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ABSTRACT: The effects of atmospheric aerosols on our climate are one of the biggest = o7
uncertainties in global climate models. Calculating the pathway for the formation of pre- — 3
nucleation clusters that become aerosols is challenging, requiring a comprehensive analysis = ""—| MosHXYMG3S
of configurational space and highly accurate Gibbs free energy calculations. We identified a [ CBS ¥

large set of minimum energy configurations of (H,S0,), using a sampling technique based E DLPNO-CCSD(T)-F12
on a genetic algorithm and a stepwise density functional theory (DFT) approach and | DFT ¥
computed the thermodynamics of formation of these configurations with more accurate | =’ DLPNO-CCSD(T)/CBS

wavefunction-based electronic energies computed on the DFT geometries. The DLPNO-
CCSD(T) methods always return more positive energies compared to the DFT energies.
Within the DLPNO-CCSD(T) methods, extrapolating to the complete basis set limit gives more positive free energies compared to
explicitly correlated single-point energies. The CBS extrapolation was shown to be robust as both the 4-5 inverse polynomial and
Riemann zeta function schemes were within chemical accuracy of one another.

B INTRODUCTION of accurate electronic and vibrational energies. The configura-
tional space of the sulfuric acid trimer is much larger compared
to the monomer and dimer, with only a couple of minimum
energy structures identified for the monomer'® and only four
low-energy structures identified for the sulfuric acid dimer."'

The effects of atmospheric aerosols on our climate are one of
the biggest uncertainties in global climate models, thought to
be a major contributor to cooling the atmosphere through
cloud condensation. Aerosols are defined as gas-phase

molecular clusters ranging from approximately 2 nm to 100 Furthermore, the dynamic nature of the atmosphere requires
pm in diameter that are suspended in the atmosphere and are that the thermodynamics of formation of atmospheric clusters
necessary for the formation and growth of cloud condensation be computed for a range of temperatures representing different
nuclei (CCN),1 Aerosols can be formed from the direct altitudes, with most studies using 216.65 K to represent the top
emission of natural and human-made gases (primary aerosols) of the troposphere, 273.15 K for an intermediate layer, and
as well as from the processing of these primary species by 298.15 K at sea level. Because different global minimum
atmospheric reactions (secondary aerosols)." When an aerosol structures exist at different temperatures and are generally
particle reaches its critical size, its growth through the uptake different from the electronic minimum, a sufficient number of
of water and other atmospheric species outpaces its decay local minimum structures around the global minimum needs to
through fragmentation and a CCN can be formed, leading to be retained throughout the procedure. Equally important in
cloud droplets. Arguably, the most important type of aerosol is retaining a sufficiently large pool of local minimum structures
the sulfuric acid aerosol,” contributing up to 0.4+0.2 W m™? is the accuracy of the final electronic and vibrational energies.
toward a cooling effect on the atmosphere through the To this end, density functional theory (DFT) has proven
resulting cloud droplets.” The primary sources of sulfuric acid invaluable as it balances computational cost with accuracy.
aerosols are secondary aerosols, with the burning of fossil fuels Various researchers have successfully employed the PW91,"”
and biomass contributing the most to the formation of these B3LYP,'® and @wB97'" families of exchange-correlation func-

secondary aerosols by releasing SO, into the atmosphere. tionals, usually coupled with large Pople basis sets.”’ In

Sulfate can then be oxidized by hydroxyl free radicals (OH) to particular, the dispersion-corrected @B97X-D/6-31++G-
eventually form sulfuric acid.* (d,p)¥7—H4e=4s
),

We have explored the thermodynamics of formation of
prenucleation clusters of water,” ™" sulfuric acid and its ]
dimers,'”"" ammonia and amines,'>'? and other species'*~'° Rec.elved: January 30, 2021
with a focus on hydrogen bonding interactions. In this paper, Rev‘?ed: Mar.ch 15, 2021
we report on our investigation of the thermodynamics of Published: April 7, 2021
formation of ternary clusters of sulfuric acid. This pursuit
requires a thorough exploration of the configurational space of
the gas-phase sulfuric acid trimers followed by the calculation

method has proven robust. In addition, high-
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Figure 1. Diagram of the optimization and single-point energy calculation scheme used in this study.

level electronic energies have been used along with the DFT
geometries using methods such as the resolution-of-identity
second-order Moller—Plesset perturbation theory RI-MP2/
aug-cc-pV(T+d)Z with satisfactory results.”® Recently, the
linear-scaling domain-based local pair-natural orbital coupled-
cluster method DLPNO-CCSD(T)*'~* has opened up the
possibility to approach complete basis set limit accuracies at
DFT costs.

