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Thermodynamics and Kinetics of Methylglyoxal Dimer Formation: A Computational Study
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Density functional theory (B3LYP//6-3114+G*) calculations, including Poisson—Boltzmann implicit solvent
and free energy corrections, are applied to study the hydration of methylglyoxal and the subsequent formation
of dimeric species in solution. Our calculations show that, unlike glyoxal, fully hydrated species are not
thermodynamically favored over their less hydrated counterparts, nor are dioxolane ring species the
thermodynamic sink, which is in agreement with experimental data. Instead, we find that aldol condensations
are the most favored oligomerization reactions for methylglyoxal. These results differ from those of glyoxal,
which, lacking the methyl group, cannot access the enol structure leading to aldol condensation. For
methylglyoxal, the product from nucleophilic attack at the aldehyde rather than the ketone was favored. Our
results help explain some of the observed differences between methylglyoxal and glyoxal, in particular the

different array of oligomers formed.

Introduction

The vast majority of submicrometer aerosol particles in the
free troposphere contain organic material, often up to 50% by
mass.' ™3 The presence of organic compounds has a strong
impact on aerosol particle growth,* water uptake, and cloud
formation.’ Because of these effects, organic aerosol material
contributes to uncertainty in the prediction of climate change.®
Most of this organic material is secondary, meaning that it is
formed in gas-to-particle transfer processes where the particles
may be either cloud droplets or aerosol particles. In urban areas,
secondary organic aerosol (SOA) comprises up to 90% of the
organic aerosol mass.’

Several recent studies have demonstrated that our understand-
ing of SOA formation is far from complete. In both field
measurements®® and smog chamber simulations,'*~2° SOA has
been shown to contain oligomeric macromolecules that appear
to have been formed in particle-phase reactions. In Mexico City,
observed SOA formation rates were much higher than model
predictions,?! whereas in the free troposphere, significantly more
SOA is present than can be modeled using well-characterized
formation pathways.?? It is clear that important source gases,
chemical processes, or both are missing from models and are
responsible for significant SOA formation.

In light of this, attention has recently been given to the
aerosol-forming potential of the o-dicarbonyl compound me-
thylglyoxal. This compound is commonly found in the tropo-
sphere?? because it is produced by atmospheric oxidation of both
anthropogenic and biogenic hydrocarbons.?*~2% With a Henry’s
law coefficient of 3.71 x 10° M-atm™!,* it is scavenged by
water droplets and is the most common aldehyde after form-
aldehyde and glyoxal in clouds, dew, and fogwater.?®"3 By
assuming that methylglyoxal uptake into clouds and aerosol is
irreversible and governed by an uptake coefficient measured
for glyoxal (a. = 0.0029**), Fu et al.” estimated that methylg-
lyoxal could form as much as 8 Tg-C-yr~! SOA, mostly via
cloud uptake. This was more than a quarter of the total global
SOA formed and three times more SOA than was formed by
glyoxal in their model. Interestingly, methylglyoxal uptake
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coefficients have been measured (o = 0.0076% and 0.0233°)
and are larger than that assumed by Fu et al.,?* so their estimate
of SOA formation from methylglyoxal is not a strict upper limit.
Despite this potential importance, the atmospheric chemistry
of methylglyoxal has received comparatively little study, and
its SOA formation mechanisms are not fully characterized.

One known pathway to SOA formation by methylglyoxal is
oxidation in clouds. The aqueous-phase rate constant for reaction
with OH radical is 1.1 x 10° M~!+-s7137 and low-volatility
reaction products such as pyruvic acid and oligomers formed
in aldol condensation reactions have been identified.”’ However,
because only a fraction of methylglyoxal would be oxidized in
a single cloud event,*® other chemical processes may be of equal
or greater importance if they also form low-volatility products
that remain behind as cloud-processed aerosol when a cloud
droplet evaporates.

