bands due to the perturbed CdO stretches are
observed at 1728.8, 1719.8, and 1715.8 cm-1. After matrix
annealing, the intensities of the 3553.8 cm-1 band and of the
1728.8 and 1715.8 cm-1 ones strongly increase whereas the
3582.8 cm-1 and 1719.8 cm-1 bands strongly diminish (they
disappear after prolonged annealing). The intensity of the 3708.3
cm-1 band also increases but less than the intensity of the
3553.8, 1728.8, and 1715.8 cm-1 ones. The response of the
product bands to matrix annealing allowed us to distinguish two
sets of bands. DI bands diminish and DII bands increase after
prolonged matrix annealing; the frequencies of the DI and DII

bands observed in all spectral regions are collected in Table 3.
The proximity of the DI and DII bands to the absorptions of the
parent molecules facilitates their assignments to the perturbed
vibrations of the diacetyl and water molecules.

Ab Initio Calculations. Kumpf and Damewood8 performed
detailed theoretical study of the formaldehyde-water potential
energy surface in the ground state. The authors reported various
possible configurations of the formaldehyde-water complex that
included three isomeric complexes in which water was hydrogen
bonded to carbonyl group of HCHO molecule, one complex
stabilized by the C-H‚‚‚O interaction, and seven configurations
that favored electrostatic interactions between water and form-
aldehyde subunits. The three configurations with the O-H‚‚‚
O(C) hydrogen bond were found to be more stable than the
other eight configurations, however, one of the configurations
stabilized by the dipole-dipole interaction (called by the authors
side-by-side interaction) had relatively close energy to the
hydrogen-bonded structures. The experimental results obtained
for the studiedR-dicarbonyl-water complexes demonstrate (as

TABLE 1: The Observed Frequencies and Calculated
Frequency Shifts∆ν ) νcïmplex - νmïnïmer (cm-1) and
Intensitiesa (km/mol) for the H 2O‚‚‚CHOCHO Complexes

experimental calculated

Mb GI Mb gI gII gIII assignment

ν ν ∆ν ν ∆ν ∆ν ∆ν

2861.2 2863.7 +2.5 3019(0) +45 +36 +18 νC-H
2855.6 2858.1 +2.5 3014(101) +13 +3 +19

1726(0) -4 -3 -4 νCdO
1724.4 1717.8 -6.6 1713(125) -9 -5 -5

1394(0) +12 +5 +9 δC-H
1314.6 1322.6 +8 1357(6) +10 +6 +8
812.4
806.7 808.1 +1.4 828(3) +9 +11 +7 γC-H

3735.0 3714.3 -20.7 3986(74) -36 -31 -35 νOH
3638.0 3588.6 -49.4 3865(10) -76 -67 -74 νOH
1590.0 1591.7 +1.7 1660(66) +2 +3 +30 δHOH

a The intensities are given in brackets.b The observed and calculated
frequencies of the monomers are given for comparison.
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discussed further) that in the matrixes only the O-H‚‚‚O(C)
hydrogen-bonded complexes are trapped. So, we focused our
attention in exploring all possible structures of theR-dicarbo-
nyls-water complexes with O-H‚‚‚O(C) hydrogen bond be-
tween water and carbonyl group.

Glyoxal-Water Complexes.Three stationary points for the
Gly‚‚‚H2O complexes calculated at the MP2 level with the
6-311++G(2d,2p) basis set are presented in Figure 4. The

geometrical parameters that show the largest changes with
respect to the isolated submolecules are presented in Table 4;
the binding energies for the optimized structures are also
presented. The full set of geometrical parameters for all
optimized structures is available in the Supporting Information
in Tables 1-3.

All three structures gI, gII, and gIII are stabilized by the
hydrogen bonds. As can be seen in Figure 4, the complexes gI

Figure 1. Theν(OH) stretching region of water (A) andν(CdO) stretching region of glyoxal (B) in the spectra of matrixes: (a) H2O/Ar ) 1/450
(A) or CHOCHO/Ar) 1/450 (B), (b) CHOCHO/H2O/Ar ) 4/2/600, and (c) after annealing of matrix b for 10 min at 33 K. The bands marked by
# are due to glyoxal dimer.

Figure 2. The ν(OH) stretching region of water (A) andν(CdO) stretching region of methylglyoxal (B) in the spectra of matrixes: (a) H2O/Ar
) 1/450 (A) or CH3COCHO/Ar ) 1/400 (B), (b) CH3COCHO/H2O/Ar ) 3/1/1800, and (c) after annealing of matrix b for 10 min at 33 K. The
band marked by an asterisk is due to the presence of the water dimer (H2O)2.

