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ABSTRACT: We investigate the utilization of the domain local pair natural orbital coupled cluster
(DLPNO-CCSD(T)) method for calculating binding energies of atmospherical molecular clusters.
Applied to small complexes of atmospherical relevance we find that the DLPNO method significantly
reduces the scatter in the binding energy, which is commonly present in DFT calculations. For
medium sized clusters consisting of sulfuric acid and bases the DLPNO method yields a systematic
underestimation of the binding energy compared to canonical coupled cluster results. The errors in
the DFT binding energies appear to be more random, while the systematic nature of the DLPNO
results allows the establishment of a scaling factor, to better mimic the canonical coupled cluster
calculations. Based on the trends identified for the small and medium sized systems, we further
extend the application of the DLPNO method to large acid - base clusters consisting of up to 10
molecules, which have previously been out of reach with accurate coupled cluster methods. Using the Atmospheric Cluster
Dynamics Code (ACDC) we compare the sulfuric acid dimer formation based on the new DLPNO binding energies with
previously published RI-CC2/aug-cc-pV(T+d)Z results. We also compare the simulated sulfuric acid dimer concentration as a
function of the base concentration with measurement data from the CLOUD chamber and flow tube experiments. The DLPNO
method, even after scaling, underpredicts the dimer concentration significantly. Reasons for this are discussed.

1. INTRODUCTION

Intermolecular hydrogen-bonding interactions are responsible
for the formation of molecular clusters in the atmosphere.1

Through a clustering mechanism atmospheric vapors can be
converted into aerosol particles.2 Atmospheric aerosols are
important for Earth’s radiation balance, counteracting the
warming effect of greenhouse gases, by scattering radiation back
into space. The formation of new particles is not yet
understood but is believed to often involve sulfuric acid
coupled to a stabilizing component, such as ammonia,3−8

amines,9−21 or nonbasic oxidized organic compounds.22−44

Computational methods are an important tool to explore the
initial steps in new particle formation, as small clusters are
difficult to detect experimentally. Furthermore, the composition
of neutral clusters cannot be measured directly, as charging
necessarily carries the risk of changing the cluster composition.
Calculated Gibbs free energies can be used to establish cluster
stabilities and, together with estimates of collision rates and the
detailed balance assumption, evaluate the cluster population
dynamics using for example the Atmospheric Cluster Dynamics
Code (ACDC).45−47 Highly accurate ab initio calculations on
atmospheric molecular clusters are valuable but limited to small
clusters due to the steep scaling of computational cost with
respect to system size. Shields and coworkers have published
four papers on MP2/CBS and CCSD(T)/CBS calculations for
small systems to illuminate the importance of hydration of
various atmospheric species: hydration of sulfuric acid and the
sulfuric acid dimer by Temelso et al.,48,49 the atmospheric
implication of the hydration of the bisulfate ion by Husar et

al.,50 and the hydration of the sulfuric acid−methylamine
complex by Bustos et al.51

Obtaining information about larger clusters is essential to
bridge the gap between theory and experiments. Density
functional theory is a popular choice for estimating the
geometries and thermochemistry for the formation of larger
atmospheric molecular clusters. Benchmarks utilizing either
accurate computational Gibbs free energies or carefully
conducted experiments are sparse but extremely valuable in
the assessment of the performance of different DFT func-
tionals.52−54 Using a large test set of atmospheric molecular
clusters, we have recently evaluated DFT binding energies
against coupled cluster results55 and tested how the thermal
contribution to the Gibbs free energy depends on the choice of
functional.56 The DFT binding energies were found to be the
largest source of errors when evaluating the free energies of
strongly hydrogen bonded atmospheric molecular clusters. This
work further extends our analysis to assess the feasibility of
higher level ab initio methods to obtain the binding energies.
Different approximations can be invoked to apply accurate ab
initio methods beyond medium-sized systems. Using density
fitting (DF)/resolution of identity (RI) methods the computa-
tional scaling can be significantly reduced with respect to basis
set size.57,58 The emergence of explicitly correlated methods
significantly improves the slow convergence of the electron
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correlation energy with respect to the basis set size.59−61