Oligomer formation is one such competing chemical process.
Methylglyoxal is known to form oligomers in drying aqueous
solutions. Paulsen et al.'® measured methylglyoxal oligomer
formation rates in nebulizer-generated aerosol with a volatility
tandem differential mobility analyzer. They observed oligomer
formation without oxidant or irradiation and noted that the
oligomer formation rate was similar to that observed in
photooxidation experiments on a-pinene in the presence of NO,
and water vapor. Oligomer formation has also been detected
by laser desorption mass spectrometry in bulk solutions of
methylglyoxal and methylglyoxal/aldehyde mixtures that were
dried as a part of the sample preparation process.*> Although
no structural data was obtained, acetal oligomer structures built
on dioxolane rings were proposed to explain the collected mass
spectra. Loeffler et al.** detected oligomer formation in evapo-
rating methylglyoxal solutions by attenuated total reflectance
Fourier transform infrared spectroscopy. Because C—O stretch-
ing peaks assigned to dioxolane rings were not observed, open
oligomer acetal structures were instead proposed. Nemet et al.*!
detected many oligomer peaks in DMSO solutions of freeze-
dried methylglyoxal but not in aqueous solutions. A few of these
peaks were tentatively assigned to a cyclic trioxane acetal trimer
and to an acetal dimer with a dioxane ring structure (structure
9 in Figure 3).
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Other studies have probed the direct uptake of methylglyoxal
by aerosol. In flow tube experiments with bulk, concentrated
sulfuric acid/water mixtures, Zhao et al.>® observed that meth-
ylglyoxal uptake decreased with increasing acidity. They
interpreted this as evidence that methylglyoxal uptake depended
on water content and that hydration and acetal oligomerization
were more important processes than (acid-catalyzed) aldol
condensation under these conditions. However, in chamber
experiments with aqueous ammonium sulfate and ammonium
sulfate/sulfuric acid aerosol, Kroll et al.** did not observe any
methylglyoxal uptake by AMS and only very minimal uptake
by SMPS. The seeming discrepancy between the two studies
has not been resolved, and it is not clear whether methylglyoxal
can be taken up directly by atmospheric aerosol.

To summarize, the existing experimental studies provide
strong evidence that methylglyoxal can form SOA during cloud
processing both by aqueous-phase oxidation and by reacting
with itself in drying solutions, forming various oligomers.
Because structural experimental evidence is indirect and very
limited, the formation of acetal oligomers has been proposed
on the basis of an analogy to glyoxal.

There have been several computational studies that probe the
mechanism and products formed by glyoxal and methylglyoxal
oligomerization. Tong et al.** used quantum mechanical methods
to suggest that glyoxal forms acetal oligomers linked by
dioxolane rings, which is in agreement with experimental data.
Our quantum mechanical study of glyoxal* complemented this
study by providing kinetic data (reaction barriers) and the
structures of transition states and relevant intermediates, showing
that the hydrated dioxolane ring dimer is the thermodynamic
sink for dimerization and thus the crucial intermediate prior to
forming the dioxolane ring trimer. Barsanti and Pankow* used
empirical and Benson thermochemical data and applied ther-
modynamic principles to conclude that under atmospheric
conditions, glyoxal could form acetal oligomers, whereas
methylglyoxal could form oligomers by aldol condensation
reactions, suggesting that the reactions of methylglyoxal may
differ from those expected from studies of glyoxal chemistry.

The goal of our current study is to determine by quantum
mechanics the most thermodynamically favorable reaction
pathways, intermediates, and products in the oligomerization
of methylglyoxal. As discussed in the Computational Methods
section, our methods result in a close match with experimental
data for hydration of methylglyoxal in solution, that is, formation
of monohydrate and dihydrate in a 60 to 40% distribution.*' In
contrast, glyoxal is fully hydrated in solution.** In the Results
and Discussion section, we show that the most prominent
difference between glyoxal and methylglyoxal is that the favored
products for glyoxal are dioxolane ring acetal dimers, whereas
for methylglyoxal, the aldol condensation products from enol
attack on the aldehyde are favored overall. Whereas glyoxal
oligomerization favors the formation of five-membered acetal
ring structures relative to the monomer, the corresponding acetal
oligomer structures for methylglyoxal have higher free energies
relative to the monomer. In contrast, the aldol condensation
reaction of methylglyoxal is thermodynamically favored and
results in oligomers that can easily undergo continued polym-
erization to form a complicated mixture of organic species.
Glyoxal cannot access these reactions because they require a
proton shift from the methyl group to form the enol structure.
Our calculations support the suggestion of Barsanti and
Pankow*’ that the aldol condensations are the most thermody-
namically favored reactions for methylglyoxal.
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Computational Methods

All calculations were carried out using Jaguar 6.0%° at the
B3LYP¥ 7 flavor of density functional theory (DFT) with a
6-311G** basis set. To maximize the probability of finding the
global minimum, we performed calculations on various con-
formers of each structure with different internal hydrogen bond
networks. Higher energy conformers are included only where
relevant in the discussion. Raw data for the electronic energy
of the optimized gas phase structures, Poisson—Boltzmann (PB)
solvation energy, zero-point energy (ZPE), and thermodynamic
corrections to 298 K are available in Table S1 in the Supporting
Information.