TABLE 2: The Observed Frequencies and Calculated Frequency Shifts∆ν ) νcomplex - νmonomer (cm-1) and Intensitiesa (km/
mol) for the H2O‚‚‚CH3COCHO Complexes

experimental calculated

Mb MI MIIA MIIB MI MIIA MIIB Mb mIA mIIA mIIIA mIK mIIK mIIIK assignment

ν ν ν ν ∆ν ∆ν ∆ν ν ∆ν ∆ν ∆ν ∆ν ∆ν ∆ν

2843.1 2875.2 2857.8 +32.1 +14.7 3008(61) +16 +37 +21 +42 +2 +5 νC-H ald
2840.7 2873.0 +32.3
1733.5 1705.3 1711.9 -28.2 -21.6 1723(36) -5 -1 0 0 -5 -5 νCdO ket
1726.4 1722.6 1736.5 -3.8 +10.1 1720(111) +2 -9 -5 -11 +2 +2 νCdO ald
1362.4 1367.4 +5 1376(1) +5 +10 +6 +24 +2 +2 δC-H ald
1228.3 1240.3 1238.2 +12 +9.9 1273(17) +1 0 0 +3 +11 +11 νC-C as+ γCH3

1051.5 1053.3 +1.8 1083(3) -1 +5 +3 +3 +2 +1 γCH3+ γCH
777.1 782.3 785.7 +5.2 +8.6 798(13) +1 +3 +2 +1 +3 +3 νC-C s

3735.0 3712.1 3709.9 -22.9 -25.1 3986(74) -36 -33 -32 -38 -39 -37 νOH
3638.0 3571.5 3561.7 3596.7-66.5 -76.3 -41.3 3865(10) -68 -78 -64 -96 -102 -97 νOH
1590.0 1597.0 1604.0 +7 +14 1660(66) +13 +17 +29 +17 +14 +32 δHOH

a The intensities are given in brackets.b The observed and calculated frequencies of the monomers are given for comparison.
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and gII adopt ringlike configurations in which one of the water
hydrogens forms O-H‚‚‚O(C) hydrogen bond with an oxygen
atom of one of the CHO groups while the water oxygen points
toward the hydrogen atom of the same or the other CHO group
(structures II and I, respectively). The O-H‚‚‚O(C) bond is
manifested by lengthening of the OH and CdO bonds in the
two structures (by ca. 0.005 Å for the O-H and by ca. 0.003
Å for the CdO bond). The length of the (O)H‚‚‚O(C) bond
is very similar in the two complexes (2.04 and 2.06 Å in gI
and gII, respectively) suggesting hydrogen bond of similar
strength. The obtained geometrical parameters suggest also weak
C-H‚‚‚O(H2) interactions in the complexes gI and gII; the
interaction is slightly stronger in the structure gI than in gII as
demonstrated by shorter (C)H‚‚‚O(H2) distance in gI (2.385 Å
in gI as compared with 2.587 Å in gII). In both structures, the
C-H‚‚‚O(H2) interaction leads to the shortening of the C-H
bond (by 0.003 Å both in gI and gII) indicating that weak,
improper hydrogen bond is formed. The formation of the
improper hydrogen bonds by the C-H proton donors is
nowadays a well-known phenomena.49,50 The configuration gI
is the most stable one, however, all the three configurations gI,
gII, and gIII have close binding energies (∆ECP (ZPE)) -2.60,
-2.31, and-1.98 kcal/mol for gI, gII, and gIII, respectively).
In configuration gIII, the water molecule is slightly reoriented
from its position in configuration gI in such a way that the
O-H‚‚‚O(C) interaction is favored and the C-H‚‚‚O(H2)
interaction is disrupted. This is reflected in shorter (O)H‚‚‚O(C)
and longer (C)H‚‚‚O(H2) distance in configuration gIII as

compared to gI (1.98, 2.78 Å; 2.04, 2.38 Å in structures gIII,
gI, respectively); the O-H‚‚‚O angle increases from 149.8° in
gI to 176.7° in gIII. The disruption of the C-H‚‚‚O(H2)
interaction in gIII is responsible for the lower stability of this
complex as compared to the gI one. As part of our configura-
tional search, we were looking for hydrogen-bonded configu-
ration (corresponding to 1c in Kumpf and Damewood paper)
in which the lone pairs of the carbonyl oxygen form a bifurcated
arrangement with one of the water hydrogens leading to linear
CdO‚‚‚H-O arrangement. However, such a linear arrangement
of the interacting CdO and O-H groups corresponded to saddle
point on the potential energy surface (∆ECP (ZPE) ) -1.30
kcal/mol) and not to a local minimum. The relative stability
ordering for the configurations considered in this study obtained
at the MP2/6-31++G(2d,2p) level is gI> gII > gIII.