Another common approach is to utilize localized orbitals, which
will allow calculations on significantly larger systems. Recently,
Riplinger and Neese developed a domain local pair natural
orbital coupled cluster method (DLPNO-CCSD(T)).62,63 This
is the first black-box-localized coupled cluster method that
allowed the calculation of the single-point energy of an entire
Crambin protein (644 atoms). The DLPNO-CCSD(T)
method differs slightly from the corresponding canonical
methods by employing the T0 approximation for evaluating
the triples. The T0 approximation neglects all off-diagonal Fock
Matrix elements and thereby yields a significant computational
speed-up. Employing the T0 approximation should recover
∼97% of the full local triple correction.63 We investigate the
applicability of the DLPNO-CCSD(T) method in the context
of atmospheric new particle formation. We initially benchmark
the DLPNO-CCSD(T) method against explicitly correlated
canonical coupled cluster methods for small complexes of
atmospheric relevance. The analysis is extended to medium-
sized clusters consisting of sulfuric acid and ammonia/
dimethylamine. On the basis of these results, we further extend
the analysis to larger clusters and apply the DLPNO-CCSD(T)
method on clusters consisting of up to five sulfuric acid and up
to five ammonia/dimethylamine molecules, which have
previously been out of reach with accurate coupled cluster
methods.

2. COMPUTATIONAL DETAILS
All density functional theory geometry optimizations and
frequency calculations have been performed with Gaussian
09.64 For applying empirical dispersion, Gaussian 09 rev. D was
used.65 The Grimme’s D3 version was utilized in all cases.66

Explicitly correlated coupled cluster calculations have been run
using Molpro 2012.67 Domain-based local pair natural orbital
coupled cluster calculations have been performed with ORCA68

with a def2-QZVPP basis set. Henceforth we will refer to the
CCSD(T)-F12a/VDZ-F12 and DLPNO-CCSD(T)/def2-
QZVPP levels of theory simply as F12 and DLPNO,
respectively. The cluster binding energy and cluster binding
Gibbs free energy are calculated as follows
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From the cluster binding energies the thermal contribution to
the Gibbs free binding energy can be calculated

Δ = Δ − ΔG G Etherm binding binding

Unless otherwise noted all thermochemical parameters have
been calculated using rigid rotor−harmonic oscillator approx-
imations at 298 K and 1 atm.

3. RESULTS AND DISCUSSION
3.1. Gibbs Free Energies of Small Complexes. To test

the variation in the thermal contribution to the Gibbs free
energy using different DFT functionals and the accuracy of the
DFT and DLPNO binding energies, we initially investigate the
following six complex formation reactions

+ ⇋H SO H O (H SO )(H O)2 4 2 2 4 2 (1)

+ ⇋(H SO )(H O) H O (H SO )(H O)2 4 2 2 2 4 2 2 (2)

+ ⇋H SO NH (H SO )(NH )2 4 3 2 4 3 (3)

+ ⇋H SO (CH ) NH (H SO )((CH ) NH2 4 3 2 2 4 3 2 (4)

+ ⇋H SO HCOOH (H SO )(HCOOH)2 4 2 4 (5)

+ ⇋H SO H SO (H SO )2 4 2 4 2 4 2 (6)

