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ABSTRACT: We present a computational investigation of the sulfuric
acid, glycine, serine, ammonia, and water system to understand if this
system can form prenucleation clusters, which are precursors to larger
aerosols in the atmosphere. We have performed a comprehensive
configurational search of all possible clusters in this system, starting with
the four different monomers and zero to five waters. Accurate Gibbs free
energies of formation have been calculated with the DLPNO-
CCSD(T)/complete basis set (CBS) method on ωb97xd/6-31++G**
geometries. For the dry dimers of sulfuric acid, the weakest base, serine,
is found to form the most stable complex, which is a consequence of the
strong di-ionic complex formed between the bisulfate ion and the
protonated serine cation. For the dry dimers without sulfuric acid, the
glycine−serine complex is more stable than the glycine−ammonia or
serine−ammonia complexes, stemming from the detailed structure and not related to base strength. For the larger complexes,
sulfuric acid deprotonates and the proton is shifted to glycine, serine, or ammonia. The two amino acids and ammonia are almost
interchangeable and there is no easy way to predict which molecule will be protonated without the calculated results. Assuming
reasonable starting concentrations and a closed system of sulfuric acid, glycine, serine, ammonia, and five waters, we predict the
concentrations of all possible complexes at two temperatures spanning the troposphere. The most negative ΔG° values are a function
of the detailed molecular interactions of these clusters. These details are more important than the base strength of ammonia, glycine,
and serine.

■ INTRODUCTION
Gas-phase acid−base chemistry plays an important role in the
formation and growth of prenucleation clusters in atmospheric
new particle formation (NPF).1,2 By acting as cloud
condensation nuclei (CCN), these clusters can affect the
atmosphere’s ability to absorb or reflect radiation by
modulating the formation and lifetime of clouds. This is
particularly important in climate change as clouds have the
potential to cool the atmosphere by scattering incoming solar
radiation.3 New particle formation starts with small gas-phase
molecular clusters of 1−3 nm in diameter whose thermody-
namic stability is determined through favorable intermolecular
interactions. As an abundant component of the atmosphere,
sulfuric acid is a fundamental nucleator that forms stable
clusters with water,4−6 various atmospheric bases,7,8 and
organic molecules.9,10 The stability and growth of sulfuric
acid clusters have been studied extensively using both
experimental and theoretical methods.11−13 State-of-the-art
experimental techniques are just now accessing the sub-3 nm
size regime, but still have difficulty interpreting the effects of
humidity due to the low-pressure environment necessary for
size resolution.14 Due to this absence of water in experimental
data, computational efforts have mainly focused on the stability
and growth of dry prenucleation clusters.12

Computational studies of sulfuric acid-based atmospheric
prenucleation clusters have shown that acid−base clusters are
particularly stable. Sulfuric acid can form dimers with
atmospheric bases whose stability is thought to follow the
gas-phase basicity trend of the constituent bases.7,15−24

However, a recent shift in attention toward other atmospheric
trace constituents has revealed that gas-phase acidity and
basicity can take a secondary role to structural features of the
prenucleation cluster, such as hydrogen-bond topology and
intermolecular interactions. In small, dry clusters, electrostatics
often follows the gas-phase basicity trend,25,26 while
intermolecular forces can play a dominant role due to
functional groups on bases.27,28 The binding energy of small
sulfuric acid−ammonia−amine clusters is primarily determined
by gas-phase basicity, while larger clusters follow aqueous
basicity.29 As clusters consist of a larger number of different
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species, hydrogen-bond topology becomes more important
than acid−base strength. This was demonstrated by our recent
work where we found that formic acid is as effective as
ammonia for the formation of clusters with sulfuric acid and
water.30 Including water molecules results in the formation of
hydrogen-bond networks.28,31 Sulfuric acid can form com-
parably stable clusters with atmospheric species other than
bases,9 such as formic acid10,30 and amino acids.32−35 In these
cases, the ability of functional groups to form strong
intermolecular interactions is key to the thermodynamic
stability of the cluster.36,37 Amino acids are enriched in sea
spray aerosols by up to 7 orders of magnitude,38 and they are
driven to the aerosol air−water interface in salts and acidic
environments.39 At the interface, they are more reactive,
including for the formation of peptide bonds.40−43 Yet, amino
acids without the presence of sulfuric acid do not drive aerosol
formation.44 Given these recent advances, we have undertaken
a systematic study of the thermodynamic stability of sulfuric
acid prenucleation clusters in the presence of ammonia, simple
amino acids, and water to further investigate the role of
intermolecular forces and hydrogen-bond topology in atmos-
pheric new particle formation.
We present our computational investigation of the (SA)-

(Gly)(Ser)(A)(W)0-5 system, where SA = sulfuric acid, Gly =
glycine, Ser = serine, A = ammonia, and W = water. Our
methodology is largely based on our previous works,30,44−46

with the exception that we have switched our geometry
optimization to the ωb97xD functional and we have compared
harmonic, scaled harmonic, and quasi-harmonic corrections to
partially correct for anharmonicity for four of the smaller
clusters. Then, we describe our results for the geometries and
CCSD(T) corrected Gibbs free energies, followed by an
analysis of atmospheric implications of these results.