In computing the thermodynamic corrections using the
canonical partition function, the use of harmonic vibrational
frequencies presents a source of error due to its poor
description of low-frequency modes associated with shallow
potentials. A detailed look at small water clusters shows that
scaled harmonic frequencies are as good as anharmonic
frequencies at predicting all of the frequencies for
(H,0),_5.*° Temelso et al.'’ employed scaled harmonic
vibrational frequencies to correct for this for sulfuric acid-
water clusters by using matching second-order vibrational
perturbation theory (VPT2) results. For the hydrated sulfuric
acid monomer, the zero-point vibrational energy, Hvib (298.15
K), and Svib (298.15 K) were calculated using the scaling
factors of 0.979, 1.077, and 1.102, respectively, resulting in a
change of —0.47 kcal mol™ in the free energy.'’ In another
case, scaling factors of 0.981, 1.110, and 1.095 for the sulfuric
acid dimer resulted in a change of —0.69 kcal mol™"."" Myllys
et al. evaluated the effects of frequency scaling versus VPT2 as
well as a quasi-harmonic approximation in sulfuric acid-amine
clusters and showed that both scaling to match VPT2 and the
pure VPT2 frequencies reduce the thermal contribution of
vibrations by about 1.6—1.7%, while the quasi-harmonic
approximation increases it by up to 7.8%.°" Ultimately, the
scaling or exclusion of low-frequency harmonic vibrational
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modes seems to have mild effects on the final Gibbs free
energy of formation when compared to larger contributions to
the canonical partition function.

In the current work, we have investigated the formation of
the sulfuric acid trimer using a wide range of electronic
structure approaches. To this end, we first identified a large set
of minimum energy configurations of (H,SO,); using a
sampling technique based on a genetic algorithm. These
structures were then refined using a stepwise DFT approach
until a final set of minima was identified at a sufficiently
accurate level of theory. Finally, we computed the thermody-
namics of formation of these configurations with more accurate
wavefunction-based electronic energies computed on the DFT
geometries. The electronic energies were computed at various
levels of theory, including complete basis set limit (CBS)
extrapolations as well as using explicitly correlated methods.
We first present our computational methodology and then our
results and their consequences.

B COMPUTATIONAL METHODOLOGY

The identification of low-energy configurations of (H,SO,),
was accomplished by first generating a large set of rough
geometries using a genetic algorithm (GA) and then refining
those geometries through a number of increasingly accurate
DFT geometry optimizations. The initial set of GA geometries
was generated using the OGOLEM program®” on the PM7°*
semi-empirical potential energy surface (PES) implemented in
MOPAC2016.>* This algorithm takes an initial pool of
randomly generated configurations and changes them accord-
ing to an evolutionary algorithm until a final set of converged
structures is found. The initial pool size was chosen to be 1000
configurations, and the process was allowed to run for 20,000

https://doi.org/10.1021/acs.jpca.1c00872
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iterations or until convergence. The final set of GA structures
was then screened for uniqueness to eliminate double counting
by comparing their rotational constants and energies resulting
in 787 PM7 minima, with the highest-energy structure existing
10.86 kcal mol™" above the PM7 minimum. Two structures
were deemed identical if their rotational constants and energies
are within 1% or 0.1 kcal mol™ of one another, respectively.
These structures were used as inputs in the following DFT
geometry optimization steps.

