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ABSTRACT: Knowing the tautomeric form of malonic acid (MA) in concentrated particles is
critical to understanding its effect on the atmosphere. Energies and vibrational modes of hydrated
MA particles were calculated using density functional theory (DFT) at the B3LYP/6-31G(d,p)
level and the effective fragment potential (EFP) method. Visualization of the keto and enol
isomer vibrational modes enabled the assignment of keto isomer peaks in the 1710-1750 cm™
range and previously unidentified experimental IR peaks in the 1690-1710 cm™ can now be
attributed to the enol isomer. Comparison of calculated spectra of pure hydrated enol or keto
isomers confirm recent experimental evidence, presented by Ghorai et al,! of a shift in the keto-

enol tautomer equilibrium when MA exists as concentrated particles.



INTRODUCTION

Small organic molecules found in the atmosphere are thought to affect global climate, ' 2 cloud
formation,®> and atmospheric reactions.* One such compound is the three carbon dicarboxylic
acid, malonic acid (MA, Figure 1). In solution, malonic acid undergoes keto-enol
tautomerization with an equilibrium constant that is estimated to be less than 10, favoring the
keto form.> However, a recent study provides evidence that the enol form is the major tautomer
when MA exists as a concentrated particle in low humidity conditions:' the way MA is thought
to behave in atmospheric pollutants.® Higher concentrations of the enol (e-MA) versus the keto
form (k-MA) of MA in particles indicate the need to further study the enol tautomer, which is

absent in most MA studies.
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Figure 1. Malonic acid in the keto form (left) and enol form (right).

MA particles are hygroscopic, taking up water with increasing relative humidity (RH). The dry
solid particles deliquesce at 73.7%, 79% and 86.6% RH at 293 K, 280.5 K and 243 K,
respectively.” The percent RH at which particles deliquesces suggests that spectroscopic results
for a water to solute ratio (WSR) greater than 4 (~74% RH) should start resembling the solution
phase results where MA is primarily in the keto form. Ghorai and co-workers observe infrared
bands they assigned to e-MA from as low as ~2% RH (equilibrium constant for the
tautomerization ~0.2) to as high as 90% RH (equilibrium constant ~2) in experiments conducted
at 295 K.! Additionally, they observe a peak, thought to correspond to the enol, in concentrated

MA solutions which suggests that a larger enol concentration is also found in concentrated MA
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solutions than in dilute ones. However, equilibrium constants for the concentrated solutions were
not reported' and could not be found in the literature.

As a solid dry MA particle, the majority of the MA molecules are in the keto-tautomer. As the
particle deliquesces due to an increase in the RH, the system starts to resemble a liquid solution—
a highly concentrated MA solution. The mechanism by which k-MA tautomerizes in
concentrated solutions and highly concentrated deliquesced particles is not well understood. An
intramolecular tautomerization requiring a high energy four membered ring transition state, as
suggested by a gas phase study, is unlikely.® A more likely mechanism is a 6-water mediated
tautomerization transition state as previously proposed based on DFT calculations.®

The k-MA conformer has been the focus of various structural studies based on semiempirical,
Hartree-Fock, and DFT calculations.” The frequency values calculated for a single minimum
energy structure of k-MA using HF with different basis sets (4-21G and 6-31G**) were shown to
vary slightly from experimental IR and Raman frequencies.'® A more recent structural and
vibrational study on various gas phase k-MA conformers using B3LYP and MP2 with 6-
31G(d,p), 6-311G(2d,2p) and 6-311++(3df,3pd) basis sets show results consistent with
experiment.'!

The e-MA isomer has been studied to a lesser degree. The deprotonated forms of both k- and
e-MA were studied by Deerfield et al.!? A structural and vibrational study of both k-MA and e-
MA has not been found in the literature, thus prompting the current work.