■ METHODOLOGY
Initial guess geometries of Gly and Ser were generated using
the CREST47 conformational sampling routine on the
GFn248,49 potential energy surface (PES) using Grimme’s
XTB program.49,50 Since symmetry numbers enter the
thermodynamic correction expressions,51 we ensured that our
monomer structures contained proper symmetries, which are:
SA = C2, A = C3v, and W = C2v. Initial cluster guess
geometries were generated using an evolutionary algorithm on
the PM752,53 PES using the OGOLEM54,55 configurational
sampling program. They were then subject to further
refinement and vibrational frequency calculations at the
ωb97xD56,57/6-31++G**58−62 level of theory using the
Gaussian 16 Rev. B01 program.63 Further electronic energy
corrections were computed at the complete basis set limit
(CBS) on the domain local pair natural orbital coupled-cluster
PES with single, double, and perturbative triple excitations
(DLPNO-CCSD(T))64−73 and Dunning’s cc-pVnZ74−76 (n =
D, T, Q) basis sets using the ORCA 5.0.1 program.77,78 The
three DLPNO-CCSD(T) electronic energies were used in a
4−5 inverse polynomial CBS extrapolation scheme79 and
combined with ωb97xD vibrational frequencies to calculate the
thermodynamic corrections H°, S°, and G° at a standard state
of 1 atm pressure and temperatures of 216.65, 273.15, and
298.15 K using the THERMO.pl script from the National
Institute of Science and Technology.80 Finally, the equilibrium
concentrations of all possible combinations of the monomers
were computed using the DLPNO-CCSD(T)/CBS//
ωb97xD/6-31++G** energies.30,44 A diagrammatic represen-

tation of our methodology for finding the Gibbs free energy
minimum-energy structures is shown in Figure 1.

Vibrational Anharmonicity. Comparison of calculated
harmonic vibrational frequencies with observed frequencies
requires an empirical correction to account for the vibrational
anharmonicity.81 Low-frequency modes are more anharmonic
than high-frequency modes, and they can couple with each
other as well as with rotational degrees of freedom. Since low-
frequency modes contribute the most to the thermal correction
to enthalpy and entropy of a system, small deviations in these
modes can lead to large errors in Gibbs free energies. Thus,
hydrogen-bonded clusters are a real concern for practitioners
in the field, who are often reluctant of using calculated
harmonic frequencies to estimate free energies at higher
temperatures for these weakly bound clusters.82,83 The most
common method to calculate anharmonicity is Barone’s
second-order vibrational perturbation theory (VPT2),84,85

where anharmonic corrections are calculated from higher-
order derivatives of the potential energy surface; the cubic and
semidiagonal quartic force constants are calculated by finite
differentiation of the Hessian along the normal mode
coordinates. The main drawback of VPT2 is the problem of
near-degeneracies, or resonances, as in other perturbation
theory methods. To reduce numerical errors in anharmonic
frequency calculations, tight convergence criteria need to be
enforced for geometry optimization and the Hessian
calculations. In addition, as third and fourth derivatives are
determined by finite differentiation of analytic Hessians for
nuclear displacements along each normal mode, the default
0.250 Å step size85 often yields erratic anharmonic frequencies
for larger molecular clusters, even when both the geometries
and energies are tightly converged.83

Work on the water dimer and larger water clusters has shed
some light on the validity of using scaling or anharmonic
calculations to better represent the frequencies of hydrogen-
bonded systems.86−91 The water dimer is the only water cluster
system whose vibrational spectrum is fully resolved. Scaling the
water dimer HF/6-31G* harmonic frequencies by 0.8928
results in good agreement, with a root-mean-square deviation
(RMSD) of 24 cm−1 from experiment.88,92 Combining scaled
harmonic frequencies for the intramolecular modes with

Figure 1. Computational methodology used for this study.
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anharmonic frequencies for the intermolecular modes reduces
the RMSD to 20 cm−1.
Larger water clusters up to the size of the nonamer have

been extensively studied using the frozen-core resolution-of-
the-identity MP2 (RI-MP2) method to understand the impact
of scaling versus calculating VPT2 anharmonic frequencies.83

Water clusters can be separated into three distinct regions:
intermolecular modes below 1100 cm−1, bending modes
between 1100 and 1800 cm−1, and stretching modes that lie
above 3000 cm−1. The frequencies in these three different
regions were scaled by three different scaling factors and
compared with anharmonic results.83,93 The step size that
yielded reasonable anharmonic frequencies for (H2O)n = 2−6,
8, 9 was 0.0050 Å. While VPT2 or a three-split scaling scheme
yields the most accurate results, a single scaling factor that
scales all of the modes to better represent the intermolecular
modes also leads to relatively good agreement because the
bending and stretching modes are less anharmonic.83,94,95

There has been less work published on the scaling of
atmospheric clusters consisting of acids and bases. Torrent-
Succarrat and co-workers calculated B3LYP anharmonic
frequencies for hydrogen-bonded complexes formed from the
hydroxyperoxyl radical and formic, acetic, nitric, and sulfuric
acids and reported good agreement with experiment.96 Kurten
and co-workers have calculated anharmonic vibrational modes
for H2SO4(H2O)n = 1−4 and HSO4

−(H2O)n = 1−4 clusters.97

Temelso et al. have applied the same methodology used for
water clusters to sulfuric acid hydration using RI-MP2
extrapolated to the complete basis set (CBS) limit.5 The
ΔG° for the formation of the H2SO4(H2O) dimer and
H2SO4(H2O)2 trimer have been obtained experimentally for
these two clusters at 298 K and are −3.6 ± 1 and −5.9 ± 1.3
kcal mol−1.98 The calculated unscaled harmonic, scaled
harmonic, and VPT2 anharmonic ΔG° (298 K) values for
the dimer are −2.4, −2.9, and −2.8 kcal mol−1, while for the
trimer, they are −3.3, −4.1, and −4.2 kcal mol−1. All of these
values are close to the experimental uncertainty, and the scaled
harmonic and anharmonic values are within 0.1 kcal mol−1 of
each other. In an RI-MP2/CBS study of (H2SO4)2(H2O)n =
0−6, the scaled harmonic frequencies for the four lowest Gibbs
free energy (H2SO4)2 clusters at 298 K were all within 0.4 kcal
mol−1 of the anharmonic values, and similarly for the four
lowest ΔG° (298 K) (H2SO4)(H2O) clusters, the scaled
harmonic frequencies were within 0.6 kcal mol−1 of the
anharmonic values.6 The mean absolute error (MAE) of the
harmonic frequencies relative to the eight anharmonic
frequencies was 0.89 kcal mol−1, while the MAE for the scaled
harmonic frequencies was 0.25 kcal mol−1.
Due to the importance of vibrational anharmonicities arising