In the first pass, the 172 PM?7 structures within S kcal mol™
of the global minimum on the PM7 PES were further
optimized at the MO08-HX/6-31+G* level of theory””***°
using loose convergence criteria (RMS Force = 0.001667 au,
maximum displacement = 0.01 au) in Gaussian 2016 Rev.
B.01.>" The converged geometries were then screened for
uniqueness using the criteria mentioned above, after which the
resulting set of unique geometries was further optimized at the
MO08-HX/MGS3S level of theory, using the Gaussian 16 default
convergence criteria (RMS Force 0.0003 au, maximum
displacement = 0.00180).*****’ The combination of the M08-
HX density functional with the MG3S basis set has been
shown to give accurate bond lengths and angles for gas-phase
noncovalent molecular clusters.* Finally, the resulting set of
unique geometries was once again optimized at the M08-HX/
MGS3S level of theory using tighter convergence criteria (RMS
Force = 0.000010 au, maximum displacement = 0.000060 au),
and the harmonic vibrational frequencies were calculated on
the converged geometries. The harmonic vibrational frequen-
cies were then used to compute thermodynamic corrections to
the energy at temperatures of 216.65, 273.15, and 298.15 K
and a pressure of 1 atm using a modified version of the
THERMO.PL script from the National Institute of Standards
and Technology.*”*" A detailed description of the above
protocol can be found in a recent publication.*”

The Gibbs free energy of formation of gas-phase clusters is
highly sensitive to the electronic structure method because the
electronic energy is the largest contribution to the partition
function. In order to ensure the accuracy of electronic energies
as well as reasonable computational costs, various domain
local-pair natural-orbital coupled-cluster methods with single,
double, and perturbative triple excitations (DLPNO-CCSD-
(T))*'***"~* were employed along with two different CBS
extrapolation schemes. The electronic energies of the final set
of low-energy configurations were calculated at the DLPNO-
CCSD(T)/aug-cc-pVnZ (n = D, T, Q) level of theory
implemented in the ORCA 4.2.1 program,%’47 and these
energies were used in three-point 4-$ inverse polynomial*® and
Riemann zeta function®” CBS extrapolation schemes using in-
house scripts. The CBS expressions for the Riemann zeta
function method are given in ref 49, while derivations of the 4-
S inverse polynomial expressions are included in the
Supporting Information. Furthermore, explicitly correlated
DLPNO-CCSD(T)-F12/cc-pVnZ-F12 (n = T, Q) electronic
energies were computed using the resolution-of-identity
Coulomb/exchange and CABS density-fitting auxiliary basis
sets.*" Finally, these high-level electronic energies were
combined with the DFT thermodynamic corrections to
compute the Gibbs free energy of formation of (H,SO,),.
The above protocol is represented diagrammatically in Figure
1.
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B RESULTS AND DISCUSSION

Minimum Energy Structures. We have identified 13
(H,S0,); clusters with electronic energies <2 kcal mol™" of the
MO08-HX/MG3S global minimum. These clusters exhibit two
main structural motifs depending on the hydrogen bonding
arrangements: linear and triangular. We found three linear
clusters, shown in Figure 2, in which a central sulfuric acid

XA L0 LF
JE £XQ

Henschel

Besel

Figure 2. M08-HX/MG3S optimized structures of linear (H,SO,);
clusters. Structures L1—L3 were found using our methodology,
whereas Henschel and Besel were extracted from the literature and
reoptimized at the M08-HX/MG3S level of theory. Visualization was
generated using Chimera UCSE.**

molecule forms a hydrogen bond bridge between two non-
interacting terminal sulfuric acid molecules. Furthermore, we
have reoptimized two more linear structures from the existing
literature in order to better evaluate the performance of our
methodology. In addition, we found 10 triangular clusters,
shown in Figure 3, where each sulfuric acid molecule forms at
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Figure 3. MO08-HX/MG3S optimized structures of triangular
(H,S0,); clusters. Close interactions outside our criteria for
hydrogen bonds (distances less than 2.4 A and angles greater than
roughly 140°) are colored red. Visualization was generated using
Chimera UCSE.>*

least one hydrogen bond to the other two sulfuric acid
molecules. To our knowledge, most of these triangular clusters
have not been described in the literature and are unique to our
methodology. The mirror image of L3 has been previously
reported by Herb et al,”’ and the mirror image of T7 was
reported by Kubecka et al.>> The mirror image of T1 and T3
are reported by de Souza Gongalves to be the two lowest
electronic energy clusters at the M06-2X/aug-cc-pVTZ level of
theory, corresponding to their structures M06-SAT1 and M06-
SAT?, respectively.”