These reactions represent some of the key interactions in
atmospheric aerosols, that is, sulfuric acid hydration (reactions
1 and 2), interaction of sulfuric acid with inorganic bases
(reaction 3), organic bases (reaction 4), organic acids (reaction
5), and inorganic acids (reaction 6). To obtain the geometries,
we tested 11 different DFT functionals with the 6-311+
+G(3df,3pd) basis set as well as MP2 with the aug-cc-pv(D
+d)z and aug-cc-pv(T+d)z basis sets. As a benchmark the
binding energy is evaluated at the DFT/MP2 geometries using
a high-level explicitly correlated F12 method. All individual
binding energies for each reaction can be seen in the
Supporting Information. There is a large scatter in the
calculated DFT binding energies depending on which func-
tional is utilized, with variations up to 4.0 kcal/mol between
PW91 and CAM-B3LYP-D for the formation of the (H2SO4)2
complex (see Table S1). We have excluded B3LYP from the
analysis due to its known deficiency in calculating binding
energies; however, there is little variation between the different
functionals in the thermal contribution to the Gibbs free
energy. The largest thermal variation is between M11 and
B3LYP-D for the (H2SO4)(H2O)2 complex with a difference of
1.1 kcal/mol (see Table S2). This further confirms that the
binding energy is the largest source of errors in modeling
atmospheric molecular clusters and that the thermal contribu-
tion is well reproduced by all functionals. Using coupled cluster
single-point energy calculations on top of the DFT/MP2
geometries to obtain the binding energies significantly reduces
the scatter with the largest variation being reduced to 0.6 kcal/
mol (see Table S3). Table 1 presents the mean absolute error
(MAE), mean signed error (MSE), and maximum error (ME)
in the DFT/MP2 binding energies compared with F12 results
for reactions 1−6.

Table 1. Mean Absolute Error (MAE), Mean Signed Error
(MSE), and Maximum Error (ME) in the DFT/MP2
Binding Energy Compared with CCSD(T)-F12a/VDZ-F12a

method ΔEMAE ΔEMSE ΔEME

PW91 1.3 −0.8 2.5
M062X 1.1 −1.0 1.3
ωB97X-D 0.5 −0.5 0.9
B3LYP 1.4 1.4 3.2
PBE0 0.8 −0.2 1.5
CAM-B3LYP 0.9 −0.6 1.4
M11 1.1 −1.1 2.5
M06-2X-D 1.2 −1.1 1.4
B3LYP-D 1.3 −1.3 1.7
PBE0-D 1.9 −1.9 2.5
CAM-B3LYP-D 2.5 −2.5 3.3
MP2/av(D+d)z 0.8 −0.6 2.6
MP2/av(T+d)z 0.9 −0.9 1.8

aFor all DFT functionals the 6-311++G(3df,3pd) basis set was used.
Values are in kcal/mol.
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Several of the functionals have a MAE in the binding energy
below 1 kcal/mol compared with F12 results. Including
empirical dispersion significantly improves the MAE for
B3LYP but increases the error for PBE0 and CAM-B3LYP.
For M06-2X the results are unaffected by the dispersion
correction. The ωB97X-D functional yields binding energies in
best agreement with coupled cluster results with a maximum
deviation of 0.9 kcal/mol for the formation of the (H2SO4)-
((CH3)2NH) complex. To test the performance of the DLPNO
method, we look closer at reaction 6, which posed the largest
variations in the binding energy for the DFT/MP2 methods. In
Table 2 the binding energies of reaction 6 are seen calculated

using DFT with a 6-311++G(3df,3pd) basis set, compared with
DLPNO and F12 calculations. The highest and lowest values
are marked in bold for each level of theory, excluding B3LYP
due to its known deficiency in calculating binding energies. The
scatter is reduced from 4.0 to 0.6 kcal/mol when using DLPNO
compared with DFT. The scatter in the F12 calculation is seen
to be slightly lower than DLPNO with a value of 0.4 kcal/mol.
The DLPNO method is observed to underbind compared

with canonical coupled cluster, with a mean absolute error of
0.6 kcal/mol and with the largest deviation being 0.9 kcal/mol.
Using a single functional (M06-2X) to obtain the geometries,
the DLPNO method was tested against F12 for reactions 1−6.
We obtain a MAE of 0.4 kcal/mol with a maximum error of 0.8
kcal/mol for the (H2SO4)((CH3)2NH) complex. Interestingly,
the underbinding of the DLPNO method is consistent, which is

not the case for the DFT functionals, where the sign of the
error is very dependent on the reaction at hand. This indicates
that the DLPNO calculation can be used as a lower bound for
the ”true” canonical coupled cluster binding energy.