To better understand e-MA’s role in hydrated MA clusters, as prompted by the experimental
evidence that e-MA is a significant component within concentrated MA particles, a
computational study of MA cluster vibrational modes with varying hydration was undertaken. In

this study, only clusters that include all e-MA or all k-MA with varying amounts of water are
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examined. An overview of the cluster energetics is included for completeness. Though a more
complete statistical mechanics treatment of the clusters may provide further insight into the
energetics and hydrogen bonding trends, that treatment is outside the focus of this paper. Future
studies on the tautomerization mechanism, a more complete study of the ensembles involved in
the thermodynamics, and combinatorial effects of varying amounts of both structures in a given
MA cluster, while outside of the scope of this study, are likely to provide further insight into the
varying e-MA and k-MA concentrations observed.
METHODOLOGY

The MA cluster sizes were chosen based on the water to solute ratios (WSR) used by Ghorai
and coworkers, where MA particles were exposed to conditions of varying relative humidity and
correlated to their WSR.! The compositions of the simulated clusters were chosen to approximate
the WSR in experimental conditions. The experimental RHs, approximate WSRs and simulated
cluster sizes are reported in Table 1, where nw and nwe represent the number of water molecules
and the number of k- or e-MA molecules, respectively. The simulated clusters contain either k-
or e-MA only, thus focusing on determining the general differences between clusters made from
each of the two tautomers.

Table 1. The number of molecules, water (nw) or malonic acid (k- or e-MA, nk.) comprising
clusters with the water to solute ratios and RH from experiment.!

RH WSR Simulated Clusters
(%) (approximate) (nw : Nk/e)

90 10 10:1

83 6 6:1

74 4 4:1

62 1 1:1,2:2

42 0.5 1:2

21 0.2 1:5

6 0 0:1,0:2, 0:5
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Figure 2. Minimum energy structures of A.) k-MA and B.) e-MA calculated using B3LYP/6-

31G(d,p). Color scheme: oxygen, red; carbon, black; and hydrogen, white.

The level of theory used to calculate the final energies and vibrational frequencies for the k-
MA (Figure 2A) and e-MA (Figure 2B) clusters was B3LYP/6-31G(d,p)'* * which has been
shown to give the same energy ordering as MP2/6-311++G(3df,3pd) for k-MA conformers.'!
The size and number of structures to be studied limits the level of theory and basis. However,
B3LYP has been previously used to study similar hydrated clusters with oxalate, a smaller
dicarboxylic acid.!® All calculations were run using the GAMESS electronic structure code.'®

To efficiently sample the many possible conformations of clusters containing more than a few
molecules, the effective fragment potential (EFP) method and Monte Carlo based global
optimizations with simulated annealing were used.!” In the EFP method, internally rigid
molecular fragments are represented by model potentials that are fully derived from first
principle, ab initio information. This allows cost effective modeling of large clusters by
circumventing the explicit calculation of intramolecular interactions within fragments and by
representing the intermolecular interactions with the model potential. Additional structures were

determined by arranging the molecules by hand and maximizing hydrogen bonding.



The individual EFP molecules of enol, ketone and water were constructed using MP2/6-
31++G(d,p).!* '® The MA EFP molecules were created from both minimum energy structures
and structures which were rotated about a CCCO dihedral angle in order to allow for more
hydrogen bonding between the rigid fragments. Global optimizations with simulated annealing
were used to find low energy structures starting from randomized fragment positions. For the
simulated annealing calculations, the initial temperatures ranged from 5000 K to 3000 K and the
final temperature of 100 K was set to be reached in five steps. Low energy structures were then
fully optimized with B3LYP/6-31G(d,p) without any geometric constraints. While extensive
simulations were run to try to obtain the lowest energy clusters, there is no guarantee that all of
the lowest energy structures have been found. Positive definite Hessians at the B3LYP/6-
31G(d,p) level confirmed the structures as minima on the potential energy surface, provided
simulated IR frequency spectra and zero point energies (ZPE) for corrected energies. For
comparisons with experiments, frequency values were scaled by 0.97, as suggested for a similar
level of theory by Merrick and coworkers.!” MA vibrational mode assignments were determined
by visualizing modes in MacMolPIt,?° in some cases vibrations are delocalized such that
traditional assignments (stretch/bend/wag) are difficult to determine.