All of the structures presented here except one have five to
six true hydrogen bonds, where a hydrogen bond is defined as
hydrogen—oxygen distances of less than 2.4 A and O—H--O
bond angles between 140° and 180°. A few hydrogen bonds
had bond angles between 135° and 140° but had shorter H—O
distances and so were included. The linear Besel structure has
only four hydrogen bonds.

https://doi.org/10.1021/acs.jpca.1c00872
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Impact of Configurational Sampling Cutoffs in the
PM7 Step. It has been known for a long time that the PMx
methods are much better at predicting hydrogen-bonded
structures than they are at predicting accurate energies.” As
discussed in the methods section and in Figure 1, the genetic
algorithm used a cutoff of 5 kcal mol™" at the PM7 level of
theory to produce the final set of 23 MO08-HX/MG3S
structures. However, structures reported by Henschel et al.*®
(originally reported by Torpo et al.>”) and Besel et al.>® were
not captured within that S kcal mol™" cutoff. A search through
all 787 PM7 structures (Figure 1) using ArbAlign59 to find
structures with low RMSDs relative to the Bessel and Herschel
structures revealed that some of the PM7 structures in the
5.75—6.50 kcal mol™" range did converge to the Besel and
Henschel structures after M08-HX/MG3S optimization of
these structures. These results show that, to capture all the
relevant previously published structures, a minimum cutoft of
at least 7—8 kcal mol™' was necessary. This leads us to
conclude that, if PM7 is used as an initial conformational
analysis step, the cutoffs must be higher than § kcal mol™', and
we recommend at least 7—8 kcal mol™. In addition, after
completing the energetic comparisons with DLPNO-CCSD-
(T) methods, we learned that the DFT method bunches the
clusters much closer together than the DLPNO-CCSD(T)//
DFT energies, which are spread out considerably after these
single-point-energy calculations. Furthermore, the entire PES
for the PM7 clusters is compressed relative to the M08-HX/6-
31+G* PES such that there is no absolute way to identify
which of the many PM7 configurations will end up in the final
set of M08-HX/MG3S low-energy structures. Figure S1 in the
Supporting Information shows the energy distributions of
configurations optimized at the PM7 (red), MO08-HX/6-
31+G* (green), and M08-HX/MG3S (blue and black) steps
of our methodology. It is clear that the M08-HX/6-31+G*
geometry optimizations spread out the very dense set of PM7
energies. Thus, the only way to ensure that we have identified
all of the PM?7 structures that will eventually result in our final
set of minima is to use a large pool size and run each and every
one of the PM7 configurations through the M08-HX/6-31+G*
step.

Electronic Energies. For each cluster shown in Figures 2
and 3, we present the electronic energies of formation
computed using eq 1 below

AEel = Eel[(HZSO4)3] - 3Eel[HZSO4] (1)

where E[(H,SO,);] is the electronic energy of the sulfuric
acid trimer and E,[H,SO,] is the electronic energy of an
isolated sulfuric acid molecule. This equation represents the
electronic energy change of the process of forming the bound
trimer from infinitely separated monomers in the gas phase at
0 K. Table 1 lists the AE, of the clusters calculated at the M08-
HX/MG3S, DLPNO-CCSD(T)-F12/cc-pVTZ-F12, DLPNO-
CCSD(T)/CBS(Riemann zeta), and DLPNO-CCSD(T)/
CBS(4-5 polynomial) levels of theory. The CBS values are
three-point extrapolations using the aug-cc-pVnZ (n = D, T,
Q) basis sets, hereafter referred to as aVnZ for brevity.

Table 1 reveals that M08-HX favors the triangular structures
while the CCSD(T) methods favor linear structures. Structures
with five hydrogen bonds are predicted to be the minima
across all methods for Gibbs free energy, while structures with
six hydrogen bonds are found as the minima for DFT for
electronic energy and enthalpy (273 and 298 K) compared to
the DLPNO-CCSD(T) methods. In addition, DFT binds

3172

Table 1. Electronic Formation Energies of (H,SO,);
Clusters in Units of kcal mol™'*

