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ABSTRACT: Pyruvate anion is important in a broad array of physicochemical processes ranging from glucose ho-
meostasis to atmospheric reactions. However, the electronic polarizability of the moiety has not been investigated
extensively. We present theoretical results from electronic structure calculations on the static and dynamic polarizability
of microhydrated pyruvate anions. These investigations were carried out with the CH3COCOO� � n H2O clusters
(n ¼ 1–9) to mimic microhydration conditions. These density functional theory calculations were carried out at the
B3LYP/aug-cc-PVTZ level to uncover the optimal geometry of the anion water cluster. Sadlej basis set functions with the
B3LYP functional were used to calculate the static and dynamic polarizabilities. Multiple simulated annealing simula-
tions were carried out to discover additional low-lying minima. It is observed that the electronic polarizability varies
linearly with the size of the hydrated cluster. Expressions that describe the relationship between the dynamic polariz-
ability and the field frequency are provided for each cluster.
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1. INTRODUCTION

The pyruvate anion, CH3COCOO�, aids in the
maintenance of glucose homeostasis and ATP pro-
duction by oxidative phosphorylation.1–6 Additionally,
it also plays a significant role in many chemical at-
mospheric processes.7–11 For example, unlike many
volatile organic compounds that degrade by hydroxyl
radical, pyruvic acid distinctly undergoes direct pho-
tolysis that dominates over OH oxidation by several
orders of magnitude.12,13 Due to its carbonyl functional
group, pyruvic acid acts as a keto-acid intermediate in
isoprene oxidation pathways14 that provides high acetic
acid product yields with a shorter lifetime in the
presence of oxygen.15 Recording accurate descriptions
of simple anion–water and water–water interactions
within the interfacial region are essential to understand
the solvation. Although there are many systematic
studies of common inorganic anions like nitrate, bi-
sulfate and bicarbonate,16–19 there are no systematic
studies of pyruvate anion surrounded by a water
network.

The study of microhydration of small charged an-
ionic species has recently received widespread attention
due to the strong dependence of their properties on the

size and geometry of the water network.20–27 Cluster
studies focusing on the structural and electronic
properties of hydrated negative ions have shed light on
multiple solute–solvent interactions.28–32 The nega-
tively charged solute in microhydrated systems influ-
ences the surrounding water-network geometry in
order to accommodate the water–water and water–
anion interactions. A detailed understanding of the
solvation of ions provides insight into their roles in
chemical and biological processes.33–36 This work fo-
cuses on the impact of increasing number of water
molecules on the structure and polarizability of the
pyruvate anion. We report the fully optimized ground-
state structures of CH3COCOO� � n H2O clusters
(n ¼ 1–9). The corresponding anionic polarizability is
central in determining ion solvation at both the surface
and bulk aerosol. These properties are essential in
understanding ion specific behavior at the aerosol
interface. Therefore, a study of pyruvate anion in
increasing sizes of hydrated clusters is carried out to
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examine the static and dynamic polarizability for each
cluster. Dynamic polarizability is an important quantity
to investigate the distortion of electronic clouds in the
molecule when it is exposed to radiation. The dynamic
polarizability is required for characterizing various
optical properties as well as understanding the inter-
molecular interactions. The polarizability of a system
becomes infinite corresponding to the resonance fre-
quency of the electronic transition for that species.
Although there have been some recent efforts on
common anions like nitrate,37–39 there are no detailed
investigations on the impact of micro-solvation on the
pyruvate anion. This work provides a complete picture
of static polarizability and dynamic polarizability for
the cluster sizes of n ¼ 1–9 water molecules.