The PB continuum approximation”'~* was used to describe
the effect of solvent. In this approximation, a smooth solvent-
accessible surface of the solute is calculated by rolling a sphere
of radius Ry (1.40 A for water) over the van der Waals surface.
The solvent is represented as a polarizable continuum surround-
ing the molecule with dielectric constant, & (80.4 for water).
Charges are allowed to develop on the surface according to the
electrostatic potential of the solute and ¢; then, the polarized
reaction field of the solvent acts back on the quantum mechan-
ical description of the solute. The wave function of the complex
is relaxed self-consistently with the reaction field to solve the
PB equations. Whereas the forces on the quantum mechanical
solute atoms due to the solvent can be calculated in the presence
of the solvent, in this work, the solvation energy was calculated
at the optimized gas-phase geometry for all structures at minima.
This is because there is practically no change between the gas
phase and the implicit solvent-optimized geometries. It is
important to note that even though the solvation energy
contribution is to some extent a free-energy correction, it
certainly does not account for all of the free energy. Compari-
sons with different electronic structure methods and implicit
solvents are provided in the Supporting Information.

51,52

The analytical Hessian was calculated for each optimized
geometry in the gas phase. The DFT gas-phase energy was then
corrected for zero-point vibrations. Negative eigenvalues in
transition-state calculations were not included in the ZPE. A
scaling factor of ~0.97 typically used at the B3LYP level for
the vibrational energies was not included. This could potentially
result in an energy difference of up to 0.7 kcal-mol™! in the
system studied, although the difference will be much smaller
after the addition of the entropic correction. The temperature-
dependent enthalpy correction term is straightforward to cal-
culate from statistical mechanics. Assuming that the translational
and rotational corrections are a constant times k7, that low
frequency vibrational modes will generally cancel out when
calculating enthalpy differences, and that the vibrational fre-
quencies do not change appreciably in solution, we can calculate
Hyogk. (See Table S1 in Supporting Information.)

The corresponding free-energy corrections in solution are
much less reliable.® 3 Changes in free-energy terms for
translation and rotation are poorly defined in solution, particu-
larly as the size of the molecule increases. Additional corrections
to the free energy for concentration differentials among species
(to obtain the chemical potential) can be significant, especially
if the solubility varies among the different species in solution.
Furthermore, because the reactions being studied are in solution,
the free energy being accounted for comes from two different
sources: thermal corrections and implicit solvent. Neither of
these parameters is easily separable, nor do they constitute all
of the required parts of the free energy under our approximations
of the system.
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Figure 1. First hydration of methylglyoxal.

To estimate the free energy, we followed the method of Lau
and Deubel,* who included the solvation entropy of each species
as half of its gas-phase entropy. Wertz’’ and Abraham>® had
previously suggested that upon dissolving in water, molecules
lose a constant fraction (~0.5) of their entropy. In this study,
we found that using this 0.5 fraction entropy correction for AG
values provides results that are comparable to experimental data
for glyoxal oligomerization. A discussion of this can be found
in our previous study of glyoxal.* Because relevant reactions
of methylglyoxal take place in solution, we include this solvation
entropy correction in our AG values throughout the remainder
of the article. Therefore, the AG values given in this study
include the ZPE, temperature correction to 298 K, and the
solvation energy and entropy corrections for all reactions in
solution.