3.2. Extensions to Medium Sized Clusters. To extend
the usage of the DLPNO method to larger clusters, we compare
it with canonical coupled cluster methods for medium-sized
systems. The binding energies of (H2SO4)1−2(NH3)1−2 and
(H2SO4)1−2((CH3)2NH)1−2 clusters are presented in Table 3.
The geometries were extracted from Ortega et al.46 and have
been re-evaluated using the M06-2X functional. The structures
obtained in the work of Ortega et al. represent several years of
intensive configurational sampling of the system, and thereby
no further sampling was conducted.
While very similar in construction, we substitute the 6-311+

+G(3df,3pd) basis set with MG3S because it has been widely
used together with the M06-2X functional. Using the VDZ-F12
basis set allowed calculations on clusters up to
(H2SO4)2(NH3)2, with the (H2SO4)2((CH3)2NH)2 cluster
being too large. DLPNO calculations were easily performed
on all the medium-sized systems.
The binding energy calculated using the DLPNO method

underbinds compared with canonical coupled cluster methods,
which is consistent with the trends identified for the smaller
complexes. The MAE between the canonical and local coupled
cluster method is 1.3 kcal/mol, with a maximum error of 2.4
kcal/mol for the (H2SO4)2(NH3)2 cluster. The M06-2X/MG3S
binding energies overbind compared with the explicitly
correlated coupled cluster results and yield a MAE of 1.3
kcal/mol, with the largest variation up to 2.8 kcal/mol, as seen
for the (H2SO4) (NH3)2 cluster. Although the MAE for M06-
2X/MG3S and DLPNO is identical, the error in the DLPNO
binding energy is seen to increase with increasing system size,
whereas the M06-2X/MG3S errors appear to be more random.
This could indicate that the DLPNO error is a systematic
underestimation. The ratio between the F12/DLPNO results is
found to be in the range of 1.01 to 1.04, with a mean ratio of
1.03. By scaling the DLPNO results by this factor the MAE is
reduced from 1.3 to 0.3 kcal/mol, with a maximum error of 0.5
kcal/mol. This indicates that the DLPNO method is an
attractive choice for calculating the binding energies of
atmospheric molecular clusters, as the results are more
systematic than those of DFT methods. The scaling factor of
1.03 derived here should not be used as a global scaling factor,
as different systems behave differently in this respect. We
recently identified that the ratio between the F12/DLPNO
results for clusters consisting of highly oxidized ketodiperoxy
acids and sulfuric acid would yield a scaling factor of 1.10.40

Table 2. Calculated Binding Energies (ΔE) for the
Formation of the (H2SO4)2 Complex in Reaction 6 Using
DFT/6-311++G(3df,3pd), DLPNO-CCSD(T)/def2-
QZVPP, and CCSD(T)-F12a/VDZ-F12a

ΔEDFT ΔEDLPNO ΔECC−F12

PW91 −17.2 −17.0 −17.8
M062X −19.1 −17.4 −17.9
ωB97X-D −18.4 −17.5 −17.9
B3LYP −15.9 −17.2 −17.9
PBE0 −17.5 −17.2 −17.8
CAM-B3LYP −18.5 −17.3 −17.8
M11 −18.6 −17.0 −17.9
M062X-D −19.3 −17.4 −17.9
B3LYP-D −19.7 −17.5 −18.0
PBE0-D −19.9 −17.2 −17.8
CAM-B3LYP-D −21.1 −17.4 −17.8
MP2/av(D+d)z −17.7 −17.3 −18.2
MP2/av(T+d)z −18.8 −17.5 −18.0

aValues are presented in kcal/mol.