from intermolecular interactions, we have examined the effects
of using various Gibbs free energy correction schemes to
determine the best choice going forward. For (Gly)(W)n = 1−
4, Table 1 displays the Gibbs free energies of hydration
computed using (1) harmonic frequencies in the rigid-rotor
harmonic-oscillator model (RRHO),80,99 (2) harmonic
frequencies in the rigid-rotor quasi-harmonic-oscillator model
(RRQH),100−102 and (3) scaled harmonic frequencies using
Truhlar’s ωb97xD ZPE scaling factor of 0.971 for thermo-
chemical calculations from ref 103. Our anharmonic
frequencies from second-order vibrational perturbation theory
(VPT2)84,85 suffered from extensive resonances and yielded
inaccurate values and are not reported. We note that the
calculation of the Gibbs free energy corrections is based on the

rigid-rotor harmonic-oscillator partition function and the
difference between the methods presented is the manner in
which the frequencies enter the partition function. Both the
scaled RRHO and VPT2 methods simply replace the RRHO
frequencies with new values, while the RRQH method removes
low-frequency contributions by incorporating them into the
rotational contribution.
Table 1 shows that the RRQH method yields Gibbs free

energy changes that are higher than the RRHO values. Using
scaled RRHO energies systematically lowers the unscaled
RRHO values, while the RRQH values are more positive than
the unscaled RRHO energies; therefore, we chose to use scaled
RRHO Gibbs free energy corrections for the rest of our work.
We note that the SA and Ser clusters are not well behaved in
the VPT2 formulation of anharmonic frequency calculations,
yielding Gibbs free energies, which are higher than the RRHO
values. This could be due to strong anharmonicities that are
outside the radius of convergence of second-order perturbation
theory. One possible fix for this is to use the vibrational self-
consistent field104,105 (VSCF) method followed by post-SCF
corrections such as second-order perturbation theory106

(VSCF-PT2) or configuration interaction107 (VSCF-CI);
however, the computational cost of acquiring the VSCF
wavefunction and higher-order derivatives of the PES are
prohibitive for all but small systems.

■ RESULTS AND DISCUSSION
Formation and Hydration of Sulfuric Acid-Containing

Dimers. Table 2 lists the Gibbs free energy changes associated
with the formation of sulfuric acid-containing dimers and their
subsequent solvation with up to five water molecules, with the
corresponding geometries shown in Figure 2. These data allow
for the examination of the effects of replacing ammonia with
glycine or serine in the sulfuric acid−ammonia dimer. We have
defined hydrogen bonds as H---O or H---N distances less than
2.2 Å and with hydrogen-bond angles between 140 and 180°,
and have indicated these hydrogen bonds with blue lines in the
figures. Close van der Waals contacts, with bond angles less
than 140° or bond lengths between 2.2 and 2.4 Å, are indicated
by red lines. In the absence of water, the (SA)(Ser) dimer is
the most stable structure, which can be attributed to a proton
transfer from sulfuric acid to serine’s amine group that is
stabilized by a strong hydrogen bond from the serine methoxy
group to the sulfuric acid molecule. Comparing the (SA)(Ser)
hydrogen-bond network to those of (SA)(Gly)(W) and
(SA)(A)(W)2 reveals that the transfer of a proton from SA
to any amine group only occurs when the SA accepts a strong
hydrogen bond from a third entity, i.e., an additional water
molecule. This proton transfer is observed to account for about
2 kcal mol−1 of stabilization energy. This trend continues in the
trimer clusters, as will be discussed later.

Table 1. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G**
Gibbs Free Energy Changes Associated with the Hydration
of Glycine at a Temperature of 298.15 K and Standard
Pressure of 1 atm

cluster RRHO RRQH scaled RRHO

Gly + W ⇌ (Gly)(W) 1.197 1.443 1.076
Gly + 2W ⇌ (Gly)(W)2 1.804 2.477 1.560
Gly + 3W ⇌ (Gly)(W)3 3.418 5.111 3.056
Gly + 4W ⇌ (Gly)(W)4 6.675 8.398 6.184
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Upon the addition of one water molecule to the sulfuric
acid−glycine dimer, the (SA)(Gly)(W) cluster becomes the
most stable trimer by about 0.5 kcal mol−1 compared to
(SA)(Ser)(W). The enthalpy gained by the formation of the
hydrogen bond between the Ser methoxy group and SA is not
enough to counteract the loss of entropy of the (SA)(Ser)(W)
minimum. The hydrogen-bond angle of 159° seems to account
for this difference. Furthermore, the proton transfer observed
in the (SA)(Gly)(W) accounts for around 2 kcal mol−1 in
stabilization energy compared to the (SA)(A)(W) cluster,
continuing the trend identified in the dry cluster. With the

addition of a second water molecule, the stabilizing effect of a
proton transfer plays a secondary role as all three systems have
undergone proton transfer. Here, the (SA)(A)(W)2 cluster is
the most stable by up to 3 kcal mol−1 compared to the
(SA)(Gly)(W)2 and (SA)(Ser)(W)2 clusters. Ammonia
becomes a better nucleator compared to serine and glycine
as the ammonium cation is positioned to donate three strong
hydrogen bonds, while the protonated Gly and Ser moieties do
not.
Previous work by Elm et al. has found slightly different

minima for (SA)(Gly)(W) at the M06-2X/6-311++G-

Table 2. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs Free Energy Changes Associated with the Formation and
Sequential Hydration of Sulfuric Acid−Glycine, Sulfuric Acid−Serine, and Sulfuric Acid−Ammonia Dimers at Atmospherically
Relevant Temperatures and 1 atm Pressure

