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ABSTRACT: The role of atmospheric aerosols on climate change is
one of the biggest uncertainties in most global climate models.
Organic aerosols have been identified as potential cloud condensation
nuclei (CCN), and amino acids are organic molecules that could serve
as CCN. Amino acids make up a significant portion of the total organic
material in the atmosphere, and herein we present a systematic study
of hydration for two of the most common atmospheric amino acids,
glycine and serine. We compute DLPNO/CCSD(T)//M08-HX/
MG3S thermodynamic properties and atmospheric concentrations
of Gly(H,0), and Ser(H,0),, where n = 1—5. We predict that
serine—water clusters have higher concentrations at n = 1 and $,
while glycine—water clusters have higher concentrations at n = 2—4.
However, both glycine and serine are inferred to exist primarily in their nonhydrated monomer forms in the absence of other species
such as sulfuric acid.

B INTRODUCTION observed in extraterrestrial objects such as meteorites and the
atmospheres of different planets.">~"” On earth, atmospheric
measurements have also established the presence of both free
amino acids and their polypeptide polymeric forms."*™** Amino
acids can enter atmospheric aerosols in one of two ways, as primary
aerosols or secondary aerosols. In primary aerosols, amino acids are
introduced into the atmosphere already embedded in an aerosol,
while for secondary aerosols, amino acids begin in the gas phase
and become aerosols through a gas-to-particle conversion.”> With
many sources, amino acids now make up a significant portion of

the total organic material in the atmosphere, and their interactions
24-37

The role of atmospheric aerosols on climate change is one
of the biggest uncertainties in most global climate models.
Aerosols and clouds are thought to have a net cooling effect,
but the extent of this cooling is still debated, and more research
is needed to reach definitive conclusions. Numerous studies
have identified sulfates to be the primary molecules that play a
key role in the formation of cloud condensation nuclei (CCN),
but organic aerosols have also been identified as potential
CCN." Amino acids are organic molecules that could serve as
CCN, and interest in their involvement in atmospheric aerosols
has grown in the recent past.”~® Amino acids offer both hydrogen-
bond donor and acceptor sites through their carboxylic acid group
and amine group, allowing for the bidirectional growth of clusters.
Additionally, the role of free amino acids in the formation of
prebiotic polypeptides before the advent of ribosomes is being
explored within the context of gas-phase clusters and aerosol
particles.”™"" In all of these studies, the interaction of amino acids
with water molecules and its consequences are the main focus due
to the ubiquitous nature of water. Quantum chemistry methods
have been applied to understanding new particle formation and Received:  June 21, 2021
heterogeneous processes, and recently the focus has shifted toward Published: September 16, 2021
the role of amino acids in this context.'”

The sources of amino acids are numerous and varied, with
the Miller experiment as perhaps the foundational study of
amino acid synthesis.m‘14 Since then, amino acids have been

with water have been studied, including glycine and
serine.’®* "’ However, these studies of the gas-phase con-
formations and microsolvation of amino acids have focused on
spectroscopic properties and the electronic potential energy
surface (PES) under vacuum conditions. Given that most atmo-
spheric amino acids exist in solution in the aerosol phase, their
potential role in the formation of CCN starting from gas-phase

free monomers is incompletely understood and presents a gap in
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Figure 1. Schematic of the methodology used to identify minimum-
energy structures and to compute their thermodynamic properties.

the CCN formation model. In this article, we present a
systematic study of the Gibbs free energy surface of gas-phase
clusters of Gly(H,0),__s and Ser(H,0),_,_s in order to
explore the effects of varying functional groups on the
formation of hydrated clusters under atmospheric conditions.
We hypothesize that the added flexibility and hydrogen
bonding site associated with serine’s CH,OH functional
group would have a significant stabilizing effect on water
clusters, leading to easier hydration of serine than glycine in
the atmosphere. In this pursuit, one of the most challenging
tasks is to thoroughly explore the configurational space of the
hydrated amino acid clusters in order to identify stable low-
energy clusters. We now describe our computational method-
ology, followed by the results and discussion.

B METHODOLOGY

Conformational Analysis of the Isolated Amino
Acids. Our methodology for the configurational analysis of
hydrated amino acids requires a preliminary exploration of
the conformational space of the isolated amino acids so that
accurate monomer geometries can be used as starting guess
structures. To this end, we employed an automated conforma-
tional search algorithm based on meta-dynamics developed by
Grimme et al. called CREST.***” This method uses the GFn2-
XTB self-consisted tight-binding model to compute energies
and a combination of meta-dynamics and a genetic z-matrix
crossing to explore the conformational space of a molecule to
identify low-energy conformers and rotamers. The meta-dynamics
simulation applies a biasing potential to “fill up” previously
accessed minima on the GFn2-XTB PES in order to drive the
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Figure 2. Conformers of monomeric glycine (G1-G2) and serine (S1-S6)
within 2 keal mol™" of the 298 K global minimum DLPNO-CCSD(T)/
CBS//M08-HX/MG3S Gibbs free energy minimum, G1 and SI. Intra-
molecular hydrogen bonds are marked using orange lines. Intermolecular
hydrogen bonds are defined as having a bond length of less than 2.2 A and
a bond angle of between 140 and 180°. Intramolecular hydrogen bonds
have different criteria; each intramolecular bond angle ranges from 120 to
130° and has a bond length of less than 2.2. A.
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Figure 3. Gly(H,0) clusters within 2 kcal mol™ of the AG°
DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, GI-1.
G1-1 is the AE, DLPNO-CCSD(T) and AE, and AG°,5s M08-HX
global minimum energy structure as well.