Table 3. Binding Energies Calculated Using M06-2X/MG3S and Coupled Cluster Methodsa

method basis set F12 VDZ-F12 def2-QZVPP M06-2X MG3S ΔDLPNO‑F12 ΔDFT‑F12

(H2SO4) (NH3) −16.1 −15.9 −17.8 0.2 −1.7
(H2SO4)((CH3)2NH) −23.7 −22.9 −23.6 0.8 0.1
(H2SO4) (NH3)2 −30.6 −30.0 −33.4 0.6 −2.8
(H2SO4)((CH3)2NH)2 −38.2 −36.6 −39.7 1.6 −1.5
(H2SO4)2(NH3) −45.1 −43.5 −46.4 1.6 −1.3
(H2SO4)2((CH3)2NH) −56.8 −55.0 −57.3 1.8 −0.5
(H2SO4)2(NH3)2 −64.6 −62.2 −65.9 2.4 −1.3
(H2SO4)2((CH3)2NH)2 −82.9 −87.0

aAll geometries have been obtained at the M06-2X/MG3S level of theory. The values are presented in kcal/mol.
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3.3. Extension to Large Clusters. In the previous two
sections it was shown that the DLPNO method significantly
reduces the potential scatter in the binding energies, which are
present in DFT calculations. Furthermore, the DLPNO
method consistently underbinds compared with canonical
coupled cluster, which indicates that the binding energies can
be used as a lower bound. We now extend the calculations to
large (H2SO4)1−5(NH3)1−5 and (H2SO4)1−4((CH3)2NH)1−5
clusters. All of the clusters have been extracted from the
work by Ortega et al.46 and Figure 1 shows the Gibbs free
binding energies of these clusters.

The Gibbs free binding energies are very dependent on
several factors, most importantly the temperature and the
treatment of electron correlation used to evaluate the binding
energies. For the Gibbs free energy the effect of lowering the
temperature from 298 to 278 K and including perturbative
triples (T) in the treatment of electron correlation is shown in
Figure 2. The temperature variation illustrates how ΔG values
vary with the conditions, while the inclusion of (T) illustrates
the sensitivity of the values toward the electron correlation
treatment. The values are reported relative to the DLPNO
values shown in Figure 1. Previously, the potential
energy surface of the (H2SO4)1− 5(NH3)1− 5 and
(H2SO4)1−4((CH3)2NH)1−5 clusters has been evaluated using
RI-CC2/aug-cc-pV(T+d)Z binding energies calculated on top
of B3LYP/CBSB7 geometries, denoted B3RICC2.46 The effect
of using B3RICC2 instead of DLPNO//M06-2X/MG3S is also
shown in Figure 2a for ammonia and Figure 2b for
dimethylamine.
Lowering the temperature from 298 to 278 K, the formation

free energies are seen to be up to 6.4 kcal/mol more favorable.
On average the lower temperature leads to 11 and 8% more
favorable binding free energies for the ammonia and dimethyl-
amine containing clusters, respectively. It is well known that
new particle formation is accompanied by a decrease in the
entropy and thereby leads to more favorable Gibbs free
energies as the temperature decreases.1

The binding energies have been calculated at both the
DLPNO-CCSD and DLPNO-CCSD(T) level of theory to
illustrate the importance of the perturbative triples for these
large clusters. The triples contribution accounts for up to 5.9
kcal/mol in the Gibbs free energy. This further emphasizes that
perturbative triples are essential when utilizing coupled cluster
methods to study atmospheric molecular clusters. The effect of

including perturbative triples and changing the temperature
from 298 to 278 K is similar in magnitude.
As established in previous sections, the DLPNO method is

underestimating the binding energies. Previously, the B3RICC2
method has been used to calculate the binding free energies of
sulfuric acid−ammonia and sulfuric acid−dimethylamine
clusters. It has, however, been established that B3RICC2
overestimate the binding energies compared with high-level
explicitly correlated coupled cluster.56 Figure 2 shows the
difference between the DLPNO and B3RICC2 calculated
Gibbs free energies. The B3RICC2 Gibbs free energies are
significantly more negative than DLPNO, by up to 35.8 kcal/
mol. The effect of the level of theory used to obtain the binding
energy influences the Gibbs free energy significantly more than
changing the temperature and including triples corrections.
Because of the higher accuracy of the DLPNO method, the
DLPNO binding energies should be significant more reliable
than the B3RICC2 values. In Section 3.2 it was found that
applying a scaling factor of 1.03 to the DLPNO binding energy
yielded significantly better agreement with the explicitly
correlated canonical coupled cluster values. After applying