cluster 216.65 K 273.15 K 298.15 K

SA + Gly ⇌ (SA)(Gly) −8.81 −6.79 −5.90
(SA)(Gly) + W ⇌ (SA)(Gly)(W) −5.18 −3.43 −2.65
(SA)(Gly)(W) + W ⇌ (SA)(Gly)(W)2 −3.55 −1.55 −0.67
(SA)(Gly)(W)2 + W ⇌ (SA)(Gly)(W)3 −2.14 −0.46 0.17
(SA)(Gly)(W)3 + W ⇌ (SA)(Gly)(W)4 −1.53 0.49 1.44
(SA)(Gly)(W)4 + W ⇌ (SA)(Gly)(W)5 −1.95 −0.40 0.32
SA + Ser ⇌ (SA)(Ser) −12.26 −10.20 −9.28
(SA)(Ser) + W ⇌ (SA)(Ser)(W) −4.94 −2.99 −2.12
(SA)(Ser)(W) + W ⇌ (SA)(Ser)(W)2 −3.72 −1.88 −1.06
(SA)(Ser)(W)2 + W ⇌ (SA)(Ser)(W)3 −2.25 −0.69 −0.01
(SA)(Ser)(W)3 + W ⇌ (SA)(Ser)(W)4 −1.34 0.82 1.78
(SA)(Ser)(W)4 + W ⇌ (SA)(Ser)(W)5 1.22 2.86 3.58
SA + A ⇌ (SA)(A) −8.66 −7.10 −6.41
(SA)(A) + W ⇌ (SA)(A)(W) −3.35 −1.48 −0.65
(SA)(A)(W) + W ⇌ (SA)(A)(W)2 −6.61 −4.73 −3.91
(SA)(A)(W)2 + W ⇌ (SA)(A)(W)3 −1.15 0.41 1.10
(SA)(A)(W)3 + W ⇌ (SA)(A)(W)4 −3.11 −1.09 −0.20
(SA)(A)(W)4 + W ⇌ (SA)(A)(W)5 −0.65 1.56 2.54

Figure 2. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs free energy minimum structures of the dry and hydrated sulfuric acid-containing
dimers. Hydrogen bonds are indicated with blue lines, close contacts with red lines, and atoms in the colors: H = white, N = blue, O = red, S =
yellow, C = beige. Cluster labels are colored such that where there is proton transfer, the protonated molecule label is shown in blue and the
deprotonated molecule label is shown in red.
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(3df,3pd) level of theory, where the Gly and SA are held
together by two hydrogen bonds and the water is on the other
side of the SA (Figure 2 in ref 34). We optimized this structure
with the ωb97xD/6-31++G** functional and calculated the
DLPNO-CCSD(T)//ωb97xD/6-31++G** ΔG° values at 217
and 298 K and found that this structure has basically the same
thermochemistry as our structure in Figure 2, just 0.1 kcal
mol−1 higher at both temperatures.
The (SA)(Ser)(W)0−3 structures have been previously

investigated by Ge et al. at the M06-2X/6-311++G(3df,3pd)
level.33 Our structures for n = 0−2 are identical to theirs, but
their (SA)(Ser)(W)3 free energy minimum is different from
ours, where the three water molecules are separated from each
other without forming any W−W hydrogen bonds. Examining
the Supporting Information (SI), we find that our free energy
minimum is identical to their structure “h” (Figure S5 in ref
33). We have used our methodology to run all of their
(SA)(Ser)(W)3 structures, which are ordered from lowest to
highest electronic energy and discovered that their structure
“a” is the ωb97xD/6-31++G** electronic energy minimum,
their structure “b” is the DLPNO-CCSD(T)/CBS electronic
energy minimum, and their structure “h” is the DLPNO-
CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs free energy
minimum at 217 and 298 K.
Formation of Non-Sulfuric Acid-Containing Dimers.

Table 3 lists the Gibbs free energy changes associated with the

formation of non-sulfuric acid-containing dimers, with the
corresponding geometries shown in Figure 3. Due to large

positive Gibbs free energy changes associated with the
hydration of the dry dimer, only the dimerization energies
are listed, whereas the hydration energies are provided in Table
S1 in the Supporting Information. These energies are much
more positive than those that contain sulfuric acid (Table 2),
supporting the widespread belief that sulfuric acid is the known
driver of new particle formation in the atmosphere.
Substituting an amino acid for sulfuric acid will not drive
new particle formation.32,33,44

Formation and Hydration of Sulfuric Acid-Containing
Trimers. Table 4 lists the Gibbs free energy changes
associated with the formation of sulfuric acid-containing

trimers and their subsequent solvation with up to five water
molecules, with the corresponding geometries shown in Figure
4. All three dry trimers, (SA)(Gly)(Ser), (SA)(Gly)(A), and
(SA)(Ser)(A), have roughly the same Gibbs free energy of
formation, revealing that the amino acids are competitive with
ammonia for the formation of prenucleation clusters. As can be
viewed in the figure, the (SA)(Gly)(A) structure is the only
structure where sulfuric acid does not donate a proton to the
base, forming an ionic complex. Our (SA)(Gly)(A) structure is
identical to the Elm et al. M06-2X minimum.34 Upon adding
one to three water molecules, sulfuric acid’s proton is
transferred to Gly, and the fourth and fifth waters result in A
being protonated rather than Gly. As Gly (pKa 9.60) is a
slightly better base than A (pKa 9.25), this is an example of
how the subtle interactions between SA, a base, and water
molecules change the gas-phase ΔG° minima.
The bottom row of Figure 4 displays the (SA)(Ser)(A)-

(W)n=0−5 ΔG° minima. Ser (pKa 9.15) is only a slightly weaker
base than A, and A is protonated for all species except for
(SA)(Ser)(A)(W)3, where Ser is protonated. Once the fifth
water is added, Ser becomes a zwitterion and the water
network holds the bisulfate anion and the ammonium cation in
a tight complex with the zwitterion. This shows how a
relatively small water network stabilizes four separate charges,
forming a tetra-ionic structure. This results in a stepwise ΔG°
value of −5.15 kcal mol−1 at 217 K and −2.67 kcal mol−1 at
298 K for the addition of the fifth water to the (SA)(Ser)-
(A)(W)4 cluster.
Contrasting the (SA)(Gly)(Ser)(W)n=0−5 minima in the top

row of Figure 4, the stronger base Gly is only protonated when
no water is present, yet for n = 1−5, it is Ser that is protonated
in these complexes. This is another example of how hydrogen-
bond topology is more important than acid−base strength for
understanding the structure and thermodynamics of these gas-
phase clusters.30