system toward other inaccessible minima regardless of barrier
heights. The genetic z-matrix crossing generates new structures

Table 1. DLPNO-CCSD(T)/CBS//wB97xD/6-31++G** Gibbs Free Energies of Formation Relative to the DLPNO-CCSD(T)/
CBS//M08-HX/MG3S Values for the Global Minima of Gly(H,0) (G1-1) and Gly(H,0); (G5-1) in Units of kcal mol™'*

theory cluster 0K
wB97xD/MG3S GI-1 —0.10
GS-1 —-0.79
wB97xD/6-311++G** Gl1-1 —0.02
GS-1 —0.75
“See the figures for structures.
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AAG (kcal/mol)

216.65 K 273.1S K 298.1S K
—0.12 —0.12 —0.12
0.16 0.40 0.51
—0.09 —0.10 —0.10
0.58 0.82 0.94
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Figure 4. Ser(H,0) clusters within 2 kcal mol™ of the AG®ys DLPNO-
CCSD(T)/CBS//M08-HX/MG3S global minimum, S1-1. SI-1 is also
the AE, global minimum structure according to DLPNO-CCSD(T),
while S1-3 is the M08-HX AG°,93 and AE, global minimum structure.
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Figure 5. Gly(H,0), clusters within 2 kcal mol™ of the AG®,
DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, G2-1.
G2-1 is the AE, DLPNO-CCSD(T) and AE, and AG®,; MO8-HX
global minimum structure as well.

by projecting known geometries onto new geometries, thereby
retaining frequently occurring motifs. The glycine and serine
monomers were subject to this treatment, and their low-energy
conformers within 6 kcal mol™" of the global electronic energy
minimum were retained for thermodynamic analysis. The further
refinement of these geometries and computation of their ther-
modynamic properties follow the same procedure as described in
detail in the next section. Finally, the free-energy minimum
structures of glycine and serine were used in the subsequent
investigation of their hydration.
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Figure 6. Ser(H,0), clusters within 2 kcal mol™" of the AG°q
DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, S2-1.
S2-2 is the AE, DLPNO-CCSD(T) global minimum and the
AG°,9sM08- HX global minimum. Note that the AE, M08-HX global
minimum structure is not shown because it did not fall within
2 keal mol™ of our AG®,4DLPNO global minimum, illustrating the
importance of not relying solely on DFT energies to determine AG°
quantities.

S2-8

Configurational Analysis of the Microsolvated Amino
Acids. The configurational space of the hydrated amino acid
clusters were explored usmg a genetic algorithm implemented
in the OGOLEM program.”” OGOLEM has prewously been
used in global ftlmlzatlons of gas-phase clusters, 31753 surface-
bound clusters,””>> and molecular switches.”® For each n number
of water molecules (n = 1—S5), a pool of 500 amino acid—water
(AA(H,0),) clusters were randomly generated from the lowest-
energy conformers of the monomers, and the PM7%’ seml—
empirical method was used to optimize each cluster’s geometry.*®
This yielded an initial pool of local minimum-energy clusters on
the PM7 PES. The evolutionary algorithm then proceeded in an
iterative process as follows. A random pair of geometries were
spliced in half, and the halves were exchanged to generate a new
pair of geometries which were then optimized to the nearest
minimum on the PES. Then a fitness function was used to
determine whether the new geometries would replace the old

https://doi.org/10.1021/acs.jpca.1c05466
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Figure 7. Gly(H,0); clusters within 2 kcal mol™ of the AG®,
DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, G3-1.
G3-1 is the AE,; DLPNO-CCSD(T) and the AG®,43 M08-HX energy

global minimum structure as well. G3-3 is the AE;M08-HX global
minimum energy structure.

geometries based on the structures’” energies and motifs. This
process was repeated until no new structures were found or a
maximum of 20000 iterations was reached. We eliminated
duplicate structures from the final set of PM7 geometries using
a combination of rotational constants and energies.

At this point, the validity of the PM7 PES should be
discussed. The semiempirical nature of PM7 means that it
retains quantum mechanical behavior while avoiding the high
computational costs of quantum chemistry methods. It is known

that PM7 overestimates binding energies as a result of a poor
description and parametrization of noncovalent interactions;
however, it gives acceptable geometries.59 Furthermore, PM7 has
been successfully applied to the study of enzymatic catalysis
involving specific amino acid functional groups.”” Given these
issues, we are considering new methods for use in the first step of
our methodology, such as DFTB+%' and GFn2-XTB* tight-
binding methods. In any case, we avoid bias from the PM7 PES
by reoptimizing all PM7 structures at a density functional theory
(DFT) level. We also performed the same configurational search
for the zwitterionic form of each amino acid independently in
order to include the charge-separated forms of the amino acids
in the overall search. Ultimately, the final combined set of the
canonical and zwitterionic forms of the PM7 minimum-energy
structures was subject to reoptimization at the DFT level in the
next step.