Our calculations of AG are stoichiometric, where water is
often one of the reactants. In the first hydration of methylglyoxal
to form the monohydrate shown in Figure 1, equally dilute
concentrations (because of the implicit solvent approximation)
of both reactants are assumed in the calculations. To compare
directly with experimental data, we need to account for the
different concentrations of each reactant. This concentration
correction was determined from the following equation

AG = AG’ + RT In([products]/[reactants])

For the first hydration of methylglyoxal in ~1 M solution at
298 K, the equation is

AG =AG +

RT In([monohydrate]/[methylglyoxal][water])

concn

where AG is the change in free energy for the stoichiometric
reaction. Because the concentration of water in a 1 M solution
of methylglyoxal is ~55 M

AG, = AG + RT In[(1)/(1)(55)]

concn
which gives

AG = AG — 2.37 kcal/mol

concn

For the second hydration of methylglyoxal, the reactants are
water and the monohydrate. Because there are two water
molecules when this reaction is referenced back to methylgly-
oxal, the equations are now

AG =AG +

RT In([dihydrate]/[methylglyoxal] [Water]z)

concn

Krizner et al.

AG, = AG + RT In[(1)/(1)(55)]

concn

AG, = AG — 4.74 kcal/mol

concn

To our knowledge, there is very little experimental thermo-
dynamic data for the hydration of methylglyoxal. When meth-
ylglyoxal is dissolved in water to make a 0.598 M solution (at
298 K), the monohydrate and dihydrate are present in a 60:40
ratio, respectively.?’ We see that our AG.ye, values for the
hydration of methylglyoxal correspond to this experimental ratio,
as shown in Figure 2. The AG values for the stoichiometric
(equal concentration) reactions are included for comparison.

For both the stoichiometric and concentration-corrected AG
values, the monohydrate has the lowest free energy and is
therefore the thermodynamic sink. For the first hydration,
AG onen 18 significantly negative, showing again that the mono-
hydrate is favored overall and that very little of the dehydrated
species remains in solution. For the dihydrate, AG.open is
marginally positive, showing that the second hydration requires
only a slight increase in free energy. We can infer that the mono-
and dihydrate species are present in nearly equal amounts in
solution. The 60:40 ratio determined experimentally gives K,
= 3/2 = 1.5, which corresponds to AGey,q = +0.24 kcal/mol,
which is very close to our calculated value of +0.3 kcal/mol.

However, concentrations of intermediates in complex oligo-
merization reactions will change continuously as these reactions
proceed. In addition, one of the aims of our study of methylg-
lyoxal was to make direct comparisons with glyoxal, for which
AG.onen values were not included.** Therefore, in the present
study, all data and discussions will be in terms of AG, the value
corresponding to stoichiometric reactions. From our previous
work using the same computational methodology and entropy
approximation, we found that for the hydration of aldehydes,
our calculated AG values are within 1 kcal/mol of experimental
values, and our calculated AG* values overestimate the experi-
mental value by approximately 3 kcal/mol.** Corresponding data
in terms of AG.yen and AH for all reactions can be found in
the Supporting Information.

Results and Discussion

We have divided our analysis into the four different types of
reactions: hydration, acetal dimerization, ring closure, and aldol
condensation. The first three reactions are summarized in Figure
3, and the aldol condensation is summarized in Figure 4. Note
that the free energies in Figures 3 and 4 are relative to
methylglyoxal and water as the reference state, whereas those
in Tables 1—3 are for the reactions listed in the left column of
each table. Therefore, the reader interested in the global
energetics should use Figures 3 and 4. The entries in Tables
1—3 conveniently calculate the differences for the reader
interested in a particular chemical reaction. Geometries of the
reactants, products, intermediates, and transition states in
Cartesian coordinates are provided in the Supporting Informa-
tion.

o H,0 OH H0 HO
. \ o
—_—
= OH ~ f
/ HO
H,0 o H0 oH

AG =-1.4 kcal/mol
AGope = —3.8 keal/mol

AG = +2.7 kcal/mol
AG ope = 10.3 keal/mol

Figure 2. Overall free energies for methylglyoxal hydration.
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Figure 4. Overall free energy landscape of aldol condensation reactions (AG in kcal/mol).