Formation and Hydration of the Tetramer. Table 5
displays the Gibbs free energy changes associated with the
formation of the sulfuric acid−glycine−serine−ammonia
tetramer and its subsequent solvation with up to five water
molecules, with the corresponding geometries shown in Figure
5. For this system, Ser is protonated in the free energy
minimum of the dry cluster, which switches to Gly upon
adding one water, then switching again to A with the addition
of two or three waters. For the (SA)(Gly)(Ser)(A)(W)4
cluster, Ser is the protonated base, and upon addition of the
fifth water, A is once again the protonated base. Once again,
the subtle interactions between the water network and SA and
these three species determines the most stable structures. Gly
and Ser have the ability to form hydrogen bonds with their
amino and carboxyl ends, and in the case of Ser also with its
polar side chain, which results in the free energy minima
(Figure 5) for these complexes at the DLPNO/CCSD(T)/
CBS//ωb97xD/6-31++G** level of theory.

On the Accuracy of ΔG° Values with Variation of
Functionals and Basis Sets. One problem we noted while
writing up this paper was that previous ΔG° values reported in
the literature for the SA-Gly-A system were much more
negative than ours.32 As the methodologies are similar, we
decided to investigate further. Li et al. calculated the ΔG°
values using the DLPNO-CCSD(T)/aug-cc-pVTZ electronic
energies for M06-2X/6-31++G(d,p) geometries combined
with the unscaled M06 Gibbs energy corrections. In Table 6,
we present our calculated RRHO DLPNO-CCSD(T)/aug-cc-

Table 3. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G**
Gibbs Free Energy Changes Associated with the Formation
of Glycine−Serine, Glycine−Ammonia, and Serine−
Ammonia Dimers at Atmospherically Relevant
Temperatures and 1 atm Pressure

cluster 216.65 K 273.15 K 298.15 K

Gly + Ser ⇌ (Gly)(Ser) −6.09 −4.01 −3.09
Gly + A ⇌ (Gly)(A) −3.29 −1.69 −0.98
Ser + A ⇌ (Ser)(A) −3.70 −2.13 −1.44

Figure 3. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs
free energy minimum structures of the stable non-sulfuric acid-
containing dry dimers. Hydrogen bonds are indicated with blue lines,
close contacts with red lines, and atoms in the colors: H = white, N =
blue, O = red, S = yellow, C = beige.
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pVnZ//DFT ΔG° values for both the ωb97xd/6-31++G**
and M06-2X/6-31++G(d,p) geometries, along with the
literature values,32 for the unhydrated SA-Gly-A system. We
used ArbAlign to verify that the complexed structures are the
same.108 The RMSD between our M06-2X structures of
(SA)(Gly), (SA)(A), (Gly)(A), and (SA)(Gly)(A) and the
M06-2X structures reported in the previous paper32 are 0.018,
0.009, 0.002, and 0.044 Å, respectively. We can learn several
important things from this table. First, comparing columns 2
and 3, we see that the two different density functional theory
(DFT) functionals do not significantly change the final

DLPNO-CCSD(T) values. It does not matter whether one
uses ωb97xD or M06-2X for geometry optimization, as the
DLPNO-CCSD(T) electronic energies result in ΔG° values
that are quite similar, a result that has been reported before for
hydrogen-bonded systems.12,34,42,43,109 Second, we are unable
to reproduce the previous results of Li et al.,32 as their numbers
in the last column are much more negative than ours. We note
that in their article they used Gaussian 09 for their calculations,
while we used Gaussian 16, which is unlikely to be the source
of error. It is possible they reported the numbers for their
lowest temperature, which was 218 K, rather than the reported

Table 4. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs Free Energy Changes Associated with the Formation and
Sequential Hydration of Sulfuric Acid−Glycine−Serine, Sulfuric Acid−Glycine−Ammonia, and Sulfuric Acid−Serine−
Ammonia Trimers at Atmospherically Relevant Temperatures and 1 atm Pressure

cluster 216.65 K 273.15 K 298.15 K

SA + Gly + Ser ⇌ (SA)(Gly)(Ser) −17.72 −12.97 −10.96
(SA)(Gly)(Ser) + W ⇌ (SA)(Gly)(Ser)(W) −2.26 −0.90 −0.40
(SA)(Gly)(Ser)(W) + W ⇌ (SA)(Gly)(Ser)(W)2 −8.00 −5.88 −4.77
(SA)(Gly)(Ser)(W)2 + W ⇌ (SA)(Gly)(Ser)(W)3 −0.76 1.26 2.16
(SA)(Gly)(Ser)(W)3 + W ⇌ (SA)(Gly)(Ser)(W)4 −5.57 −3.39 −2.43
(SA)(Gly)(Ser)(W)4 + W ⇌ (SA)(Gly)(Ser)(W)5 5.43 6.90 7.55
SA + Gly + A ⇌ (SA)(Gly)(A) −17.24 −13.65 −12.07
(SA)(Gly)(A) + W ⇌ (SA)(Gly)(A)(W) −2.79 −0.94 −0.17
(SA)(Gly)(A)(W) + W ⇌ (SA)(Gly)(A)(W)2 −2.94 −1.10 −0.30
(SA)(Gly)(A)(W)2 + W ⇌ (SA)(Gly)(A)(W)3 −2.10 −0.19 0.71
(SA)(Gly)(A)(W)3 + W ⇌ (SA)(Gly)(A)(W)4 −2.93 −0.63 0.38
(SA)(Gly)(A)(W)4 + W ⇌ (SA)(Gly)(A)(W)5 −1.90 0.37 1.26
SA + Ser + A ⇌ (SA)(Ser)(A) −17.65 −13.57 −11.78
(SA)(Ser)(A) + W ⇌ (SA)(Ser)(A)(W) −5.59 −4.13 −3.48
(SA)(Ser)(A)(W) + W ⇌ (SA)(Ser)(A)(W)2 −0.73 1.84 2.99
(SA)(Ser)(A)(W)2 + W ⇌ (SA)(Ser)(A)(W)3 −0.85 0.67 1.21
(SA)(Ser)(A)(W)3 + W ⇌ (SA)(Ser)(A)(W)4 −0.35 1.33 2.19
(SA)(Ser)(A)(W)4 + W ⇌ (SA)(Ser)(A)(W)5 −5.15 −3.43 −2.67