2. THEORETICAL METHODS

Hybrid density functional theory calculations with the
B3LYP functional and 6-311þG(d, p)40,41 basis sets
were applied for optimized geometry searches for
CH3COCOO� � n H2O (n ¼ 1–9) for all atoms imple-
mented in Gaussian16.42 The initial geometries were
used as starting points for subsequent optimization
calculations with Dunning’s correlation consistent basis
sets at the triple zeta level and augmented with diffuse
functions using the keyword aug-cc-pVTZ.43,44 Ge-
ometry optimization calculations were performed to
determine the most stable energy minimum structures.
This adopted procedure cannot guarantee that the
global minimum structure of each respective hydrated
cluster was found. Therefore, Monte Carlo45-based
simulated annealing procedures implemented in TIN-
KER46 were applied to find other viable local minima.
The structures collected from simulated annealing were
subjected to further geometry optimization calculations
at the same level of theory as previous runs. The op-
timization results at each stage were checked to ensure
that there were no imaginary vibrational frequencies
for each structure. The lowest energy structures from
the resulting set of structures were putatively labeled as
“global minimum” for each cluster and isolated for
polarizability calculations. Static and dynamic polariz-
abilities of the identified global minimum for each
cluster were calculated by using time-dependent den-
sity functional theory (TD-DFT) method47–50 and
B3LYP functional with the Sadlej51 set of atomic basis
functions. The Sadlej basis set functions were obtained
from the Basis Set Exchange.52 The efficiency and
suitability of the Sadlej atomic basis functions has
been demonstrated in benchmark studies53 for the

calculation of polarizabilities. The aug-cc-PVTZ basis
set and TD-DFT approach have been successfully used
in previous comparative studies calculating global
minimum structures for microhydrated anion clusters
and molecules.16,49,50,54 Dynamic polarizability was
calculated over a field frequency up to 0.16 a.u. The
results from these calculations are discussed in the
following sections.

3. RESULTS AND DISCUSSION

3.1. Cluster geometry

Full geometry optimization of CH3COCOO� � n H2O
(n ¼ 1–9) was carried out to find the local minimum
structure of each respective hydrated cluster. The
starting geometry was constructed through chemical
intuition. Initial geometry optimization calculations
were carried out at the B3LYP/6-311þG(d, p) level of
theory. Monte Carlo-based simulated annealing pro-
cedures implemented in TINKER46 were used to find
several minimum energy structures. The structures
from annealing runs were subjected to optimized ge-
ometry calculations with the B3LYP functional and the
aug-cc-pVTZ basis sets with DFT calculations to arrive
at a collection of structures. The lowest energy struc-
ture of each anion–water cluster is provided in Fig. 1.
The number of structures considered for each cluster is
reported in Table 1. A listing of energy values and
structures for the local minima considered in this work
are reported in Table S1 and Fig. S1 in the Supporting
Information. The effect of hydration is shown by suc-
cessive addition of water molecules surrounding
CH3COCOO� species.

A detailed structural analysis of these complexes is
beyond the scope of the current investigation. How-
ever, there are some general features that can be
highlighted. Water molecules surround the anion with
hydrogen bonding sites as the oxygen atoms of the
carboxyl group and the ketone group. The clusters
generally become more spherical in arrangement as the
number of water molecules around the anion is in-
creased. This feature has been observed in studies of
nitrate anion under similar micro-hydration environ-
ment.55 Some of the minimum energy configurations
show surface structure in which the solute resides at the
surface of the solvent water network.

3.2. Static and dynamic polarizability

Understanding the response of anionic hydrated clus-
ters to an external electric field is important for
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analyzing ion solvation. Electronic polarizabilities were
calculated for the lowest potential energy structure
within each of the anion–water clusters.

Static and dynamic polarizability at a field frequency
of 0.08 a.u. were calculated for the global minimum
structures of each respective cluster using TD-
DFT54,56,57 technique employing the Sadlej51 basis set.
The calculated static (! ¼ 0) and dynamic polariz-
ability (! ¼ 0:08 a.u.) values for these structures are
reported in Table 1. As expected, variation of polariz-
ability relates to the size of the cluster in a linear
fashion. The variation of static polarizability with re-
spect to cluster size is displayed in Fig. 2. The best fit
equation is y ¼ 9:49x þ 60:6 with a correlation coeffi-
cient of 0.999. The extensive nature of polarizability is
highlighted in the linearity of the plot. Dynamic po-
larizability displays a similar behavior and increases
linearly with the increase in the number of water
molecules surrounding the anion. The calculated

Fig. 1. Optimized minimum structures of each hydrated cluster at
DFT/aug-cc-PVTZ level of theory.

Fig. 2. Variation of static polarizability with respect to cluster size
demonstrating the extensive nature of polarizability.

Table 1. The number of initial structures considered for global geometry optimization is
shown in parentheses next to the species. The polarizabilities (a.u.) for H2O and the most
stable structure of CH3COCOO� �n H2O (n ¼ 1–9) systems are calculated with TD-DFT
technique with the Sadlej basis set.