TABLE 2: AG and AG* (in kilocalories per mol) for
Dimerization Reactions

TABLE 1: AG and AG# (in kilocalories per mol) for
Hydration Reactions

6997

reaction AG (kcal/mol) AG* (kcal/mol) transition state reaction AG (kcal/mol)  AG* (kcal/mol)  transition state
1+ H0—2 —-14 20.3 H1 1+2—4 2.9 24.8 D12
1+ H,0—2 2.5 24.1 H1’ 2+2—5 8.4 28.8 D22
2+ H,0—3 2.7 25.9 H2 2 +2—5 1.9 25.2 D22
2"+ H,0—3 —-1.2 22.7 H2' 2+3—6 12.9 29.3 D23
2+3—6 5.8 25.9 D23

Hydration. Hydration reactions are represented by the vertical

down arrows in Figure 3. On the basis of the raw energies in
Table S1 (Supporting Information), we can calculate AG and
AG* for each hydration reaction. Values for each individual
reaction are given in Table 1. The addition of one water
molecule converts 1 to its monohydrates 2 and 2’, depending
on whether the aldehyde or ketone is hydrated. For the aldehyde

hydration, AG = —1.4 kcal/mol, and for the ketone hydration,
AG = +2.5 kcal/mol. Therefore, hydration of the aldehyde leads
to the favorable monohydrate, as expected. Subsequent hydration
of either 2 or 2’ leads to the dihydrate, 3.

The monohydrate 2 is the dominant monomeric species in
solution because the formation of 2’ and the dihydrate 3 require
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TABLE 3: AG and AG# (in kilocalories per mol) for Ring
Closure Reactions

reaction AG (kcal/mol) AG# (kcal/mol) transition state
4—17 —0.6 19.1 R7
5—8 -3.0 17.8 RS
5—9 0.6 23.0 R9
57— —0.6 19.5 RS’
5—=9 2.8 26.0 RY’

hydration of a ketone group, which is unfavorable in comparison
with the aldehyde hydration. This is in agreement with
experimental data; when DMSO was added to freeze-dried, solid
methylglyoxal, the monohydrate 2 was the dominant species in
solution. For stoichiometric ratios, our calculated free energy
of 2 is 1.4 and 2.7 kcal/mol more stable than that of 1 and 3,
respectively. However, when a ~0.6 M solution of methylgly-
oxal was made by dissolving in water, there was a ~60:40 ratio
of the monohydrate 2 to the dihydrate 3.*! In this case, our
calculated free energy of 2 is 0.3 kcal/mol more stable than
that of 3. These latter results correspond to our data with the
inclusion of the concentration correction, AGgonen, as described
in the Computational Methods section.

The hydration reactions resulted in six-centered transition
states with two additional water molecules, similar to those in
our previous study of glyoxal.** The transition-state structures
for H1 and H2 are shown in Figure 5. The barriers for the
hydration reactions range from 20—26 kcal/mol. The barrier
for the first aldehyde hydration is the lowest of these at AG* =
+20.3 kcal/mol. In summary, only the first hydration of the
aldehyde is thermodynamically favorable, which again points
to 2 as the dominant monomer species in solution and a key
starting point for dimerization reactions.

Acetal Dimerization. Individual acetal dimerization reaction
energies are summarized in Table 2, and their pathways are
shown as the first set of horizontal arrows connecting the left
and middle panels in Figure 3. Dimerization of 1 to form 4
with the addition of one water molecule to the transition state
was not calculated explicitly because such a reaction would have
a high barrier, as was determined from our study of glyoxal.**

Figure 5. Monomer hydration transition-state structures H1 and
H2.

Krizner et al.
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Figure 6. Dimerization transition-state structure D12.

Dimerization of 1 and 2, with the sp® hydroxyl oxygen on 2
acting as the nucleophile, has a barrier of 24.8 kcal/mol. This
reaction results in a six-center transition state with one additional
water molecule. The structure is shown for D12 in Figure 6.

Because there are two possible monohydrates, 2 and 2’, the
dimerization reactions for methylglyoxal are more complex than
those of glyoxal and can follow two separate pathways. The
pathway involving the monohydrate 2 is expected to be favored
because of the higher concentration of 2 in solution. The
structures designated with a prime follow the less favorable
pathway involving the hydrated ketone 2’, which is in lower
concentration in solution.