Each set of PM7 6%eometries was then optimized at the M08-
HX%/6-31+G***~ level of theory using the Gaussian 16 Rev
B.01°® program, and the rotational constants and energies were
used to eliminate duplicate structures. Next, the M08-HX/
MGS3S level of theory was used to optimize the M08-HX/
6-31+G* structures, further reducing the number of unique
structures while improving the quantum mechanical descrip-
tion of the system. Finally, the structures were optimized one
more time with much tighter convergence criteria and a denser
integration grid, and their harmonic vibrational frequencies
were computed. The harmonic frequencies of the clusters were
used to compute the thermodynamic corrections to the electronic
energies using the THERMO.PL® script from the National

S3-13 S3-14

PR » B

S3-15

Figure 8. Ser(H,0); clusters within 2 kcal mol™" of the AG®,53 DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, S3-1. $3-1 is the
AE, DLPNO-CCSD(T) and AE, and AG°,M08-HX global minimum structure as well.
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Institute of Standards and Technology. Finally, the DFT
electronic energies of the clusters were corrected using the
domain localized pair natural orbital coupled cluster DLPNO-
CCSD(T)/cc-pVnZ (n = D,T,Q) level of theory implemented
in the ORCA 4.2.17%"" program. The three electronic energies
at the D, T, and Q levels were then used to compute the
complete basis set (CBS) extrapolation of the electronic energy
using the 4-5 inverse polynomial method.”* Our previous works
have shown that the 4-S inverse polynomial extrapolation method
yields acceptable electronic energies.””””* The DLPNO-CCSD-
(T)/CBS electronic energies were then combined with the M08-
HX/MG3S thermodynamic corrections to compute the Gibbs
free energies of formation of Gly(H,0),_;_s and Ser(H,0),-;_s
at 216.65, 273.15, and 298.15 K. We note here that for the
hydrated amino acid systems all reported values correspond to the
energy change associated with the reaction, bringing infinitely
separated monomers to the bound geometry:

AA + nH,0 < AA(H,0), (1)

The sequential Gibbs free energies of hydration were then used
to estimate the atmospheric concentrations of Gly(H,0),_o_s
and Ser(H,0),_o_s at these temperatures.”> A schematic of the
entire process is shown in Figure 1.

Validation of the Choice of Ab Initio Methods. The
use of DFT geometries and thermal corrections along with
DLPNO-CCSD(T) electronic energies has been used extensively
in recent studies of atmospheric aerosols due to the favorable
computational cost of the DLPNO-CCSD(T) method.” This
is because the electronic energy contribution to the partition
function is by far the largest contribution compared to the
vibrational and rotational contributions.””~”” Furthermore, the
applicability of the DLPNO-CCSD(T) electronic structure on
the DFT PES has been called into question. Therefore, we
compared the M08-HX/MG3S level of theory in our pro-
cedure for the most popular density functional for hydrogen-
bonded clusters, wB97xD, using the MG3S and 6-311+
+GHHOSO780782 bagis sets in order to investigate the effects of
different PES’s on the overall Gibbs free energy of formation
when combined with their corresponding DLPNO-CCSD(T)/
CBS electronic energies. The MG3S basis set is a truncated
version of the Pople 6-311++G** basis set and is particularly
suited to the M08-HX density functional with geometry opti-
mizations.®> Table 1 lists the Gibbs free energy of formation
for the global free energy minima of Gly(H,0) (G1-1) and
Gly(H,0)5 (GS-1) relative to their M08-HX/MG3S counter-
part in units of kcal mol™. The data shows that for smaller
clusters the @B97xD functional has a lower formation energy
while for larger clusters it has higher formation energies.
Nevertheless, the differences are within 1 kcal mol™, which
shows that the geometry and thermal corrections are within the
chemical accuracy between the two density functionals when
their electronic energies are corrected with DLPNO-CCSD(T)/
CBS values.

B RESULTS AND DISCUSSION

Conformations of Glycine and Serine. Before inves-
tigating the configurational space of the hydrated Gly and Ser
clusters, we located the lowest-energy conformations of the
serine and glycine monomers. In the case of glycine, we found
that a conformer with no intramolecular hydrogen bonds should
be the global AG®yy; minimum in the gas Phase, and this
structure is confirmed in the literature as well.>"*>** As for serine,
the trans conformer where the carboxyl hydrogen points toward
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Figure 9. Gly(H,0), clusters within 2 kcal mol™ of the AG®,
DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, G4-1.
G4-2 is the AE,; DLPNO-CCSD(T) and the AG®°,43 M08-HX energy
global minimum structure. G4-6 is the AE;M08-HX global minimum
energy structure.

the nitrogen of the amine group should be the global AG°y
minimum in the ges phase; this structure has also been identified
in the literature.”” Indeed, we have found the same global minima
found previously by other researchers and present all of the
DLPNO-CCSD(T)/CBS//M08-HX/MG3S minima within
2 keal mol™' of global AG®,s minimum structures G1 and
S1 in Figure 2. Structures G1 and S1 were used in subsequent
configurational sampling steps with added waters. The lowest-
energy serine monomers all possess an intramolecular hydrogen
bond. We define an intermolecular hydrogen bond as having a
hydrogen bond length of less than 2.2 A and a bond angle of
between 140 and 180°. Intramolecular hydrogen bonds, depicted
in Figure 2, all have bond lengths of about 2 A and bond angles
of between 121 and 123°. These intramolecular hydrogen bonds
can be considered to be weak hydrogen bonds or van der Waals
interactions. Only S2 has two intramolecular hydrogen bonds.
Hydrated Clusters. We now turn our attention to the
hydrated cluster configurations that are within 2 kcal mol™ of

https://doi.org/10.1021/acs.jpca.1c05466
J. Phys. Chem. A 2021, 125, 8454—8467
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Figure 10. Ser(H,0), clusters within 2 kcal mol™ of the AG®,y3 DLPNO-CCSD(T)/C BS//M08-HX/MG3S global minimum, S4-1. $4-5 is the
AE, DLPNO-CCSD(T) energy global minimum structure. The AG®,95 and AE, M08-HX global minimum structure is not shown because it does
not fall within 2 keal mol™ of our AG®,43 DLPNO-CCSD(T) global minimum. This illustrates the uneven performance of DFT methods for free-

energy calculations.