In Table 1, the observed frequencies of the Gly‚‚‚H2O
complex trapped in solid argon are compared with the calculated
ones for the optimized configurations. The whole set of
calculated frequencies for the three configurations is presented
in the Supporting Information in Table 4. The calculations
resulted in a similar set of frequencies for the three configura-
tions stabilized by the hydrogen bonding. The formation of the
O-H‚‚‚O(C) bond is reflected by the red shifts of the water
OH and glyoxal CdO stretching frequencies after complex
formation (-76, -67, and-74 cm-1 for the OH stretch and
-9, -5, and-5 cm-1 for the CdO stretch in structures gI,
gII, and gIII, respectively). In turn, the C-H‚‚‚O(H2) interaction
leads to a noticeable blue shift of the activated CH stretching

Figure 3. Theν(OH) stretching region of water (A) andν(CdO) stretching region of diacetyl (B) in the spectra of matrixes: (a) H2O/Ar ) 1/450
(A) or CH3COCOCH3/Ar ) 1/450 (B), (b) CH3COCOCH3/H2O/Ar ) 4/2/600, and (c) after annealing of matrix b for 10 min at 33 K. The bands
marked by asterisks are due to the presence of complex formed by nitrogen-water impurity.

TABLE 3: The Observed Frequencies and Calculated Frequency Shifts∆ν ) νcomplex - νmonomer (cm-1) and Intensitiesa (km/
mol) for the H2O‚‚‚CH3COCOCH3 Complexes

experimental calculated

Mb DI DII DI DII Mb dI dII dIII assignment

ν ν ν ∆ν ∆ν ν ∆ν ∆ν ∆ν

1723.1 1728.8 +5.7 1722(161) 0 0 0 νCdO
1719.8 1715.8 -3.3 -7.3 1719(0) -1 -2 -3

1419(0) +3 +5 +5 δCH3

1355.9 1356.9 1358.5 +1 +2.6 1410(56) +1 +2 +3
1115.0 1118.7 1122.4 +3.7 +7.4 1148(67) +4 +7 +6 γCH3

1126.0 +11
946.8 943.6 948.8 -3.2 +2 977(3) -3 +3 +3 γCH3

903.4 910.0 +6.6 925(23) +6 +4 +4 νC-CH3

900.5 906.0 +5.5
3735.0 3708.3 -26.7 3986(74) -38 -39 -38 νOH
3638.0 3582.8 3553.8 -55.2 -84.2 3865(10) -82 -110 -105 νOH
1590.0 1606.0 1606.0 +16 +16 1660(66) +17 +17 +33 δHOH

a The intensities are given in brackets.b The observed and calculated frequencies of the monomers are given for comparison.
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frequencies in the complexes gI and gII (+45, +36 cm-1); in
complex gIII, the corresponding vibration is less perturbed
because of the lack of the C-H‚‚‚O(H2) interaction in this
complex.

Methylglyoxal-Water Complexes.Six stationary points for
the MGly‚‚‚H2O complexes calculated at the MP2 level with
the 6-311++G(2d,2p) basis set are presented in Figure 4; the
selected geometrical parameters are collected in Table 5. The
structures mIA, mIIA, and mIIIA describe the hydrogen-bonded

complexes with water attached to the carbonyl oxygen of the
aldehyde group, and the structures mIK, mIIK, and mIIIK
correspond to the hydrogen-bonded complexes with water
bonded to the carbonyl oxygen of the keto group.

The structures mIA and mIIA show great similarities to the
structures gI and gII of Gly-H2O complexes. Similarly, like
the structures gI and gII, they adopt ringlike configurations with
the O-H‚‚‚O(C) hydrogen bond and, possibly, with a very weak
C-H‚‚‚O(H2) interaction. The (O)H‚‚‚O(C) bond lengths in the
structures mIA and mIIA are equal to 2.00 Å and 2.03 Å, as
compared with 2.04 and 2.06 Å for the (O)H‚‚‚O(C) bond
lengths in complexes gI and gII. In turn, the (C)H‚‚‚O(H2)
distances in mIA and mIIA are equal to 2.60 Å and 2.66 Å as
compared to 2.38 and 2.59 Å in gI and gII. The noticeably
shorter distance between one of the three hydrogen atoms of
the methyl group and water oxygen (2.601 Å versus 2.917) in
mIA suggests a weak interaction between this hydrogen and the
oxygen atom of water. It is interesting to note very close values
of the binding energies for the structures gI and mIA (∆ECP

(ZPE) ) -2.60 and-2.63 kcal/mol) and gII and mIIA (∆ECP

(ZPE) ) -2.31 and-2.28 kcal/mol, respectively). In the
configuration mIIIA, the water is slightly reoriented from its
position in configuration mIIA in such a way that the O-H‚‚‚
O(C) bond is directed along one of the lone electron pairs of
carbonyl oxygen atom which leads to disruption of the weak
C-H‚‚‚O(H2) bond and less stability of the mIIIA structure with
respect to mIIA one (∆ECP (ZPE) ) -1.89 kcal/mol).