The cluster binding energy (E;) was taken to be the difference between the energy of the total
cluster (E) and that of the isolated molecules, where E,, is the energy of water, and Ey . is the
energy of k-MA or e-MA as appropriate. The E;, equation can be written as:

Ep = Ec — (nwEw + ni/eExse)
The binding energies represent the stabilization due to intermolecular interactions since the

isolated molecules include intramolecular interactions.



All energies reported include ZPE corrections. Relative energies between keto and enol
structures were determined by subtracting the total energy of the e-MA clusters (monomer,
dimer, and various WSR clusters) from the corresponding k-MA cluster.

RESULTS AND DISCUSSION
Vibrational Analysis

Experiments show that as the particle WSR increases, various FTIR peaks change in intensity.!
By subtracting the 2% RH spectrum from higher RH spectra, the differences become clearer. The
peaks that increase in intensity as the RH gets higher, from 2% to 90%, remain positive while the
peaks that decrease in intensity as the RH increases, become negative. Based on previous

assignments derived from similar systems and computational studies,!'! %!

the assignments of
negative peaks in the difference spectra are thought to correspond to vibrational modes of k-
MA.! The positive peaks remain largely unassigned due to the lack of experimental and
computational data available for cross-reference.

Calculated spectra of clusters containing 1 e/k-MA and 0, 1, 4 6, and 10 water molecules in
Figure 3 are plotted with positive intensities for e-MA clusters and negative for k-MA clusters.
This data is explicitly for the lowest lying structures in each type of cluster. However,
examining other structures within 1 kcal/mol of the lowest lying structure does not qualitatively
change any of the results. Notable regions where experimental peaks are positive or negative are
highlighted by purple and green boxes, respectively. Significant overlap exists between the e-
and k-MA spectra, however, regions with peaks unique to e- or k-MA show good agreement

with experimental observations. For example, from ~1730-1760 cm™ where k-MA has many

C=0 stretch modes and e-MA does not, one can see several negative peaks but no positive ones.



More peaks associated with the coupled carbonyl-alkene stretching modes of e-MA, appear at
lower wavenumbers, ~1615-1720 and ~1530-1585 cm’".

Other noteworthy peaks are the COH bending (~1435-1450 cm™); and methylene bending
(~1410 cm™), wagging (~1210-1255 and ~900-950 cm™) and rocking (~925-955 cm™) modes
unique to k-MA. Other modes unique to e-MA include: C=C stretch at ~1250-1320 cm™ and a
C=CH wag at ~1150 cm™'. Experimental' and calculated values are reported in the Supporting

Information (Table S1).
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Figure 3. Malonic acid calculated vibrational modes for single MA molecules with WSR
between 0 and 10. Enol (purple) and keto (green) vibrational frequencies plotted positive and
negative, respectively. Shaded sections indicate positive (purple) and negative (green) peaks

found in the difference spectra from Ghorai and co-workers.!

Energetics
MA clusters containing various amounts of MA and water molecules were studied to better
understand the relative keto to enol concentrations between dilute solutions and highly

concentrated MA particles. Each cluster size, composition, number of different hydrogen bonds
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and relative energy is found in Table 2. The composition of the cluster is designated by “MA”
and “W” which refers to the number of MA molecules, cither k-MA or e-MA, and water,
respectively. Figures of the minimum energy structures and corresponding energies are provided
in the Supporting Information.

The minimum energy clusters of k-MA are always lower in energy than the e-MA clusters
(positive energy differences, AE, in Table 2). The degree to which the k-MA clusters are more
stable than the e-MA clusters is likely an artifact of studying small structures. For example, for a
0% RH (zero waters in the cluster), the relative energy varies greatly, from about 6 kcal/mol (0:1
for W:MA ratio) to 65 kcal/mol (0:5 for W:MA ratio). It is also possible that the lowest energy
minimum for a given cluster was not found even after extensive structure searches. Therefore,
direct comparison of the relative energies within and between the different WSR clusters is
hampered. However, all the clusters with 1 MA exhibit a general trend of increasing energy gap
with increasing number of waters. In the 2-MA clusters, the trend is even more pronounced.
These observations are consistent with the experimental observation that the enol is more
prevalent at lower RH and WSR.