the global minimum at each hydration level. At n = 1, glycine
offers only its carboxyl group for strong hydrogen bonding
while serine has an additional side chain (OH) group which
can potentially bind a water molecule. Indeed, only two con-
figurations of Gly(H,0) were found, as shown in Figure 3,
while eight configurations of Ser(H,0), as shown in Figure 4,
were identified. The lowest AG°,p; energy structure for
Gly(H,0) (Gl-1) is in good agreement with configurations
presented in previous studies, and nearly identical structures have
been presented by Elm et al,” Espinoza et al,,*® Kishimoto,>'
and Bachrach.”” In fact, Bachrach has reported low-ener
configurations similar to ours for the systems Gly(H,0),_,. /
The global minimum AG°®,gg energy structure S1-1 has the
water molecule forming a hydrogen-bonding bridge between
the side chain and carboxyl group.*' In this structure, the carboxyl
group also forms a weak intramolecular hydrogen bond with the
amine group, maximizing the number of hydrogen bonds. The
lowest-energy structure for Ser(H,0O) found by Chopra et al.*
does not match our lowest-energy structure (Figure 4, S1-1); in
their structure, water bridges the carboxyl OH to the amine
nitrogen, while in our structure the water bridges the carboxyl
double-bonded O to the hydroxymethyl side chain. Because
OH-H hydrogen bonds are stronger than OH—N hydrogen
bonds, the structures where a water bridges the hydroxyl side
chain of serine with the carboxylic acid are more favorable than
those where the water bridges the carboxylic acid and amine
moieties of serine. We found structures with similar structural
motifs to those presented by Chopra et al, but they were
7 kcal/mol higher than our AE, M08-HX global minimum
energy structure. This difference illustrates the importance of
adequate configurational sampling.

For n = 2, the carboxyl group of both glycine and serine
forms two hydrogen bonds to make a motif similar to the water
tetramer. Four such clusters exist within 2 kcal mol™ of the
global minimum for glycine and nine for serine. Figures S and 6
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show these cluster geometries. In all cases, each water molecule is
in the hydrogen bond acceptor—donor (AD) configuration. The
intramolecular hydrogen bond of serine between its amine and
carboxyl groups (Figure 2) has been disrupted by the water
molecules and are no longer present. However, a new intra-
molecular hydrogen bond between the side chain and the OH
of the carboxyl group is displayed. Here, the side-chain oxygen
atom is in the donor position while the carboxyl OH oxygen
atom accepts the hydrogen bond. While our lowest-energy
Ser(H,0) cluster (S1-1) matches the lowest-energy Ser(H,0)
found by Jeon et al,*' our lowest-energy Ser(H,0), cluster
(S2-1) does not. The cluster reported by Jeon et al.*' for
Ser(H,0), has the two water molecules bridging the carboxyl
group to the side chain, and this discrepancy between their
structure and ours can be attributed to a lack of thorough
configurational sampling methods.

We note that the AE, global minimum structure at the
MO8-HX level is not shown in Figure 6 because it did not fall
within 2 kcal mol™ of our AG®,43 DLPNO global minimum,
illustrating the importance of not relying solely on DFT energies
to determine AG°; quantities.”>”

At n = 3, the water molecules bind differently between
glycine and serine, as shown in Figures 7 and 8. The glycine
global minimum energy geometry (G3-1) has four hydrogen
bonds, with each water molecule accepting one and donating
one to form a pseudopentagon with the carboxyl group.
A different motif of one acceptor—donor—donor (ADD) water,
one acceptor-acceptor—donor (AAD) water, and one AD
water exists at higher energies. In contrast, the flexibility of the
additional side chain of serine allows for the formation of a 3D
hydrogen bond network where the amine group participates.
The global minimum energy configuration (S3-1) has one
ADD water molecule bridging the amine NH, and side-chain
OH groups and two AD water molecules connecting it to the
OH of the carboxyl group. This Ser(H,0); is different from
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those previously found in the literature. Yanase et al. report
a structure where two water molecules bridge the carboxyl to
the amine nitrogen, while the third water bridges the amine
nitrogen to the side chain. The focus of their work was inter-
actions of the water molecule with the amino group of serine,
so they considered only structures where water was located
near the NH, group.’’