MO8- DLPNO- DLPNO- DLPNO-
HX/ CCSD(T)-F12/ CCSD(T)/ CCSD(T)

cluster MG3S cc-pVTZ-F12 CBS(Riemann)  /CBS(4-5)

structure —41.00 —34.31 -31.92 —32.28
T1

structure —40.21 —34.11 —-32.13 —-32.42
T2

structure —40.11 —34.87 —-33.06 -33.31
L1

structure —-39.97 —33.08 —30.89 -31.22
T3

structure -39.79 —-33.42 —31.41 -31.71
T4

structure —39.79 —33.32 —31.24 —31.56
TS

structure —39.74 —33.57 —31.44 —-31.76
T6

structure —-39.55 —-33.81 —-32.13 —32.40
T7

structure —-39.47 -3291 —=31.18 —31.42
T8

structure —39.39 —34.41 —32.68 —32.95
T9

structure -39.34 —35.2§8 —33.43 —33.67
L2

structure —-39.33 —34.11 —-32.31 —32.59
T10

structure —39.22 —34.79 —33.06 —33.30
L3

Henschel —38.79 —34.54 —32.75 —32.99

Besel —37.63 —33.68 —31.88 —32.13

“The first column lists the cluster names as presented in Figures 2 and
3. The second column lists the DFT energies calculated at the M08-
HX/MGS3S level of theory. The third column lists the explicitly
correlated energy calculated at the DLPNO-CCSD(T)-F12/cc-
pVTZ-F12 level of theory. The fourth and fifth columns list the
three-point (aVDZ, aVTZ, and aVQZ) complete basis set limit
extrapolation energies calculated using the Riemann zeta and 4-S
inverse polynomial schemes, respectively. For each method, the
lowest electronic formation energy is denoted in bold.

much more strongly compared to any of the DLPNO-
CCSD(T)//DFT methods. This means that the Gibbs free
energies calculated using DFT electronic contributions may
lead to overestimation of the formation equilibrium constant
by many orders of magnitude because of the equilibrium
constant’s exponential dependence on Gibbs free energy. In
addition, the CBS extrapolated energies using the 4-S and
Riemann methods are extremely close, providing additional
confidence in both extrapolation procedures. Comparing the
CBS values to the explicitly correlated F12 numbers reveals
that the cc-pVTZ-F12 values are generally 2 to 3 kcal mol™
more negative than the CBS values. To address this point, we
calculated the cc-pVQZ-F12 values for three of the structures
in Table 1. We found that the DLPNO-CCSD(T)-F12/cc-
pVQZ-F12 electronic energies for L2, L3, and Henschel
structures were —35.65, —35.16, and —34.90 kcal mol™!, which
are close to the DLPNO-CCSD(T)-F12/cc-pVTZ-F12 results
in Table 1. Thus, the explicitly correlated F12 methods are the
same with both the triple zeta and quadruple basis sets. This
raises the question of how reliable the explicitly correlated F12
methods will be compared to the traditional CBS extrapolation
procedures.

Gibbs Free Energies at 298 K by Each Method. Table 2
lists the resulting standard Gibbs free energies (AG°) of

https://doi.org/10.1021/acs.jpca.1c00872
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Table 2. Gibbs Free Energies of Formation of (H,SO,);
Clusters at a Temperature of 298.15 K in Units of kcal
mol ™'

MO8- DLPNO- DLPNO- DLPNO-
HX/ CCSD(T)-F12/ CCSD(T)/ CCSD(T)

cluster MG3S cc-pVTZ-F12 CBS(Riemann)  /CBS(4-5)

structure —12.18 —5.48 -3.09 —3.45
T1

structure —13.48 -7.39 —5.40 —5.69
T2

structure —12.55 -7.31 -5.50 =575
L1

structure —11.80 —491 —=2.72 —3.04
T3

structure —12.65 -6.29 —4.27 —4.58
T4

structure —12.47 —6.01 -3.93 —4.25
TS

structure —12.10 -5.93 -3.80 —4.12
Té6

structure —12.39 —6.66 —-4.97 —-5.24
T7

structure —13.28 —6.72 —4.96 -5.23
T8

structure —12.66 —7.67 -5.95 —6.22
T9

structure —13.28 —-9.18 -7.37 —7.61
L2

structure —-12.74 —7.52 —=5.72 —6.00
T10

structure —13.42 —-8.99 —=7.25 —-7.49
L3

Henschel —-13.47 -9.22 —7.43 —7.66

Besel —12.45 —8.49 —6.70 —6.94

“The first column lists the cluster names as presented in Figures 2 and
3. Then each column thereafter corresponds to the Gibbs free
energies (AG®) of formation at the levels of theory labeled in the top
row. The lowest energy AG® value for each method is denoted in

bold.