Figure 4. The optimized structures ofR-dicarbonyls with water. Binding energies∆ECP (ZPE) are given in kcal/mol.

TABLE 4: Calculated Propertiesa of the H2O‚‚‚CHOCHO
Complexesb

property monomers gI gII gIII

r(C1-C2) 1.518 1.520 1.517 1.519
r(C1)O3) 1.215 1.218 1.219 1.218
r(C1-H5) 1.100 1.099 1.097 1.098
r(C2)O4) 1.215 1.217 1.215 1.216
r(C2-H6) 1.100 1.097 1.100 1.099
r(H9-O7) 0.958 0.964 0.963 0.963
r(O7-H8) 0.958 0.958 0.957 0.958

R(H9‚‚‚O3) 2.041 2.062 1.981
R(O7‚‚‚H5) 2.587
R(O7‚‚‚H6) 2.385 2.780
Θ(C1O3H9) 116.1 99.67 117.4
Θ(O3H9O7) 149.8 141.47 176.7
∆ECP -4.34 -3.94 -3.57
∆ECP(ZPE) -2.60 -2.31 -1.98

a Bond lengths in Å, angles in degrees, energies in kcal/mol.b The
corresponding parameters of monomers are given for comparison.
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The configurations with water attached to the keto group of
methylglyoxal mIK, mIIK, and mIIIK are more stable than the
three corresponding configurations with water attached to the
aldehyde group. The mIK and mIIK structures are stabilized
mainly by the O-H‚‚‚O(C) hydrogen bond. However, like in
the mIA and mIIA configurations, there is probably a very weak
C-H‚‚‚O(H2) interaction in these two complexes. The calculated
shortening of the CH bond of the MGly aldehyde group by 0.003
Å after mIK formation suggests formation of an improper
hydrogen bonding by CH group in mIK. The relatively short
distance between the water oxygen and one of the three
hydrogen atoms of the CH3 group in mIIK (2.448 Å) suggests
the C-H‚‚‚O(H2) interaction. The two complexes, mIK and
mIIK, have very close values of the binding energies (∆ECP

(ZPE)) -2.79 and-3.02 kcal/mol). In the configuration mIIIK

like in mIIIA, water is slightly reoriented from its position in
mIIK and the structure is stabilized by the O-H‚‚‚O(C)
interaction only. This configuration is slightly less stable than
the mIIK one (∆ECP (ZPE) ) -2.77 kcal/mol).

Similarly, like in the case of glyoxal complexes, a linear
arrangement of the CdO and O-H groups corresponds to saddle
points on the potential energy surface (∆ECP (ZPE) ) -1.61
and -1.73 kcal/mol when water is attached to aldehyde and
keto groups, respectively).

The relative stability ordering for the methylglyoxal-water
complexes mIIK > mIK = mIIIK = mIA > mIIA > mIIIA clearly
shows that the complexes with water attached to the keto group
are more stable than the complexes with water attached to the
aldehyde group.

The six optimized MGly‚‚‚H2O structures are characterized
by similar sets of frequencies (see Table 2 and Table 5 in
Supporting Information). The largest frequency differences
between various configurations are calculated for the groups
that are involved in the O-H‚‚‚O(C) and/or C-H‚‚‚O(H2)
hydrogen bonding. So, the C-H stretching vibrations of the
CHO groups exhibit the largest perturbation from MGly
monomer value in the mIK and mIIA configurations (+42 and
+37 cm-1, respectively) in which the hydrogen atom of the
CHO group interacts with the water oxygen. The blue shift of
the CH stretching frequencies is in accord with the CH bond
shortening and confirms the formation of the improper hydrogen

bonding. The perturbation of the C-H stretching vibration in
mIK and mIIA is accompanied by the noticeable perturbation of
the C-H deformation vibration (+24 and+10 cm-1 in mIK
and mIIA, respectively). The O-H‚‚‚O(C) interaction affects
the aldehyde or keto CdO stretching vibrations (that are coupled
with water bending vibration) and the OH stretching vibration
of water. The three configurations (mIA, mIIK, and mIIIK) exhibit
the same perturbations of the keto CdO and aldehyde CdO
stretching vibrations (see Table 2). In turn, in the mIK and mIIA
structures, the CdO stretching vibrations of the aldehyde and
keto groups also exhibit very similar perturbations; the CdO
stretching frequency of the CHO group is calculated to shift
-11 and-9 cm-1 from the corresponding MGly frequency in
mIK and mIIA, respectively, whereas the keto CdO stretches
exhibit negligible perturbation. The calculations predict similar
perturbations of the OH vibrations in mIK, mIIK, and mIIIK
configurations (-96, -102, and-97 cm-1, respectively) that
are larger than those in mIA, mIIA, and mIIIA structures (-68,
-78, and-64 cm-1, respectively).