For n = 4, the global AG®,53 minimum of Ser(H,0), (S4-1),
the water molecules form a ring-like structure bridging the OH
group of the carboxyl to the amine NH, through a series of
four AD waters. This same ring-like motif can be seen in the
second-lowest-energy structure in the Ser(H,0); system (S3-2)
and other higher-energy conformations. Compared to the
Ser(H,0), system, the Gly(H,0), system has more uniform
structures with fewer variations in geometries. The global
minimum structure of the Gly(H,0), system (G4-1) creates a
“pseudo-book” structure with six hydrogen bonds, where the
“book” structure is an especially stable configuration of six
water molecules at 298 K.”>”' Here, the carboxyl OH and
double-bonded O serve the same purpose as two water molecules
in the actual six water book structure. The carboxyl OH hydrogen
bonds to an acceptor—donor—donor (ADD) water while the
carboxyl O hydrogen bonds to an acceptor—acceptor—donor
(AAD) water molecule. Both of these AAD and ADD water
molecules form hydrogen bonds with each other and then
hydrogen bond to one of the two remaining AD water molecules.
Higher-energy Gly(H,0), structures form a pentagon shape
similar to those seen in the lower-energy Gly(H,0); structures,
but with a fourth water molecule extending to form a weak
interaction with the amine NH,. These structures and other
configurations within 2 kcal mol™ are shown in Figures 9 and 10.

For n = 5, structures in the S5 system, Figures 11 and 12,
form more intricate three-dimensional structures than the n =
1—3 systems. At the global minimum for Ser(H,0);(SS-1),
there are two major structural motifs. The first is a ring of three
water molecules that serve to bridge the carboxyl O to the
carboxyl OH group with two AD waters and one ADD water.
This ADD water also begins the second structural motif, where
the OH of the carboxyl is bridged through hydrogen bonding
to the NH, by another ring-like structure of three waters. This
second structural motif is similar to the lowest-energy Ser(H,0),
structure (S4-1) and multiple low-energy structures found in the
Ser(H,0); system (S3-2, $3-3, $3-4, etc.). A weak intramolecular
hydrogen bond also occurs between the hydroxymethyl side
chain and the carboxyl OH.

Compared to the Ser(H,0)s system, the structures for
Gly(H,0); tend to be more similar to one another with less
variation as shown in Figure 11. The global minimum for the
Gly(H,0); system (GS-1) creates a cube or box-like structure
with six hydrogen bonds between three AD water molecules,
one AAD water molecule, and one acceptor-only water molecule.
Higher-energy structures within the Gly(H,O); system all have
similar box-like structures but differ in the amount of hydrogen
bonding and the connectivity of those hydrogen bonds. The lack
of structural diversity in the glycine systems compared to that in
the serine systems can partially be attributed to glycine’s lack of a
polar side chain. The hydroxymethyl side chain of serine gives
the water molecules in the system an extra functional group to
make hydrogen bonds, allowing for more intricate and diverse
structures to form. Also, the Gly(H,0); system was the only
glycine—water system where our global minimum structure was
not in agreement with the one presented by Bachrach et al.”’
While the configurational sampling done by Bachrach et al. was
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Figure 11. Gly(H,0); clusters within 2 kcal mol™ of the AG®yq
DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, GS-1.
GS-3 is the AE, DLPNO-CCSD(T) global minimum energy structure,
GS-1 is the AG®,03 MO8-HX energy global minimum structure, and
GS-8 is the AE;M08-HX global minimum energy structure.

adequate for glycine with one to four waters, it failed to find the
lowest Gly(H,0); conformer because it did not take into
account the impact of the amine nitrogen to form weak bonds
with the water molecules. Obtaining accurate energies for clusters
is difficult, and for water clusters alone, it generally requires high-
level methods such as MP2 along with CCSD(T) corrections or
CCSD(T)-level energy calculations.”>?" %7

Thermodynamics of the Hydration of Glycine and
Serine. We now explore the thermodynamics of the hydration
of glycine and serine using the sequential hydration energies.
Table 2 lists the numerical values for hydration, where each
reaction involves the addition of n water molecules at
temperatures of 216.65, 273.15, and 298.15 K and a pressure
of 1 atm, while Figure 13 presents it sequentially. The absolute
reaction energies are included in the Supporting Information.
These temperatures correlate to tropospheric temperatures,
with 216.65 K being the temperature at the top and 298.15 K
being the temperature at the bottom of the troposphere. In the
case of both the serine and glycine systems, the free energies
will always be more negative at cooler temperatures, a con-
sequence of the absolute value of TAS for the formation of a
cluster from its constituent monomers. Note that even though
these reactions are more energetically favorable to occur at cooler
temperatures, the concentration of free water molecules is 3
orders of magnitude less at lower temperatures (and therefore at
higher elevations).
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Figure 12. Ser(H,0); clusters within 2 kcal mol™" of the AG®,93 DLPNO-CCSD(T)/CBS//M08-HX/MG3S global minimum, $5-1. S5-16 is the
AE, DLPNO-CCSD(T) and AE, and AG°,sM08-HX global minimum structure.

Table 2. Relative Minimum Electronic Changes (AE,) and
Global Minimum Gibbs Free Energy Changes Associated
with the Hydration (AG°y, standard state of

1 atm) of Glycine and Serine” by up to Five Water
Molecules in the Gas Phase under 1 atm Pressure at
Temperatures of 216.65, 273.15, and 298.15 K,
Computed at the DLPNO-CCSD(T)/CBS//MO0SHX/
MG3S Level of Theory

cluster AE, AG®,6 AG®;; AG°
Gly + H,0 = Gly(H,0), —9.82 —-1.29 0.48 125
Gly + 2H,0 = Gly(H,0), —20.56 —4.23 —0.86 0.63
Gly + 3H,0 = Gly(H,0), —28.76 —4.56 0.42 2.62
Gly + 4H,0 = Gly(H,0), —37.92 —5.06 1.73 4.72
Gly + SH,0 = Gly(H,0); —47.66 -3.72 5.36 9.37
Ser + H,O = Ser(H,0), —11.05 —2.78 —1.04 —0.28
Ser + 2H,0 = Ser(H,0), —18.45 —-3.28 —0.06 135
Ser + 3H,0 = Ser(H,0), —29.36 -3.53 1.89 427
Ser + 4H,0 = Ser(H,0), —3743 -3.77 322 6.30
Ser + SH,0 = Ser(H,0); —45.00 —4.82 3.83 7.64

“Equation 1.