Figure 4. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs free energy minimum structures of the dry and hydrated sulfuric acid-containing
trimers. Hydrogen bonds are indicated with blue lines, close contacts with red lines, and atoms in the colors: H = white, N = blue, O = red, S =
yellow, C = beige. Cluster labels are colored such that where there is proton transfer, the protonated molecule label is shown in blue, the
deprotonated molecule label in red, and the zwitterion label in green.
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298 K, by mistake. This would lower the reported energies by
about 3 kcal mol−1, as observed for the six dimers reported in
Tables 2 and 3.
Table 7 presents the results for the cc-pVnZ (n = D, T, Q)

and the aug-cc-pVnZ (n = D,T,Q) basis sets to examine basis
set effects for the formation of all of the dry clusters. For each
reaction on the left-hand side of the table, the numbers in the
top row are for the cc-pVnZ basis set, while the numbers in the
second row are for the augmented basis sets where diffuse
functions have been added. Augmentation is generally most
useful for anions where the electron cloud is bigger, and usually

not as important for neutral clusters. We see from the table
that the largest differences in the ΔG° values for cluster
formation are for the double zeta basis set. The differences
narrow for the triple and quadruple basis sets. The CBS
extrapolation uses the DZ, TZ, and QZ basis sets, and the table
reveals that the difference in the extrapolated CBS values
ranges from 0.01 to 0.7 kcal mol−1.
Comparing the CBS scaled values to the individual cc-pVnZ

basis sets in Table 7 for the formation of these clusters
illustrates a general trend, which is that the CBS extrapolated
values using the three basis sets are typically more positive than
the individual values, with DZ yielding the most negative ΔG°
values, followed by TZ and then QZ.

Atmospheric Concentrations and Implications. The
concentration of a particular cluster in the atmosphere can be
estimated from the ΔG° values for the stepwise addition of
each additional molecule to the previous cluster. The
concentration of each larger cluster depends on the
concentration of the preceding cluster and the stepwise
thermodynamics of cluster formation presented in Tables
2−5. Assuming a closed system, and initial concentration of
the monomers, we solve for all of the equilibrium
concentrations for the system. Table 8 lists the equilibrium
concentrations of all of the possible clusters presented thus far
at temperatures corresponding to the bottom of the tropo-
sphere (298.15 K) and the top of the troposphere (216.65 K),
a standard pressure of 1 atm, and a relative humidity of 100%.
This simulation assumes a relative humidity of 100%, which
corresponds to water concentrations of 9.9 × 1014 and 7.7 ×
1017 at 217 and 298 K, respectively,1 and starting
concentrations of [SA]0 = 5 × 107,5,6,110 [Gly]0 and [Ser]0 =
1 × 108,44 and [A]0 = 2 × 1011 cm−3.29,111,112 Only those
clusters with concentrations greater than 1 cm−3 at one of the
two temperatures are presented.
Table 8 reveals that assuming we have a closed system

consisting of equal initial concentrations of Gly and Ser (108
cm−3), NH3 concentrations that are 3 orders of magnitude
higher than the amino acids (1011 cm−3), and 100% relative
humidity, we would expect detectable concentrations of
clusters of Gly with 1−3 waters, clusters of Ser with 1−2
waters, and clusters of NH3 with 1−3 waters, along with
clusters of sulfuric acid with 1−5 waters, at 298 K. Sulfuric acid

Table 5. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs Free Energy Changes Associated with the Formation of
Sulfuric Acid−Glycine−Serine−Ammonia Tetramer and Its Subsequent Hydration at Atmospherically Relevant Temperatures
and 1 atm Pressure

cluster 216.65 K 273.15 K 298.15 K

SA + Gly + Ser + A ⇌ (SA)(Gly)(Ser)(A) −22.83 −17.23 −14.77
(SA)(Gly)(Ser)(A) + W ⇌ (SA)(Gly)(Ser)(A)(W) −3.70 −1.22 −0.12
(SA)(Gly)(Ser)(A)(W) + W ⇌ (SA)(Gly)(Ser)(A)(W)2 −1.47 0.81 1.83
(SA)(Gly)(Ser)(A)(W)2 + W ⇌ (SA)(Gly)(Ser)(A)(W)3 −1.99 0.02 0.91
(SA)(Gly)(Ser)(A)(W)3 + W ⇌ (SA)(Gly)(Ser)(A)(W)4 −3.99 −2.08 −1.24
(SA)(Gly)(Ser)(A)(W)4 + W ⇌ (SA)(Gly)(Ser)(A)(W)5 −0.55 1.55 2.49

Figure 5. DLPNO-CCSD(T)/CBS//ωb97xD/6-31++G** Gibbs
free energy minimum structures of the dry and hydrated sulfuric
acid−glycine−serine−ammonia tetramer. Hydrogen bonds are
indicated with blue lines, close contacts with red lines, and atoms
in the colors: H = white, N = blue, O = red, S = yellow, C = beige.
Cluster labels are colored such that where there is proton transfer, the
protonated molecule label is shown in blue and the deprotonated
molecule label in red.