Diacetyl-Water ComplexesThree stationary points for the
DAc‚‚‚H2O complexes calculated at the MP2 level with the
6-311++G(2d,2p) basis set are presented in Figure 4; the
selected geometrical parameters are collected in Table 6.

The dI, dII, and dIII structures of diacetyl show great
similarities to the mIK, mIIK, and mIIIK structures of methylg-
lyoxal. The dI and dII complexes, similarly to the mIK and mIIK
ones, are stabilized by the O-H‚‚‚O(C) bond; in dII, there is
possibly also a very weak C-H‚‚‚O(H2) interaction (between
water oxygen atom and one of the hydrogen atoms of the CH3

group). The (C)H‚‚‚O(H2) distance between the water oxygen
and one of the three hydrogen atoms of CH3 is almost the same
in dII and in mIIK (2.478 and 2.448 Å, respectively). In the
configuration dIII, the water is slightly reoriented from its
position in dII, the (C)H‚‚‚O(H2) distance increases to 2.77 Å,
and the structure is stabilized by the O-H‚‚‚O(C) interaction
only (like in the structure mIIIK with respect to mIIK). All three
configurations are characterized by close binding energies (∆ECP

(ZPE) ) -2.93, -3.03, and-2.83 kcal/mol for dI, dII, and
dIII, respectively).

There are very small differences between the calculated
frequencies of the three optimized structures.

TABLE 5: Calculated Propertiesa of the H2O‚‚‚CH3COCHO Complexesb

property monomers mIA mIIA mIIIA mIK mIIK mIIIK

r(C1-C2) 1.528 1.529 1.526 1.526 1.530 1.528 1.527
r(C1)O3) 1.215 1.217 1.219 1.218 1.217 1.214 1.214
r(C1-H5) 1.101 1.100 1.098 1.099 1.098 1.101 1.100
r(C2)O4) 1.221 1.222 1.221 1.220 1.225 1.225 1.225
r(C2-C6) 1.498 1.495 1.498 1.498 1.496 1.494 1.495
r(C6-H7) 1.083 1.083 1.083 1.083 1.083 1.083 1.084
r(C6-H8) 1.088 1.088 1.088 1.088 1.088 1.088 1.088
r(C6-H9) 1.088 1.088 1.088 1.088 1.088 1.088 1.088
r(H11-O10) 0.958 0.963 0.964 0.963 0.965 0.965 0.965
r(O10-H12) 0.958 0.958 0.957 0.957 0.958 0.958 0.957

R(H11
...O3) 1.999 2.029 2.010

R(H11
...O4) 1.993 1.981 1.950

R(O10
...H5) 2.657 3.647 2.421

R(O10
...H7) 2.448 2.818

R(O10
...H8) 2.601

R(O10
...H9) 2.917

Θ(C1O3H11) 133.5 100.6 117.4
Θ(C2O4H11) 119.3 114.5 117.7
Θ(O3H11O10) 165.1 146.0 176.7
Θ(O4H11O10) 155.63 158.25 176.7
∆ECP -4.33 -3.90 -3.27 -4.53 -4.72 -4.31
∆ECP(ZPE) -2.63 -2.28 -1.89 -2.79 -3.02 -2.77

a Bond lengths in Å, angles in degrees, energies in kcal/mol.b The corresponding parameters of monomers are given for comparison.
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Discussion

Glyoxal-Water Complexes. The spectra of Gly/H2O/Ar
matrixes evidence the presence of one complex in the studied
matrixes. The relatively large red shift of the two water OH
stretching frequencies (-20.7 and-49.4 cm-1) and the observed
red shift of the CdO stretching frequency of glyoxal (-6.6
cm-1) indicate that in the matrix is trapped the hydrogen-bonded
complex with the water molecule attached to the carbonyl group
of glyoxal. The calculations indicate the stability of three
different configurations of hydrogen-bonded complex, however,
their spectroscopic characteristics are very similar (see Table
1) and do not allow us to conclude which of the three
configurations is trapped in the matrix. It seems reasonable to
assume that the most stable complex gI is present in the matrix.
The trapping of the most stable complex corresponding to global
minimum on potential energy surface suggests very small
transition barrier between various stable configurations.