formation of the (H,SO,); clusters at room temperature
calculated at MO08-HX/MG3S//MO08HX-MG3S, DLPNO-
CCSD(T)-F12/cc-pVTZ-F12//M08-HX/MG3S, DLPNO-

CCSD(T)/CBS(Riemann)//M08-HX/MG3S, and DLPNO-
CCSD(T)/CBS(4-5)//M08-HX/MG3S levels of theory,
where CBS(Riemann) and CBS(4-S) correspond to three-
point complete basis set limit extrapolations using the Riemann
zeta function®” and 4-S inverse polynomial*® extrapolation
schemes along with aug-cc-pVnZ basis sets where n =D, T, Q.
Tables S2—S6 in the Supporting Information present the
ZPVE, AH®, and AG° values at 217,273, and 298 K for all five
methods discussed in this paper.

The minimum energy structures shift from T1 (Table 1) to
T2 for the DFT method and from L2 (Table 1) to the linear
Henschel structure once AG® is calculated at 298 K. The AG®
formation values for DLPNO-CCSD(T)-F12/cc-pVTZ-F12
increase dramatically relative to the MO08-HX/MG3S AG°
values. In addition, moving from the F12 method to the
Riemann and 4-5 CBS methods reveals that extrapolation to
the CBS using the correlated double, triple, and quadruple
basis sets result in another several kcal mol™" increase in Gibbs
free energy. The Riemann and 4-5 CBS results are virtually
identical relative to the expected error in this method of less
than a kcal mol™.°°"%* These differences in AG® will have a
profound effect on efforts to calculate the initial growth of pre-
nucleation complexes as AG° values are combined with
concentrations of monomers in the atmosphere to predict the
pathways for nucleation to occur.”"’

CBS Enthalpies and Gibbs Free Energies as a
Function of Temperature. Table 3 presents the DLPNO-
CCSD(T)/CBS//M08-HX/MG3S AG® energies using the 4-
S extrapolation method for three temperatures that span the
troposphere. Table 3 reveals that the linear structure L2 is the
minimum at 217 K, while the Henschel structure is the
minimum in Gibbs free energy at 273 and 298 K. The L2
minima are a bit more linear than the Henschel structure, with
the S—S—S angle 11° straighter. There are many minima
within a few kcal mol™ of the global minima at each
temperature so that a Boltzmann distribution would need to be
considered for the ensemble of structures that would be
expected to be present at each temperature. Likewise,
corrections to the AG values using scaled frequencies, or a

Table 3. DPLNO-CCSD(T)/CBS(4-5)//M08-HX/MG3S Thermodynamics of Formation of (H,SO,); Clusters in Units of

kcal mol™ ¢
216.65 K 273.15 K 298.15 K

cluster AH° AG° AH° AG° AH° AG°
structure T'1 —29.56 —10.58 —29.50 —5.63 —29.4S5 -3.45
structure T2 -30.57 —12.47 —30.44 -=7.77 —30.36 —5.69
structure L1 -30.72 —12.56 —30.61 —7.84 —30.54 -5.75
structure T3 —28.44 -9.97 —-28.34 -5.17 —28.27 -3.04
structure T4 —29.20 —11.28 —-29.07 —6.63 —28.99 —4.58
structure TS —-29.33 —11.08 —-29.21 —6.34 —-29.14 —4.25
structure T6 —29.18 —10.95 —29.07 —-6.21 —29.00 —4.12
structure T7 —29.88 —11.96 —29.77 —7.30 —29.70 —-5.24
structure T8 —29.57 —11.86 —29.40 —7.26 —29.32 —-5.23
structure T9 -30.50 —12.84 —30.41 —-8.25 —-30.35 —6.22
structure L2 —31.01 —-13.98 —30.89 —9.56 —-30.82 -7.61
structure T10 —30.16 —12.58 -30.05 —-8.01 —29.98 —6.00
structure L3 —30.68 —13.81 —30.56 -9.42 —-30.49 —7.49
Henschel —30.46 —13.87 —30.34 -9.56 —-30.27 -7.66
Besel —29.51 —13.09 —29.37 —-8.82 —29.30 —6.94