Table 6. RRHO DLPNO-CCSD(T)/aug-cc-pVTZ//DFT ΔG° Values in kcal mol−1 at 298.15 K for the Formation of Clusters
in the Dry SA-Gly-A System for ωb97xD/6-31++G** and M06-2X/6-31++G** DFT Geometries

clustering reaction ωb97xD/6-31++G** M06-2X/6-31++G** M06-2X/6-31++G** ref 32

SA + Gly → (SA)(Gly) −6.41 −6.60 −9.30
SA + A → (SA)(A) −6.61 −6.18 −8.34
Gly + A → (Gly)(A) −1.27 −0.87 −5.58
SA + Gly +A → (SA)(Gly)(A) −12.92 −12.79 −17.69
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would form clusters with Gly and 0−3 waters, Ser and 0−4
waters, and NH3 with 0−4 waters at 217 K. The predicted
(Gly)(Ser) concentration is about the same as the (Gly)(A)
and (Ser)(A) concentrations at 298 K. The (SA)(Ser)(A)-
(W)0−2 and (SA)(Gly)(A)(W)0−2 predicted concentrations are
also quite similar. As can be gleaned from Table 7, Gly and Ser
are interchangeable with ammonia because the ΔG° value for
the formation of clusters at 298 K such as (SA)(Ser) is about 3
kcal mol−1 more negative than that for (SA)(A) and the
corresponding value for the formation of (Gly)(Ser) is 1−1.5
kcal mol−1 more negative than for the formation of (Gly)(A)
and (Ser)(A). This results from the detailed molecular
interactions in the formation of these clusters revealed by
the figures. Figure 2 shows that the (SA)(Gly) and (SA)(A)
clusters are neutral, while the (SA)(Ser) cluster is di-ionic, with
SA losing its proton to serine, leading to a more negative ΔG°.
This happens despite serine being a weaker base than glycine
or ammonia. The more negative ΔG° value for the formation
of (Gly)(Ser) results from two hydrogen bonds being formed
in this cluster, as opposed to only one hydrogen bond being
formed for both the (Gly)(A) and (Ser)(A) clusters. This is
illustrated in Figure 3. As noted before, the detailed
interactions of these clusters are as important as the actual
acid/base strength in clusters such as the sulfuric acid−formic
acid−ammonia system.30

■ CONCLUSIONS
This computational investigation of the (SA)(Gly)(Ser)(A)-
(W)0−5 system, where SA = sulfuric acid, Gly = glycine, Ser =
serine, A = ammonia, and W = water, reveals how amino acids
can compete with ammonia for the formation of complexes
containing these molecules. We have partially corrected the
harmonic frequencies using a scaling factor and demonstrated

that scaling the harmonic frequencies is a better approach than
using the quasi-harmonic method. The amino acids glycine
and serine are competitive with ammonia in the formation of
clusters with sulfuric acid and water because the details of
complex formation are more important than base strength.
Considering the dimers (SA)(Ser), (SA)(Gly), and (SA)(A),
the weakest base, serine, forms the most stable complex, with a
ΔG° for the formation of the (SA)(Ser) complex that is more
than 3 kcal mol−1 more negative than the other two complexes,
a consequence of the strong di-ionic complex formed between
the bisulfate ion and the protonated serine cation. For the
dimers (Gly)(Ser), (Gly)(A), and (Ser)(A), the (Gly)(Ser)
complex is more stable than the other two, as it is the only
complex with two hydrogen bonds holding it together, another
result stemming from the detailed structure and not related to
base strength. For the (SA)(Gly)(Ser)(W)n complexes, glycine
is protonated for the dry complex (n = 0), whereas serine is
protonated for all of the wet complexes (n = 1−5). In contrast,
for the (SA)(Gly)(A)(W)n complexes, we predict that the
ammonia or the glycine can be protonated depending on the
degree of hydration. Either ammonia or serine is protonated
for the (SA)(Ser)(A)(W)n complexes, except for five waters,
where the complex contains a zwitterionic serine along with
the ammonium cation and the bisulfate anion. The ΔG° value
of the (SA)(Ser)(A)(W)5 complex forming from the four
water complex is −5.15 kcal mol−1 at 217 K, which is about 5
kcal mol−1 more negative than the sequential formation of the
four water complex, resulting from the detailed structure of
(SA)(Ser)(A)(W)5. In this complex, serine is a zwitterion and
the five waters stabilize it along with the bisulfate anion and the
ammonium cation. For the largest complex studied, (SA)-
(Gly)(Ser)(A)(W)n, serine is protonated for n = 0, 4;
ammonia is protonated for n = 2, 3, 5; and glycine is

Table 7. DLPNO-CCSD(T) ΔG° Values in kcal mol−1 at 298.15 K for the Formation of Dry Clusters Using the Nonaugmented
and Augmented DZ, TZ, and QZ Basis Sets, along with CBS Extrapolation, Using ωb97xD/6-31++G** Geometries and a
Scaling Factor of 0.971

cluster reaction DZa TZb QZc CBSd

SA + Gly → (SA)(Gly) −7.31 −6.21 −5.99 −5.90
−5.80 −6.51 −6.13 −5.48

SA + Ser → (SA)(Ser) −7.99 −8.18 −8.66 −9.28
−10.20 −9.60 −9.25 −8.88

SA + A → (SA)(A) −8.93 −7.43 −6.88 −6.41
−6.46 −6.72 −6.60 −6.40

Gly + Ser → (Gly)(Ser) −5.05 −3.72 −3.35 −3.09
−3.62 −3.86 −3.52 −3.00

Gly + A → (Gly)(A) −4.27 −2.31 −1.59 −0.98
−1.50 −1.38 −1.27 −1.14

Ser + A → (Ser)(A) −4.83 −2.63 −1.95 −1.44
−1.96 −1.69 −1.63 −1.58

SA + Gly + Ser → (SA)(Gly)(Ser) −14.67 −11.96 −11.32 −10.96
−14.71 −13.27 −11.84 −10.16