Methylglyoxal-Water Complexes.The spectra of MGly/
H2O/Ar matrixes evidence the presence of three MGly-water
complexes in the studied matrixes that are characterized by the
MI, MIIA , and MIIB band sets. The MI bands disappear whereas
the MIIA and MIIB bands increase after matrix annealing. The
most informative, as far as the structures of the complexes are
concerned, are the bands identified for the C-H, CdO, and
O-H stretching vibrations. The MI group involves the 2875.2,
2873.0 cm-1 and the 1722.6, 1705.3 cm-1 bands in the C-H
and CdO stretching regions, respectively, and the 3571.5 cm-1

absorption because of perturbed water vibration. The 2875.2
and 2873.0 cm-1 bands are ca. 32 cm-1 blue-shifted from the
MGly monomer frequency which suggests that they are due to
the mIK or mIIA complexes. The other configurations do not
exhibit such a large perturbation of the C-H stretching vibration
(see Table 2). The observed CdO stretches are-3.8 and-28.2
cm-1 shifted from their MGly monomer values which are in
fair agreement with the spectroscopic characteristics of the mIK

and mIIA structures. Careful analysis of the perturbed water
stretching vibrations allows us to assign the MI bands to the
mIK structure. The two perturbed OH stretching vibrations
observed at 3561.7 and 3571.5 cm-1 exhibit similar red shifts

(-76.3 and-66.5 cm-1) whereas the 3596.7 cm-1 band is
noticeably less shifted (-41.3 cm-1) from the water monomer
vibration at 3638 cm-1. This suggests that the 3561.7 and 3571.5
cm-1 bands correspond to complexes in which water is bonded
to the keto group whereas the 3596.7 cm-1 band corresponds
to complex with water attached to the aldehyde group. The
calculations show that in mIK, mIIK, and mIIIK complexes the
OH stretching vibration is characterized by similar frequency
values that are noticeably lower than those for mIA, mIIA, and
mIIIA structures. So, we assigned the MI bands to mIK structure.
The frequencies of the other identified MI vibrations (see Table
2) are in accord with the calculated ones for the mIK structure.
The strong decrease of the MI bands after annealing (and
disappearance after prolonged annealing) may be explained by
the conversion of the less stable mIK configuration to the slightly
more stable mIIK one. Indeed, the MIIA bands that are strongly
growing after matrix annealing are assigned with confidence
to the mIIK structure. As already was mentioned, the 3561.7
cm-1 MIIA band due to the OH stretching is attributed to one of
the other two complexes, mIIK or mIIIK, with H2O bonded to
the keto group of methylglyoxal. We assigned the MIIA band
set to mIIK complex which is predicted to be slightly more stable
than the mIK and mIIIK complexes. This explains the increase
of the MIIA bands at the expense of the MI ones after matrix
annealing as because of conversion of the less stable mIK

configuration into the more stable mIIK one. The mIIK and mIIIK
structures show large similarity and are characterized by very
similar sets of frequencies, so, the larger stability of the mIIK

(than the mIK one) is the only criterion for differentiation
between the two structures. The MIIB bands are assigned to mIA

complex, the most stable among the three optimized complexes
with H2O attached to the aldehyde group. Two bands belonging
to MIIB group, namely, the band at 2857.8 cm-1 because of C-H
stretch and the 3596.7 cm-1 band because of O-H stretch,
evidence that MIIB bands are due to mIA complex. The 3596.7
cm-1 band is 41.3 cm-1 red-shifted from the corresponding H2O
vibration which suggests that the band is due to a complex with
water attached to aldehyde CdO group. The 14.7 cm-1 blue
shift of the CH stretching frequency from its value in MGly
monomer is consistent with the shift calculated for the mIA

complex; the shifts predicted for the two other optimized mIIA

and mIIIA structures are larger and, moreover, they are less stable
than the mIA configuration.

Diacetyl-Water Complexes.The spectra of DAc/H2O/Ar
matrixes clearly show that two isomeric structures of DAc‚‚‚
H2O complex are trapped in the matrix. As discussed below,
the comparison of the experimental frequencies of the DI and
DII band sets with the calculated frequencies for the three
otpimized structures dI, dII, and dIII suggests that the DI band
set corresponds to the structure dI whereas the DII band set
belongs to the structure dII. The 3553.8 cm-1 DII band due to
the perturbed OH stretching vibration of water molecule is 29
cm-1 red-shifted with respect to the corresponding 3582.8 cm-1

DI band in accord with the calculated frequency shift for the
dII OH stretching vibration with respect to dI one (28 cm-1,
see Table 3). One of theγCH3 rocking vibrations is calculated
to shift toward lower frequencies in dI and toward higher
frequencies in dII with respect to DAc monomer as observed
for the 943.6 and 948.8 cm-1 experimental frequencies belong-
ing to DI and DII. As can be seen in Figure 4, the conversion
between the complexes dI and dII may occur by the rotation of
H2O molecule with respect to diacetyl without disruption of
the O-H‚‚‚O(C) bond, so the barrier for the conversion is
expected to be small. This fact and the slightly larger stability