When performing calculations on clusters where hydrogen
bonding plays a key role, it is crucial to keep in mind the
importance of scaling harmonic frequencies or calculating
anharmonic frequencies.”®™"%’ In previous research, we have
used Truhlar's M08-HX/MG3S scaling factor (0.973) and
applied it to the thermodynamics of formation for our lowest
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Gly(H0), , + H20 = Gly(H20), Ser (H20),_, + H.0 = Ser(H0),
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Figure 13. Gibbs free energies (AG®) of the sequential hydration of
glycine and serine (eq 2) as a function of the number of water
molecules computed at the DLPNO-CCSD(T)/CBS//M08-HX/
MGS3S level of theory.

Gibbs free energy clusters and compared the resulting data to
unscaled data.””"°" Our group found the changes in the ther-
modynamic corrections used to compute the Gibbs free energy
of formation to be negligible (about 0.19 kcal mol™), and this
conclusion is supported by similar studies.”'*>'"* We also
checked the effects of applying the quasiharmonic approximation,
which applies scaling factors to low-frequency vibrational modes
in the partition function,'”* and found no significant effect.”*

Using the values presented in Table 2 and Figure 13, we find
that in the cases of n = 1 and 5 the hydrated serine clusters
have lower sequential AG® values and are more likely to form
at all temperatures, given an equal concentration of glycine and
serine. In all other cases, it is the hydrated glycine clusters that
have the lower sequential AG® energies and therefore higher

https://doi.org/10.1021/acs.jpca.1c05466
J. Phys. Chem. A 2021, 125, 8454—8467


https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c05466?fig=fig13&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c05466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 3. Equilibrium Concentrations of Gly(H,0),_o_s and
Ser(H,0),__s Computed Using a Starting Amino Acid
Concentration of 1 X 10° Molecules per cm® and Water
Concentrations of 9.89 X 10'* (at 217 K) to 7.70 X 10"
(at 298 K) Molecules per cm® for 100% Relative Humidity
(RH) at Three Different Temperatures'’®

cluster 216.65 K 273.15 K 298.15 K
Gly 9.9 x 10° 9.9 x 10° 9.9 x 10°
Gly(H,0) 5.8 X 10* 2.5 X 10° 3.8 X 10°
Gly(H,0), 1.6 X 10" 1.7 X 10? 3.4 X 10*
Gly(H,0); 9.9 x 107* 9.7 x 1072 3.7 x 107
Gly(H,0), 9.4 x 1078 52 %X 107° 33 % 107
Gly(H,0); 12 x 1078 3.8 x 10710 4.0 x 1070
Ser 9.8 X 10° 9.6 X 10° 9.5 X 10°
Ser(H,0) 1.8 x 10* 3.9 x 10* 4.7 x 10*
Ser(H,0), 1.7 X 10° 3.8 x 10" 9.6 x 10"
Ser(H,0), 89 x 107° 6.3 x 1073 22 % 1072
Ser(H,0), 46 x 107 32107 22 x107°
Ser(H,0); 1.5 X 1072 62 x 1077 7.2 % 1078

Table 4. Equilibrium Concentrations of Gly(H,0),_,_s and
Ser(H,0),_o_s Computed Using a Starting Amino Acid
Concentration of 1 X 10® Molecules per cm® and Water
Concentrations Ranging from 9.89 X 10'* (at 217 K) to
7.70 x 107 (at 298 K) Molecules per cm® for 100% Relative
Humidity (RH) at Three Different Temperatures

cluster 216.65 K 273.15 K 298.15 K
Gly 9.9 X 10’ 9.9 x 10’ 9.9 X 10’
Gly(H,0) 5.8 x 10* 2.5 X 10° 3.8 X 10°
Gly(H,0), 1.6 X 10° 1.7 x 10* 3.4 x 10*
Gly(H,0), 9.9 x 1072 9.7 X 10° 3.7 x 10!
Gly(H,0), 9.4 X 107 52 x 1073 3.3 x 1072
Gly(H,0); 12 x 107 3.8 x 107% 4.0 x 1077
Ser 9.8 X 107 9.6 x 107 9.5 X 107
Ser(H,0) 1.8 x 10° 3.9 x 10° 47 x 10°
Ser(H,0), 1.7 x 10? 3.8 X 10° 9.6 X 10°
Ser(H,0), 89 x 1073 63 x 107! 2.2 X 10°
Ser(H,0), 4.6 x 1077 32x107* 22 %1073
Ser(H,0); 1.5 x 1071 62 x 1077 72 % 107°

atmospheric concentrations when compared to the serine
clusters with the same number of waters.