Species Static polarizability (a.u.) Dynamic polarizability (! ¼ 0:08 a.u.)

H2O 9.98 10.25
CH3COCOO� 61.63 66.20
CH3COCOO� � 1H2O (3) 69.73 73.34
CH3COCOO� � 2H2O (3) 78.45 81.98
CH3COCOO� � 3H2O (3) 88.5 92.10
CH3COCOO� � 4H2O (3) 98.81 102.63
CH3COCOO� � 5H2O (3) 107.23 111.03
CH3COCOO� � 6H2O (4) 119.68 123.94
CH3COCOO� � 7H2O (6) 126.49 130.61
CH3COCOO� � 8H2O (8) 135.56 139.85
CH3COCOO� � 9H2O (6) 146.32 150.90
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dynamic polarizabilities of pyruvate in solvent clusters
over an external field frequency (! ¼ 0:08 a.u.) in
steps of 0.01 a.u. is displayed in Fig. 3. The best fit
equation is y ¼ 9:55x þ 64:3 with a correlation coeffi-
cient of 0.998.

Numerical equations were fit to the data to analyze
the variation in polarizability with the increasing
frequency. More specifically, CH3COCOO� � 3H2O,
CH3COCOO� � 5H2O, CH3COCOO� � 7H2O, and
CH3COCOO� � 9H2O are presented here. The varia-
tion of dynamic polarizability can be seen in Fig. 4. The
maximum external field frequency is 0.16 a.u. and the
polarizability is seen to increase exponentially. Best-fit
expressions for the dynamic polarizability have been fit
as a function of field frequency. The fit is modeled as

static polarizability of the species in combination with
an exponential function of the form ! ¼ !0 þ bex=c �
The best-fit expressions for each cluster are shown in
Table 2. All these expressions have a correlation coef-
ficient higher than 0.999. The polarizability increases as
a function of increasing field frequency and cluster size.
This is in excellent agreement with other studies of
microhydrated anions like nitrate.16,20 The dynamic
polarizability for the CH3COCOO� � n H2O clusters
diverges when the field energy is in the vicinity of
4.36 eV. This indicates that the electronic transition
energy is most likely close to 4.36 eV. However, despite
extensive literature review, we haven’t been able to
locate experimental evidence for this transition energy.

3.3. Solute and solvent contribution

The total polarizability of each of the CH3COCOO� � n
H2O (n ¼ 1–9) clusters was partitioned into the con-
tribution of single solute anion and solvent water
molecules. The polarizability of CH3COCOO� was
calculated by removing the surrounding water in the
system followed by polarizability calculation. Similarly,
the solute pyruvate anion was removed, and the po-
larizability of the surrounding water molecules was
calculated. These calculations were carried out at the
same level of theory as previously described and the
results are arranged in Table 3. Calculations corre-
spond to half of the maximum field frequency of 0.08 a.
u. It is seen that the sum of the calculated polarizability
of the free solute and solvent system has an error range
from 1.94% to 5.34% with respect to the total

Fig. 3. Variation of dynamic polarizability at half of the maxi-
mum field frequency (0.08 a.u) with respect to cluster size dem-
onstrating the extensive nature of polarizability.

Fig. 4. Variation of dynamic polarizability with external field frequency up to 0.16 a.u. with respect to cluster size.
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polarizability. The maximum error is seen with the
pyruvate anion cluster with seven water molecules.

4. CONCLUSIONS

The results for the structure and static and dynamic
polarizability of CH3COCOO� � n H2O clusters
(n ¼ 1–9) were determined from quantum mechanical
calculations. Simulated annealing technique was used
to sample geometrical configurations and the lowest
energy structures from this investigation were analyzed
further. All DFT calculations were carried out with the
B3LYP functional and aug-cc-pVTZ basis sets. The
polarizability was calculated using the Sadlej basis set
functions and the B3LYP functional. It is observed that
static and dynamic polarizabilities vary linearly with
increasing size of cluster. The partitioning of the single
solute anion and solvent molecules was analyzed with

respect to the total polarizability. Our expressions fit-
ting polarizability as function of field frequency seem to
agree with previous efforts in this domain for different
anions. These results serve as an exploration of the
polarizability of the microhydrated pyruvate anion. We
hope that our calculations will provide an initial point
to experimental investigations on this biologically and
chemically important species.
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