TABLE 6: Calculated Propertiesa of the
H2O‚‚‚CH3COCOCH3 Complexesb

property monomers dI dII dIII

r(C1-C2) 1.540 1.542 1.541 1.540
r(C1)O3) 1.221 1.221 1.220 1.220
r(C1-C9) 1.501 1.497 1.501 1.500
r(C2)O4) 1.221 1.223 1.225 1.225
r(C2-C5) 1.501 1.498 1.496 1.497
r(C5-H6) 1.088 1.088 1.088 1.088
r(C5-H7) 1.087 1.087 1.088 1.088
r(C5-H8) 1.083 1.083 1.083 1.084
r(C9-H10) 1.083 1.083 1.083 1.083
r(C9-H11) 1.088 1.088 1.087 1.088
r(C9-H12) 1.087 1.088 1.088 1.088
r(H13-O14) 0.958 0.964 0.966 0.965
r(O14-H15) 0.958 0.958 0.958 0.957
R(H13

...O4) 1.963 1.965 1.945
R(O14

...H8) 2.478 2.775
R(O14

...H11) 2.805
R(O14

...H12) 2.704
Θ(C2O4H13) 137.7 115.2 117.4
Θ(O4H13O14) 169.4 160.8 176.7
∆ECP -4.67 -4.74 -4.44
∆ECP(ZPE) -2.93 -3.03 -3.21

a Bond lengths in Å, angles in degrees, energies in kcal/mol.b The
corresponding parameters of monomers are given for comparison.
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of dII with respect to dI may be the reason why matrix annealing
leads to conversion of dI into dII.

Hydrogen Bonding in the Complexes of Glyoxal, Meth-
ylglyoxal, and Diacetyl with Water. The calculations show,
in accord with earlier experimental and theoretical results, that
the carbonyl oxygen of the keto group is a stronger proton
acceptor than the carbonyl oxygen of the aldehyde group. This
is best demonstrated by comparing the binding energies of the
gIII and mIIIA complexes (∆ECP (ZPE) ) -1.98 and-1.89
kcal/mol) that are stabilized by the O-H‚‚‚O(CH) bond with
the binding energies of the mIIIK and dIII ones (∆ECP (ZPE))
-2.77 and-2.83 kcal/mol) stabilized by the O-H‚‚‚O(CH3)
bond. The above complexes are stabilized by one hydrogen
bonding only. The presence of the second weak C-H‚‚‚O
interaction between the aldehyde CH bond or one of the methyl
C-H bonds and water oxygen increases the complex stability.
The gI and mIA complexes stabilized by both the C-H‚‚‚O and
O-H‚‚‚O interaction have binding energy values (∆ECP (ZPE)
) -2.60 and-2.63 kcal/mol) close to the value characteristic
for the mIIIK complex (-2.77 kcal/mol) that is stabilized by
the O-H‚‚‚O(CCH3) bond only. The replacement of the
aldehyde group hydrogen in glyoxal by the methyl group in
methylglyoxal only slightly affects the interaction energy of the
complexes stabilized by the O-H‚‚‚O(CH) bond. The gI
complex has very close binding energy value to the mIA complex
(∆ECP (ZPE) ) -2.60 and-2.63 kcal/mol for gI and mIA),
and the gII complex has very close binding energy value to
mIIA one (-2.31 and-2.28 kcal/mol for mIA and mIIA).
Similarly, the replacement of the aldehyde group hydrogen in
methylglyoxal by methyl group in diacetyl has negligible effect
on the complexes stabilized by the O-H‚‚‚O(CCH3) bond. The
mIK and dI complexes are characterized by very close binding
energies (-2.79 and-2.93 kcal/mol) similarly to the mIIK and
dII ones (-3.02 and-3.03 kcal/mol).

The interaction of the C-H bond of CHO group with water
oxygen in gI, gII, mIIA, and mIK complexes leads to the
formation of the improper hydrogen bonding characterized by
the shortening of the C-H bond with accompanied blue shift
of the CH stretching frequency. The calculations result in the
C-H bond shortening by ca. 0.003 Å in the four complexes.
The calculated C-H stretching frequencies are 45, 13 cm-1 and
36, 3 cm-1 blue-shifted from glyoxal monomer values in gI
and gII complexes, 37 cm-1 in mIIA complex, and 42 cm-1 in
mIK. We have identified in the matrix one glyoxal complex
(most probably gI one), and the C-H stretching frequency
identified for this complex was 2.5 cm-1 blue-shifted with
respect to the C-H stretch of glyoxal, so, the observed shift
was much smaller than that of the calculated ones. For the mIK

complex, the observed CH stretching frequency is 32 cm-1 blue-
shifted from the corresponding frequency of methylglyoxal
monomer which is in good agreement with the calculated value
(42 cm-1). The mIIA complex has not been identified in the
studied matrixes.