Dimerization of 2 yields 5, with AG = +8.4 kcal/mol,
whereas dimerization of 2’ and 2 yields 5’, with AG = +1.9
kcal/mol. Reactions of the mono- and dihydrate follow a similar
pattern. Dimerization of 2 and 3 yields 6, with AG = +12.9
kcal/mol, whereas dimerization of 2" and 3 yields 6’, with AG
= +5.8 kcal/mol. These dimerization six-center transition states
(D22, D22, D23, and D2’3) are similar to D12. Dimerization
of 3 is not likely to occur and was not calculated explicitly
because of the high barrier determined in the corresponding
dihydrate dimerization of glyoxal** because the sp? carbon
presents a better electrophile than the sp® carbon; this would
apply to both glyoxal and methylglyoxal dimerization reactions.
(For glyoxal, it was found that the most favorable pathway for
this reaction involved prior dehydration of one of the hydrated
carbons to form the monohydrate).

Table 2 summarizes the dimerization reactions. All dimer-
ization reactions are uphill, and the fully dehydrated species 4
is the most thermodynamically favored open dimer under
stoichiometric conditions, as shown in Figure 3 where all free
energies are referenced to methylglyoxal and water as the
reactants. A higher concentration of water would favor the
hydrated species (as shown in the Supporting Information).
Subsequent hydrations of 4 are unfavorable because they require
the hydration of a ketone, which is consistent with the data from
the hydration of the monohydrate 2. This differs from our
previous result with glyoxal, in which subsequent hydration of
dimers is favorable because an aldehyde is being hydrated in
all cases. The range of barriers is 25—29 kcal/mol for dimer-
ization (Table 2) when referenced to the different reactants.
When the common reference of methylglyoxal and water is
chosen, the free energies of these transition states ranges from
23 to 29 kcal/mol. (See Figure 3).

Ring Closure. Ring closure reaction energies are summarized
in Table 3, and their pathways are shown connecting the middle
and right panels in Figure 3. Two favorable ring structures can
be formed via intramolecular nucleophilic attack on the sp?
carbon: the five-membered dioxolane ring dimer and the six-
membered dioxane ring dimer. The formation of both rings is
thermodynamically favorable with 4 forming 7, 5 forming 8
and 9, and 5" forming 8" and 9’. Because ring closure involves
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Figure 7. Aldol condensation transition states Alla and A11k.

nucleophilic attack on a carbonyl similar to dimerization,
temporary dehydration of 6 and 6" to 5 and 5 is expected prior
to ring formation when a high concentration of water is present.

The most favorable ring structure for methylglyoxal is 7,
which was expected on the basis of our previous results from
glyoxal, in which the dioxolane ring dimer was the thermody-
namic sink. The dehydrated structure 7 is favorable because,
as shown with the hydration reactions, it is unfavorable to
hydrate the ketone under stoichiometric conditions. We observe
that 8 is marginally more stable (within the computational error)
than 8.

Ring closures resulted in six-center transition states. Ring
closures forming 7, 8, and 8’ (AG* values for R7, RS, and R8’
are +19.1, +17.8, and +19.5 kcal/mol, respectively) have
significantly lower barriers than those forming 9 and 9’ (AG*
is +23.0 kcal/mol for R9 and +26.0 kcal/mol for R9"). Table
3 summarizes the ring closure reaction energies. In agreement
with the hydration and dimerization reactions, subsequent
hydration of the ketone group of 7 (to form 8) is uphill, making
7 the most favored ring structure. The free energies of these
transition-state structures with reference to methylglyoxal and
water (Figure 3) are 21—23 kcal/mol for forming dioxolane rings
and ~29 kcal/mol for forming dioxane rings. From the free-
energy landscape in Figure 3, we see that acetal dimerization
and ring closure reactions remain uphill overall compared with
the methylglyoxal monomer (and the monohydrate 2), which
is in contrast with glyoxal, where oligomeric ring structures were
thermodynamically favored over the monomer.**

Aldol Condensation. Methylglyoxal can form oligomers
through aldol condensation reactions via proton shift from the
methyl group of the monohydrate (2) forming the enol structure
2”, as shown in Figure 4. Because the enol is +14.7 kcal/mol
higher in free energy, it is not easily accessed, however several
of the aldol condensation products are found to be thermody-
namically favorable overall. Aldol condensation products result
from nucleophilic attack of the terminal sp? carbon in the enol
on the carbonyl carbon of either an aldehyde or a ketone. As
shown in Figure 4, attack of the enol 2” on the aldehyde of 1
leads to the product 11a, whereas attack on the ketone of 1
leads to the product 11k. The lowest-energy transition states
for these two reactions were eight-center transition states, as
shown in Figure 7. From Figure 4, we see that attacking the
aldehyde results in a transition state that is significantly lower
in energy (+26.8 kcal/mol) compared with attacking a ketone
(+32.5 kcal/mol).