In general, the k-MA cluster’s much lower energy may be explained by its ability to rotate
about the CCCO dihedral angle, allowing it to form additional hydrogen bonds. For example,
Figure 4A shows the lowest energy (k-MA)s cluster where intermolecular hydrogen bonding is
maximized by rotating about the CCCO dihedral angle. The (e-MA)s (Figure 4B) does not break
planarity due to the C-C double bond and thus cannot maximize the hydrogen bonded network.
While not likely to be found in nature due to entropic effects, this five k-MA ring’s hydrogen

bonding network affords 65.3 kcal/mol stabilization over (e-MA)s (Table 2).

10



Table 2. The number and types of hydrogen bonds (H-bonds) for each cluster composition,
number of water and MA molecules per cluster, are given with respect to WSR. The types of
hydrogen bonds (H-bonds) include: intramolecular k-MA, and e-MA; intermolecular between
malonic acid and water (MA-w), between water molecules (w-w), and between malonic acid
molecules (MA-MA). The total number of hydrogen bonds (Total H-bonds) are given for k-MA
and e-MA. Finally, the k-MA and e-MA binding energies, Ev, and the energy difference between

k-MA and e-MA minimum energy structures, AE, are given in kcal/mol.

I Intermolecular Total Ep

ntra- AE

molecular | =y y w-w | MA-MA | H-bonds | (keal/mol)

(kcal/mol)

W [MA|WSR| K | E | K | E K E K  E | K E K E
0 1 0 1 1 - - - - - - 1 1 0.0 0.0 5.5
0 2 0 2 2 - - - - 2 2 | 4 4 -15.7 | -17.3 9.5
0 5 0 0 5 - - - - 10 | 6 |10 11 -86.7 | -50.1 64.3
1 5 0.2 0 5 0| 2 - - 10 | 5 [ 10| 12 922 | -58.2 61.7
1 2 0.5 0 2 2 | 4 - - 1 013 6 -19.6 | -18.5 12.1
1 1 1 1 1 2 |2 - - - - 3 3 -9.8 -4.7 10.6

2 2 1 1 214 |3 0 0 1 216 7 -41.0 | -38.6 13.5

4 1 4 0 1 4 | 2 3 3 - -7 6 -49.6 | -39.7 15.5
6 1 6 1 1 3 5 6 6 - - 110 | 12 -73.8 | -68.7 10.6
10 | 1 10 0 0S5 |6 12 | 12 - - |17 ] 18 | -124.1 | -114.0 15.6

20 | 2 10 0 0 12|16 26 | 25 | 0 | O |38 41 |[-277.0 -245.0 43.1

W, water; MA, malonic acid; K, keto-MA; E, enol-MA; MA, malonic acid.
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Figure 4. Clusters of five A.) k-MA and B.) e-MA. The keto form can rotate about the CCCO to

accommodate efficient intermolecular hydrogen bonding while the enol form cannot.

As another example, the lowest energy structures for k-MA and e-MA with 10 waters is shown
in Figure 5A. The four-water motifs formed by waters-(1, 2, 3, 4) and (6, 7, 8, 9) are similar to
the stable four-water motifs found in low-energy water clusters comprised of 4, 5, or 6 waters.?
The enol structure also exhibits similar water conformations, however, the four-water (1, 2, 3, 4),
motif is distorted and is not stabilized by e-MA as it is in the k-MA cluster. The difference in
hydrogen bond lengths, 1.72 A in the k-MA structure (Figure 5A, highlighted in green) versus
2.54 A in the e-MA structure (Figure 5B), also indicates that the H-bond is stronger in k-MA
structure. Where the carbonyl group in k-MA can bend towards the waters (highlighted in green,
Figure 5A), e-MA is restricted by the planar C-C-C geometry. At a 10:1 water to solute ratio, the
enol structure is no longer internally hydrogen bonded, likely from the hydroxyl group being
stabilized by hydrogen bonding to water.