For each amino acid, the equilibrium concentrations were
computed by solving the system of coupled stepwise hydration
equations.”” To compare the two on even footing, we chose
initial amino acid concentrations of 1 X 10° and 1 X 10°
molecules per cm® as well as their experimentally measured
atmospheric concentrations: 2.43 X 10° molecules per cm® for
glycine and 3.31 X 10® molecules per cm® for serine.'” Table 3
lists the equilibrium concentrations for a system consisting of
just each amino acid and water. At all temperatures, most of
the amino acids exist as the monomer, with concentrations of
around 10° cm™3, while Tables 3 and 4 show the equilibrium
concentrations when the initial amino acid concentration was
1 X 10° cm™ along with the experimental values, respectively.
For the systems that are hydrated, the glycine concentrations
are larger at n = 2—4 while the serine concentrations are larger
at n = 1, S. This is to be expected because it follows the same
trend of the Gibbs free energy changes of eq 2. This pattern of
hydration is kept consistent even in Table S, where glycine has
a higher initial concentration than serine. The relative serine—
water concentrations remain higher at n = 1, 5.
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Table 5. Equilibrium Concentrations of Gly(H,0),_o_s and
Ser(H,0),_o_s Computed Using a Starting Amino Acid
Concentration of 2.43 X 10° Molecules per cm?® for Glycine,
3.31 X 10® Molecules per cm® for Serine, and Water
Concentrations Ranging from 9.89 X 10" (at 217 K) to
7.70 X 10" (at 298 K) Molecules per cm® for 100% Relative
Humidity (RH) at Three Different Temperatures”

cluster 216.65 K 273.15 K 298.15 K
Gly 2.4 X 10° 2.4 X 10° 2.4 X 10°
Gly(H,0) 1.4 x 10° 6.0 x 10° 9.1 x 10°
Gly(H,0), 3.8 x 10* 42 x 10° 82 X 10°
Gly(H,0), 2.4 x 10° 2.3 X 10% 8.9 X 10*
Gly(H,0), 2.3 % 107* 1.3 x 107! 8.0 X 107!
Gly(H,0); 3.0 x 10710 9.3 x 1077 9.8 X 107
Ser 33 % 108 32 x 108 32 x 108
Ser(H,0) 6.0 x 10° 1.3 x 107 1.6 X 107
Ser(H,0), 5.7 X 107 1.3 x 10* 32 x 10*
Ser(H,0), 3.0 x 1072 2.1 x 10° 7.1 X 10°
Ser(H,0), 1.5 x 107¢ 1.1x 1073 73 x 107
Ser(H,0); 5.0 x 10710 2.1 x 107¢ 23 % 107°

“The glycine and serine concentrations were taken from experimental
. . 105
values in the literature.

Unlike the sulfuric acid-based CCN that were studied prior
to our research, glycine and serine tend to remain as a
monomer or hydrated with one water at all temperatures. However,
when using the experimental concentrations of glycine and serine
found by Ren et al, we still find appreciable amounts of hydrated
serine and glycine when n = 1 to 2. The observation that the amino
acids remain primarily as monomers is consistent with other
clusters involving the hydration of organic acids without sulfuric
acid. Atmospheric sulfuric acid tends to exist in a hydrated form
with substantial concentrations of one to four waters, depending on
the temperature at 100% relative humidity.'”” Temelso et al. also
found relative concentrations of the hydrated sulfuric acid dimer
compared to the sulfuric acid monomer and inferred that,
except at the coldest temperatures, the concentrations of the
hydrated dimer will be unsubstantial.'”® Tons have a more
dramatic effect on predicted equilibrium concentrations. Husar
et al. calculated atmospheric concentrations of the hydrated
bisulfate ion and predicted that it exists primarily in clusters
containing two to three waters, with substantial numbers of
clusters with four to five waters at 100% relative humidity.'’”
Morrell et al. studied the hydration of the ammonium ion and
predicted that it exists mostly in clusters with four to five
waters, with notable concentrations of clusters with three and
six waters.'”® Bustos et al. investigated the hydration concen-
trations of clusters consisting of sulfuric acid, methylamine, and
zero to six waters.'”” The equilibrium prediction is that at all
temperatures and at all relative levels of humidity, sulfuric acid
and methylamine overwhelmingly exist in clusters hydrated
with two waters."”” Kildgaard et al. have investigated the relative
concentrations of the hydrated clusters for three different organic
acids (pinic acid, 3-methyl-1,2,3-butanetricarboxylic acid, and
2-oxohexanediperoxy acid) with 1—10 waters, and their results
inferred that all three organic acids overwhelmingly exist in their
monomer form in the atmosphere.''? Clusters of other sulfur
compounds, such as OCS and CS,, along with HO,, have been
predicted to form a small number of hydrated structures in the
atmosphere."''™'"* Elm has shown that sulfuric acid is a much
better nucleator than methanesulfonic acid.""*'"> Ge et al. have
found relative concentrations for clusters of serine and sulfuric
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Table 6. Electronic Energy Changes Associated with the Formation of Hydrated Amino Glycine and Serine Clusters from
Infinitely Separated Monomers Calculated at the M08-HX/MG3S DFT Level and DLPNO-CCSD(T)/cc-pVnZ//M08-HX/
MG3S Level with (n = D, T, Q) and the Complete Basis Set (CBS) Limit”

DLPNO-CCSD(T)

MO08-HX/MG3S cc-pVDZ
Gly(H,0) —11.6 -13.3
Gly(H,0), -23.1 -27.1
Gly(H,0), -32.0 -37.8
Gly(H,0), —42.9 =SL.S
Gly(H,0); —56.1 —70.4
Ser(H,0) —-12.1 -133
Ser(H,0), 215 -25.8
Ser(H,0), -33.5 —43.3
Ser(H,0), —42.4 —54.4
Ser(H,0); -57.7 =715