“The first column lists the cluster names as presented in Figures 2 and 3. Then, each pair of columns thereafter corresponds to the enthalpy (AH®)
and Gibbs free energies (AG®) of formation at the temperatures labeled in the top row. The global AG® minimum has been denoted in bold.
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Table 4. Changes in the Thermodynamic Corrections (kcal mol™') Associated with the Formation of (H,SO,); Structure T2
from Infinitely Separated Monomers Computed Using Unscaled (1.000) and Scaled (0.973) Harmonic Frequencies at the

MO08-HX/MG3S Level of Theory”

0K 216.65 K 273.1S§ K 298.15 K
scaling factor ZPE Hcorr Gcorr Hcorr Georr Hcorr Gcorr
1.000 2.320 —0.472 19.948 —0.338 24.654 —0.261 26.727
0.973 2259 —0.448 19.805 —0.305 24.481 —0.229 26.541
A —0.061 0.024 —0.143 0.033 —-0.173 0.032 —-0.186

“The difference between the scaled and unscaled values are listed in

the last row (A).

quasi-harmonic approximation, would be necessary to arrive at
the most accurate AG® values. Yet, the differences between the
F12 and CBS methods of extrapolation to arrive at AG® values
for cluster formation is larger than these smaller corrections
would provide.

Impact of Scaling Frequencies on Gibbs Free Energy
of Formation. Scaling harmonic frequencies or calculating
anharmonic frequencies is critical for spectroscopists who are
trying to locate hydrogen-bonded molecular clusters in their
experiments.’>*>°® Yet, previous work has indicated that
scaling has less impact on the resulting Gibbs free energy of
formation values.'”''2° At the suggestion of a reviewer, we
investigated this point by computing the effects of scaling
frequencies on the thermodynamics of formation of structure
T2, the DFT global minimum for Gibbs free energy. Truhlar
and co-workers have shown that scaling M08-HX/MG3S
harmonic frequencies by a factor of 0.973 yields accurate zero-
point vibrational energy (ZPE) values for a comprehensive
database of molecules.”” Table S11 in the Supporting
Information lists the effects of no scaling (1.000) versus
using Truhlar’s scaling factor of 0.973 on the thermodynamic
corrections computed for the bound (H,SO,); structure T2,
and Table S12 shows the same values for the H,SO, monomer.
Frequency scaling reduced the room temperature Gibbs free
energy correction for the trimer by 2.34 kcal mol™" and for the
monomer by 0.72 kcal mol™". Table 4 lists the changes in the
thermodynamic corrections associated with the formation of
structure T2 from infinitely separated monomers. The room
temperature Gibbs free energy correction changes by only
0.186 kcal mol™!, suggesting that scaling harmonic frequencies
results in negligible changes in the thermodynamic corrections
used in computing Gibbs free energies of formation.

Bl CONCLUSIONS

We have presented the electronic energies and thermodynamic
corrections for the formation of the sulfuric acid trimer
computed at various levels of theory. Specifically, the method
of correcting DFT electronic contributions with DLPNO-
CCSD(T) and its explicitly correlated counterpart was
examined within the context of the final Gibbs free energies
of formation. We found that the DLPNO-CCSD(T) methods
always return more positive electronic energies compared to
the DFT energy corresponding to the optimized geometries.
Therefore, the final Gibbs free energies computed using DFT
vibrational frequencies along with high-level electronic energies
are always more positive compared to the pure DFT free
energies. Within the DLPNO-CCSD(T) methods, we have
shown that extrapolating to the complete basis set limit gives
even more positive free energies when compared to explicitly
correlated single-point energies. The CBS extrapolation was
shown to be robust since both the 4-S inverse polynomial and

Riemann zeta function schemes were well within chemical
accuracy of one another. Furthermore, we note that the first
PM7 step of configurational sampling in the GA/DFT/
DLPNO funnel methodology must retain as many structures
as possible for the subsequent DFT geometry optimizations
due to the risk of missing important local minima that can
eventually converge to the ensemble of DFT global minima.
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