Interestingly, even in clusters containing more waters, the MA tends to be on the outside of the
water cluster. The water dimer binding energy is the same as the 1:1 e-MA binding energy (-4.7

kcal/mol), while the 1:1 k-MA binding energy is -9.8 kcal/mol (Table 2). However, the k-MA
12



and e-MA dimer binding energies (0:2 ratio in Table 2) is -15.7 and -17.3 kcal/mol, respectively.
The preferential MA-MA binding suggests that clusters containing multiple MA and water
molecules would likely form separate MA and water regions. Also, waters can make more
hydrogen bonds in larger clusters allowing the creation of a water network that mostly excludes
the MA. The total number of hydrogen bonds in the other low energy structures follows the same
trend (Table S3) as the minimum energy structures in Table 2. A scan of the other low energy
clusters show some deviations with some water molecules preferentially binding to MA rather

than forming part of the water network (specifically in Figure S3B and S4).

Figure 5. One malonic acid, (A) k-MA and (B) e-MA, surrounded by 10 water molecules. The
keto structure rotates about the CCCO dihedral angle to accommodate more hydrogen bonds
(MA to water number 1, highlighted in green). The water molecules are labeled for reference, see

text.

Hydrogen Bonding Network
Unsurprisingly, the total cluster energy appears to be correlated to inter- and intramolecular

hydrogen bonds. The number and types of hydrogen bonds (inter-, intramolecular, water-water,
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water-MA) can be found in Table 2. The e-MA forms an intramolecular hydrogen bond in all
clusters except for the highest WSR, 10:1. There is no direct correlation between number/type of
hydrogen bonds and the relative stability between k/e-MA structures (energy difference in Table
2) but the binding energy has a linear relationship to the total number of hydrogen bonds, Figure
6. The e-MA clusters show slightly greater linearity with an R? value of 0.991 than k-MA
clusters with an R? value of 0.986. This linear relationship indicates that hydrogen bonds are the
main stabilizing interaction in clusters.

The greater slope in the k-MA systems may indicate why it is more stable than the e-MA
systems in solution, thought further testing would be necessary to confirm this. Of the lower
concentrations studied experimentally, 1 M and 4 M MA solutions corresponding to 55.5 and
12.9 WSRs, respectively, 4 M was the lowest concentration where e-MA is the more abundant
tautomer.! At low concentrations of MA, water likely lowers the tautomerization reaction barrier

producing the experimentally observed and thermodynamically stable k-MA.®
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Figure 6. Relationship between number of hydrogen bonds and binding energy for e-MA
(circles, R?=0.991) and k-MA (diamond, R?>=0.986).
CONCLUSION

MA clusters containing various water to solute ratios were reported experimentally to have
high enol concentrations. Based on the calculations of MA in water, the vibrational modes match
the observed increases and decreases in FTIR spectra confirming the appearance of the e-MA.

It should be noted that cluster calculations containing a mixture of k-MA and e-MA would be
needed to fully explore the stability of the cluster. However, the current results do suggest that
larger cluster effects shift the keto-enol tautomerization equilibrium towards e-MA in
concentrated MA particles.

As expected, hydrogen bonding is the major contributor to cluster binding energies. The MA-

water hydrogen bonds help explain the cluster stability with the flexibility of the k-MA providing
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additional possibilities for more stable structures. At low MA concentrations, the stability of the
system depends less on water interacting with MA and more on water-water interactions. The
energetic stability dependence on interaction types is consistent with the observed increase in e-
MA hydroxyl-group rotation flexibility when more water molecules are present.

The results from our study mainly focus on the comparison of simulated results to the solid
concentrated MA particles but could potentially be applied to solution studies as well. Most
importantly, the assignment of the e-MA IR frequencies further confirms that the e-MA isomer
composes the major form of MA in concentrated MA particles and should not be ignored in
future MA studies.

Supporting information. Molecular structure images, minimum energy structure coordinates,
vibrational mode absorption frequency assignments supplied as Supporting Information.
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