SA + Gly + A → (SA)(Gly)(A) −16.54 −13.65 −12.76 −12.07
−12.42 −13.13 −12.57 −11.67

SA + Ser + A → (SA)(Ser)(A) −13.82 −11.18 −11.23 −11.78
−12.47 −12.22 −11.72 −11.08

Gly + Ser + A → (Gly)(Ser)(A) −5.90 −2.91 −1.99 −1.30
−2.83 −2.49 −1.84 −1.00

SA + Gly + Ser + A → (SA)(Gly)(Ser)(A) −18.69 −15.91 −15.21 −14.77
−18.55 −17.03 −15.61 −13.96

acc-pVDZ values are listed on top with the aug-cc-pVDZ values below. bcc-pVTZ values are listed on top with the aug-cc-pVTZ values below. ccc-
pVQZ values are listed on top with the aug-cc-pVQZ values below. dCBS values are listed on top with the aug-CBS values below.
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protonated for n = 1. The two amino acids and ammonia are
almost interchangeable, and there is no easy way to predict
which molecule will be protonated since base strength and
chemical intuition are not useful predictors. Comparing diffuse
functions for the DLPNO-CCSD(T) corrections to the
electronic energy, the results differ significantly for the double
zeta basis set. Comparing ΔG° results for the formation of all
of these complexes using the double zeta, triple zeta, and
quadruple zeta basis sets, as well as extrapolation to the
complete basis set limit, we find that, in general, the ΔG°
values become more positive as the basis set increases in size.

By assuming we have a closed system consisting of the two
amino acids, sulfuric acid, ammonia, and water and initial
starting concentrations of these molecules at two different
temperatures spanning the troposphere, we predict that we will
have clusters of (SA)(W)n=1−3, (Gly)(W), (Ser)(W), (A)(W),
(SA)(Gly)(W)n=0−2, (SA)(Ser)(W)n=0−3, (SA)(A)(W)n=0−3,
(Gly)(A), (Ser)(A), (SA)(Gly)(A), and (SA)(Ser)(A)-
(W)n=0−1 with concentrations greater than 103 cm−3 at 217
K. At 298 K, we predict that we will have clusters of
(SA)(W)n=1−4, (Gly)(W)n=1−2, (Ser)(W)n=1−2, (A)(W)n=1−2,
and (SA)(A)(W)n=0,2 with concentrations greater than 103
cm−3. Prenucleation clusters of 102 to 103 cm−3 are necessary
for the formation of aerosols.1 The predicted atmospheric
concentrations are a function of the initial starting concen-
trations and the ΔG° values for the formation of each cluster.
The most negative ΔG° values are a function of the detailed
molecular interactions of these clusters. These details are more
important than the base strength of ammonia, glycine, and
serine.
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cluster 216.65 K 298.15 K

SAb 8.37 × 105 2.25 × 107

(SA)(W) 7.04 × 105 2.28 × 107

(SA)(W)2 9.66 × 104 4.41 × 106

(SA)(W)3 2.12 × 103 2.22 × 105

(SA)(W)4 9.32 × 101 1.81 × 104

(SA)(W)5 1.29 × 10−2 2.77 × 101

Glyc 9.99 × 107 9.95 × 107

(Gly)(W) 8.67 × 104 5.03 × 105

(Gly)(W)2 3.41 × 102 7.00 × 103

(Gly)(W)3 5.06 × 10−2 1.74 × 101

Serd 8.00 × 107 9.88 × 107

(Ser)(W) 1.49 × 105 1.12 × 106

(Ser)(W)2 2.27 × 101 1.66 × 103

Ae 2.00 × 1011 2.00 × 1011

(A)(W) 6.56 × 106 3.79 × 108

(A)(W)2 5.60 × 101 4.52 × 104

(A)(W)3 1.88 × 10−2 1.03 × 102

(SA)(Gly) 1.90 × 103 1.92
(SA)(Gly)(W) 9.35 × 103 5.27
(SA)(Gly)(W)2 1.04 × 103 5.11 × 10−1

(SA)(Gly)(W)3 4.39 1.20 × 10−2

(SA)(Ser) 4.61 × 106 5.73 × 102

(SA)(Ser)(W) 1.30 × 107 6.43 × 102

(SA)(Ser)(W)2 2.14 × 106 1.20 × 102

(SA)(Ser)(W)3 1.17 × 104 3.83
(SA)(Ser)(W)4 7.66 5.94 × 10−3

(SA)(A) 2.69 × 106 9.12 × 103

(SA)(A)(W) 1.88 × 105 8.55 × 102

(SA)(A)(W)2 2.56 × 107 1.96 × 104

(SA)(A)(W)3 1.08 × 104 9.60 × 101

(SA)(A)(W)4 4.34 × 102 4.21
(Gly)(Ser) 3.28 × 102 7.35 × 10−2

(Gly)(A) 1.23 × 103 4.22
(Ser)(A) 2.55 × 103 9.11
(SA)(Gly)(Ser) 4.37 3.95 × 10−8

(SA)(Gly)(Ser)(W)2 8.36 × 101 2.38 × 10−7

(SA)(Gly)(A) 3.58 × 103 5.19 × 10−4

(SA)(Gly)(A)(W) 6.38 × 101 2.16 × 10−5

(SA)(Gly)(A)(W)2 1.85 1.12 × 10−6

(SA)(Ser)(A) 7.44 × 103 3.16 × 10−4

(SA)(Ser)(A)(W) 9.47 × 104 3.52 × 10−3

(SA)(Ser)(A)(W)2 1.51 × 101 7.08 × 10−7

aStarting concentrations of water were taken as 9.9 × 1014 and 7.7 ×
1017 at 216.65 and 298.15 K, respectively. b[H2SO4]0 = 5 × 107.
c[Gly]0 = 1 × 108. d[Ser]0 = 1 × 108. e[NH3]0 = 2 × 1011 cm−3.
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