“All units are in kcal mol™.

cc-pVTZ cc-pVQZ CBS
—-11.3 —10.6 -9.8
-23.3 —21.8 —20.6
—-32.7 -30.6 —28.8
—44.0 —40.8 —-37.9
—58.5 —53.0 —47.6
-11.9 —-11.3 —10.6
=222 —-20.8 —-19.5
—35.6 —-32.3 —-29.4
—45.2 —41.0 -37.1
—58.8 —-53.6 —48.8

acid with zero to three waters, and while our data indicates that
serine remains as a monomer or hydrated with one water in the
atmosphere, Ge found that when serine is in a cluster with
sulfuric acid, it should exist primarily as hydrated clusters with
one to two water molecules.®> Overall, these results lead to the
prediction that neutral amino acids by themselves will not be
effective at forming prenucleation complexes in the troposphere.
Amino acids with charged side chains should be investigated.

Effects of Complete Basis Set Extrapolations. At this
point, we discuss the effects of using DLPNO-CCSD(T) electronic
energies at the complete basis set limit. In most studies con-
cerning the PES and configurational energies of certain gas-phase
molecular clusters, the absolute energies are of main interest so
that a detailed energy ordering of different conformers and con-
figurations can be constructed. In contrast, atmospheric aerosol
studies focus on the energies associated with the formation of
gas-phase clusters from separated monomers so that clustering
processes can be studied. In both cases, it is expedient to use
DFT geometries and vibrational energies along with higher-
level electronic energies such as DLPNO-CCSD(T), and often
a triple-{ basis set is employed. We have found in this work
that while larger basis sets may lower the absolute energies of
the clusters and monomers, they also make the formation
energies more positive, with the most positive value being the
CBS extrapolated energy. This means that at any basis set
other than the CBS limit, the cluster’s formation energy is
erroneously low (more negative) and thus the concentration of
said cluster is overestimated in subsequent calculations. This is
shown in Table 6 where the electronic energies associated with
eq 1 in the methodologies section are shown for the global
minima of Gly(H,0), and Ser(H,0), (n = 1-5) in units of
kcal mol™". The raw energies used to compute these reaction
energies are listed in the spreadsheet raw-energies.xlsx in the
Supporting Information.

For all systems listed, Table 6 shows that the DLPNO-
CCSD(T) reaction energies are more negative than the DFT
energies at the double-{ basis set and are quite close to the
DFT values at the triple-{ basis set. This means that using just
DLPNO-CCSD(T)/cc-pVTZ numbers will at best reproduce
the DFT energies, defeating the purpose of the high-level
quantum chemistry correction. The quadruple-{ basis sets are
more positive, and this trend continues to the complete basis
set limit. This overestimation of up to a few kcal mol™" is larger
than the other contributions to the free-energy change of the
reactions, and 1.4 kcal mol™" in the free-energy change corresponds
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to 1 order of magnitude change in the equilibrium constant at
298 K.

B CONCLUSIONS

We have thoroughly explored the configuration space of
Gly(H,0),.,_s and Ser(H,0),_,_s within 2 kcal mol™ of the
global AG°,9g minimum. We predicted that the equilibrium
concentration of Ser(H,0),s will be higher than that of
Gly(H,0),s, while Gly(H,0), , will have higher concen-
trations than Ser(H,0),_,. When the serine systems are more
favorable to form, they have more hydrogen bonds than the
glycine systems; however, when the glycine systems are more
favorable, it is due to particularly stable water clusters with two
water molecules replaced by the carboxyl group of the amino
acid. This shows that in the gas-phase molecular size regime,
having a hydrophilic functional group does not always mean
stronger binding to water molecules. In fact, a large enough
hydrophilic functional group can block water molecules because
intramolecular hydrogen bonds compete with intermolecular
hydrogen bonds. Also, in the case of the serine—water clusters, it
is vital that a thorough investigation into the configurational
space is carried out. Previous research into the Ser(H,0), system
has missed many of the geometries we present herein because of
a lack of proper configurational sampling. Serine and amino acids
in general have an abundance of possible hydrogen bonding sites
such that adequate configurational sampling is critical.
Calculating accurate Gibbs free energy values for the formation
of clusters from their monomer constituents requires CCSD(T)/
CBS-level calculations. Extrapolation to the complete basis set
limit is essential to obtaining accurate AG values. DFT and
CCSD(T)/cc-pVTZ energies are too negative relative to CCSD-
(T)/CBS values, thereby overestimating the degree of cluster
formation. This will lead to large errors in understanding nucleation.
Because both glycine and serine remain primarily in their
monomer forms in the atmosphere, they do not reach the
critical size needed to become a CCN, which is about 1 nm.
There is still an appreciable amount of Ser(H,O) system in the
atmosphere, but this system also does not reach the critical size
of 1 nm, and only reaches a radius between 0.6—0.7 nm and
because of this, we conclude that most neutral charged amino
acids by themselves will not lead to aerosol nucleation. While
the hydrated monomers of serine and glycine do not reach a
critical size, the work done by Ge et al. shows that serine along
with other common atmospheric molecules, such as sulfuric
acid, do tend to hydrate with waters and might reach sizes that
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could qualify them as CCN.? In addition, because ions have
greater hydration, charged amino acids should be investigated
as potential CCN. Our group has begun looking into the
hydration reactions of larger systems composed of amino acids
and other species that have shown potential as CCN.
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