In a solution of monomeric methylgloxal, 1 is the lowest-
energy structure with an aldehyde group, so if the enol was to
attack an aldehyde containing species, 1 would be more likely
than 2. However, 2 is the lowest-energy structure containing a
ketone group. The enol attack on the ketone of 2 to form 12k
has a transition-state energy (not shown in Figure 4) of +32.1
kcal/mol, which is practically similar to the attack on 1 to form
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Figure 8. Dehydrated aldol structures 10d and 11d with central C=C.

11k. Therefore, we chose just to represent the transition states
Alla and Allk in Figure 7 (with relative energies shown in
Figure 4) because this gives a direct comparison of the enol
attacking different carbonyls of the same molecule.

The structures 10a, 12a, and 13a, can be accessed by
dehydration or hydration of 11a. Similarly, the structures 10k,
12k, and 13k can be accessed by dehydration or hydration of
11k (where a and k designate products obtained by attack on
the aldehyde and ketone, respectively). Each set of four
structures is related by successive hydrations. (10 is the fully
dehydrated structure, whereas 13 is the fully hydrated structure.)
The hydration and dehydration barriers are ~21 kcal/mol for
hydrating an aldehyde and ~24 kcal/mol for hydrating a ketone,
as discussed in the previous section on hydration reactions.

The products formed from nucleophilic attack on the aldehyde
are favored over those formed by attack on the ketone. The
favored aldol condensation product is 10a. The aldol condensa-
tion products 10a—12a are also the thermodynamic sink for all
monomers and dimers of methylglyoxal from a comparison of
the global AG values in Figures 3 and 4. Structures 10a and
11k are the most stable products for the aldehyde and ketone,
respectively. In the aldol condensation, carbon—carbon bond
formation results in products retaining longer hydrocarbon
chains and no formation of acetals and hemiacetals. This
contributes to their stability over the hemiacetal dimerization
products 4—6. The more thermodynamically favored structures
10a—13a also have an unbranched hydrocarbon chain, whereas
10k—13k have one methyl branch. Interestingly, under sto-
ichiometric conditions, the dehydrated species 10a is the most
favorable, with its single aldehyde remaining unhydrated. For
attack at the ketone, the most favorable structure 11k keeps
one of the two aldehydes unhydrated.

The two lowest energy structures 10a and 1la could
potentially lose a water molecule across one of the central
carbon—carbon bonds to form a delocalized 7t system. These
structures, designated 10d and 11d, are shown in Figure 8. The
dehydration process is marginally uphill. With reference to
methylglyoxal and water, the free energies of 10d and 11d are
—3.0 and —4.9 kcal/mol, respectively, slightly higher than those
of 10a and 11a (—6.8 and —5.4 kcal/mol, respectively; Figure
4).

Overall Reaction Pathways. For the two types of methylg-
lyoxal oligomerization reactions (acetal dimerization and aldol
condensation), those that do not access the enol structure are
marginally unfavorable, whereas those going through the enol
structure to form aldol condensation products are thermody-
namically favorable. Furthermore, aldol condensation products
can lead to subsequent oligomerization when enol structures
continue to attack the aldehyde or ketone of oligomers already
formed. Alternatively, thermodynamically favorable products
such as 10a, 11a, and 12a could “enolize” and add more
methylglyoxal units. This corresponds to experimental and
kinetic modeling data for methylglyoxal in which a large range
of oligomers is formed.* These results differ from our study
of glyoxal,* which lacks the methyl group that would allow it
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to access the enol structure. Therefore glyoxal cannot participate
in aldol condensation reactions, and its oligomerization typically
stops at its thermodynamic sink, the dioxolane ring trimer.