The calculated geometrical parameters (CH‚‚‚O(H2) bond
lengths) and interaction energies for the mIA, mIIK, dI, and dII
complexes suggest that in these four complexes there exists a
very weak interaction between hydrogen atoms of methyl group
and the oxygen atom of the water molecule. The relatively short
(H2C)H‚‚‚O(H2) distances in the mIIK, dII, and mIA complexes
(2.448, 2.478, and 2.601 Å, respectively) between one of the
hydrogen atoms of the CH3 group and water oxygen suggest
an interaction of the water oxygen with one hydrogen atom of
the CH3 group. In dI configuration, two (H2)CH‚‚‚O(H2) lengths
have comparable values (2.805, 2.703 Å) which may indicate

double interaction, however, the two distances are longer than
for the mIIK, dII, and mIA complexes, and it is hard to draw
conclusion whether there is an interaction in this case. Unfor-
tunately, the CH3 stretching vibrations were not identified for
these four complexes.

Recently, Karpfen and Kryachko51 in a series of computa-
tional papers showed that the blue shifts of the C-H stretching
frequencies upon complex formation with an interacting partner
may be due to so-called negative intramolecular coupling
between the C-H bonds and the vicinal bonds. If the vicinal
bonds stretch upon complex formation, the negative coupling
causes a shortening of the C-H bonds; this effect the authors
term as “negative intramolecular response” (NIR). Although we
cannot exclude the NIR effect in some of the studiedR-dicar-
bonyl-water complexes, this effect does not explain the
properties of the studied complexes. First, in the gI, mIA, mIK,
and dI complexes, the water molecule forms the O-H‚‚‚O
hydrogen bond with a carbonyl oxygen of one CHO or C(CH3)O
group and a weak improper O‚‚‚H-C hydrogen bond with the
C-H bond of the other CHO or C(CH3)O group ofR-dicarbonyl
molecule. The effect of the O-H‚‚‚O bond formation by one
CHO/C(CH3)O group on the geometry of the other CHO/
C(CH3)O group is very small as indicated by the geometrical
parameters of the gII, mIIA, mIIIA, mIIK, mIIIK, dII, and dIII
complexes (see Tables 4-6 and Tables 1-3 in Supporting
Information). Second, the NIR effect does not explain the energy
difference in the mIIA, mIIIA and mIIK, mIIIK pairs of
complexes. Small reorientation of H2O with respect to carbonyl
oxygen in the mIIA and mIIK complexes leading to the rupture
of the postulated C-H‚‚‚O interaction is followed by the
decrease of the binding energy of the mIIIA and mIIIK complexes
with respect to the mIIA and mIIK ones (see Figure 4). A weak
C-H‚‚‚O interaction between C-H group and water oxygen
in mIIA, mIIK, and dII complexes explains the larger stability
of these complexes.

Conclusions

Matrix-isolation FTIR spectroscopy has been applied to study
the complexes formed by three atmosphericR-dicarbonyls:
glyoxal, methylglyoxal, and diacetyl with the water molecule.
The spectra analysis evidenced the presence of one Gly‚‚‚H2O
complex, three MGly‚‚‚H2O complexes, and two DAc‚‚‚H2O
ones in the studied matrixes. The strong perturbation of the
water-stretching vibration indicates that all complexes are
stabilized by the O-H‚‚‚O(C) hydrogen bonding with the OH
group of water attached to the carbonyl oxygen of the aldehyde
group or to the keto group.

Theoretical study performed at the MP2/6-311++G(2d,2p)
level indicated the stability of three Gly‚‚‚H2O complexes (gI,
gII, gIII), six MGly ‚‚‚H2O complexes (mIA, mIIA, mIIIA, mIK,
mIIK, and mIIIK), and three DAc‚‚‚H2O ones (dI, dII, dIII) that
are stabilized by the O-H‚‚‚O(C) hydrogen bonding with the
OH group of water attached to the carbonyl oxygen of the
aldehyde group (gI, mIA) or the keto group (mIK, mIIK, dI, dII).
Moreover, the calculated geometrical parameters and vibrational
frequencies suggest that in the gI, gII, mIIA, and mIK complexes
there is additionally a weak C-H‚‚‚O(H2) interaction between
the water oxygen and CH aldehyde group whereas in mIA, mIIK,
dI, and dII exists still weaker interaction between one of the
hydrogens of the methyl group and water. The comparison of
the theoretical and experimental frequencies allowed us to
attribute tentatively the structures mIA, mIK, and mIIK to the
three MGly‚‚‚H2O complexes present in the matrixes and the
specific structures dI and dII to the two DAc‚‚‚H2O complexes.
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The blue shift of the CH stretching frequencies upon complex
formation observed in the spectra of the Gly‚‚‚H2O complex
and in two MGly‚‚‚H2O complexes present in matrixes matches
well the calculated CH length shortening and evidences the
existence of improper C-H‚‚‚O hydrogen bonding in these three
complexes.

Both the calculated properties (binding energies, geometrical
parameters, and vibrational frequencies) and experimental
spectra evidence that the keto group is a stronger proton acceptor
than the carbonyl oxygen of the aldehyde group.
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