The landscape is complicated by several facts: (1) the
equilibrium concentration of the enol structure is small, (2) the
free energy of the keto—enol tautomerization transition state
and the aldol condensation transition state (Alla) are higher
than the lowest dimerization transition state (D12) and compa-
rable to two other dimerizations (D22, D22), and (3) any
terminal acetyl group can “enolize”; that is, besides 2, a number
of low-energy structures with acetyl groups (10a—12a, 4, 5,
5’,7) can further oligomerize via aldol condensation. The result
is that a large variety of structures can potentially be formed,
and this will depend heavily on the reaction conditions.
Predicting product distributions under different conditions would
require a detailed kinetic analysis in a reaction network model
beyond the scope of this article. A crude and simple estimation
of rate constants can be found in the Supporting Information.

The route to the dioxolane rings has lower barriers overall
compared with the aldol condensation products, but the latter
are thermodynamically more stable. A mixture of both types
of reactions is possible because both routes can be accessed at
each point in the oligomerization; aldol condensate dimers that
are not fully hydrated (10—12) could undergo intramolecular
nucleophilic attack to form ring structures, whereas nonaldol
dimers (4, 5, 5") and ring structures (7) that contain an acetyl
group can tautomerize and undergo aldol condensation. Hydra-
tion and dehydration reactions also have barriers that are
comparable to oligomerization; the majority of these barriers
are in the 20—27 kcal/mol range. In contrast, for glyoxal,* the
hydration and dehydration barriers were lower (in the 15—19
kcal/mol range), and fully hydrated structures were thermody-
namically favored and therefore the only ones observed. Our
calculated free-energy landscapes (Figures 3 and 4) for meth-
ylglyoxal, however, suggest that in methylglyoxal, the product
distribution (aldol condensates, dioxolane rings, or even just
the monomeric species of methylglyoxal) is highly sensitive to
the reaction conditions.

The flow tube uptake experiments of Zhao et al.®> were
conducted with residence times of less than 0.1 s and total
surface exposure times of 1 to 2 min. Their observation that
methylglyoxal uptake increased with the water content of the
condensed H,O/H,SO, bulk phase, which they attributed to
acetal polymer formation, is consistent with our results for a
system under kinetic control because the kinetic barriers to acetal
formation are lower than those for aldol condensation. The
chamber uptake experiment of Kroll et al.*> was more likely to
access thermodynamically favored products because it was
conducted over many hours and at higher temperature than
almost all of the experiments of Zhao et al. Using their gas-
phase methylglyoxal concentration of ~1 ppm and the effective
Henry’s law coefficient H* = 3710 M-atm™!, the concentration
of methylglyoxal in the aerosol is predicted to reach only 3.7
mM, which is too low to increase particle volumes detectably
and too low for methylglyoxal to participate effectively in aldol
condensation self-reactions. In addition, the low, steady-state
uptake rates observed by Zhao et al.? at reaction times in excess
of 1 min would cause only marginal increases in aerosol particle
volumes that would be difficult to detect in a chamber study
like that of Kroll et al.*?

Conclusions

Our study has applied DFT methods to determine energies
of reactions for hydration, dimerization, ring closure, and aldol

Krizner et al.

condensation of methylglyoxal. By calculating energies of
reactions and barriers, we were able to trace the reaction
pathways and predict the most viable mechanisms. We found
that for methylglyoxal, hydrations of the aldehyde are favored
over hydrations of the ketone. Therefore, the monohydrate 2 is
the dominant species in solution. Acetal dimerization reactions
of methylglyoxal are uphill, in contrast with the downbhill
dimerization of glyoxal. For methylglyoxal oligomerizations that
do not proceed through the enol structure, we found that the
dioxolane ring 7 is most favorable. However, in contrast with
glyoxal, methylglyoxal can access the enol structure and aldol
condensation reactions. We found that the aldol condensation
products are the thermodynamic sink for methylglyoxal oligo-
merization. In stoichiometric calculations, aldol condensation
product 10a is the most favorable oligomer. However, the energy
landscape is complicated because the kinetically favorable
reactions are not those that lead to the thermodynamic sink.
Therefore, depending on the reaction conditions, different
products could be favored. These include the monomeric species,
dehydrated open dimers or dioxolane rings, and aldol conden-
sates; this may explain why different experimental probes have
led to a wide variety of observed product distributions. Our
calculated free energies of the thermodynamics and barriers can
be used as a starting point for a detailed kinetic analysis in a
reaction network model to predict product distributions under
different conditions.
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