Figure 1. Gibbs free binding energies of (H2SO4)1−5(NH3)1−5 and
(H2SO4)1−4((CH3)2NH)1−5 clusters, calculated at the DLPNO-
CCSD(T)/def2-QZVPP//M06-2X/MG3S level of theory.

Figure 2. Illustration of the sensitivity of ΔG on the conditions and
the calculation method. The effect of changing the temperature from
298 to 278 K is shown in blue. The effect of including perturbative
triples are shown in red. The effect of using the RI-CC2/aug-cc-pV(T
+d)Z//B3LYP/CBSB7 level of theory is shown in green. All values are
in kcal/mol and are shown relative to DLPNO results.
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this scaling factor, the resulting Gibbs free energy values should
represent a reliable measure close to the real CCSD(T)-F12a/
VDZ-F12 value. The unscaled and scaled DLPNO Gibbs free
energy values are plotted alongside B3RICC2 results in Figure
3a for ammonia and Figure 3b for dimethylamine.

While the scaling factor makes the cluster formation free
energies more favorable, the values are still significantly less
favorable than the B3RICC2 values. It should be mentioned
that a new configurational sampling has not been performed, so
the clusters may not represent a global minimum on the
DLPNO//M06-2X/MG3S potential energy surface. This
implies that we obtain a lower bound for the stability and
thereby an upper bound for the ΔG value. Other effects such as
conformational and vibrational anharmonicity, extrapolation to
the complete basis set limit, and hydration could also all make
the cluster formation free energies more negative. Test
calculations on basis set effects were carried out by
extrapolation to the complete basis set limit (3−4 extrap-
olation) and indicated a minor difference of <1 kcal/mol. Tests
on different conformations of the (H2SO4)3(NH3)3 cluster
indicated that conformational sampling could yield a lowering
of up to 3.8 kcal/mol in the binding energy. Assuming that the
effect of conformational sampling scales with system size, which

is reasonable considering the exponentially increasing amount
of local minima, large clusters consisting of 10 molecules could
thus easily be affected by up to ∼6 kcal/mol. Previous studies
on hydration of acid−base clusters have shown that the
maximum achievable effective stabilization caused by hydration
is on the order of ∼2 kcal/mol.69 The effective stabilization was
evaluated using the difference of acid or base evaporation rates
at RH 0% and RH 100%. It should be noted that in terms of the
evaporation rates, many clusters are actually destabilized rather
than stabilized by hydration. The role of anharmonicity has
previously been studied for water clusters, where it was found
that the energetic ordering of the isomers were unaffected, but
the formation free energy was lowered by ∼0.4 kcal/mol per
water molecule in a 10-water cluster.70 This indicates that the
collective effect of all of these contributions could make the
formation free energies of the largest clusters significantly more
negative. As a rough estimate for a cluster consisting of 10
molecules this would add up to ∼13 kcal/mol (1 kcal/mol for
the basis set extrapolation, 6 kcal/mol from configurational
sampling, 4 kcal/mol for anharmonicity, and 2 kcal/mol for
hydration). While a significant change, it is worth noting that
even this estimate is significantly smaller than the difference
between DLPNO and B3RICC2 results for the largest clusters.

3.4. Comparison with Dimer Formation Experiments.
The formation of sulfuric acid dimers has been shown to be an
important initial step in the formation of new particles.47 To
estimate the applicability of the DLPNO method, we compared
the calculations with the CLOUD chamber experiments at
CERN17 and the flow tube measurements of Jen et al.71

The total concentration of sulfuric acid “dimers” (defined as
the sum of the concentrations of all clusters containing two
sulfuric acid molecules and any number of stabilizing water
and/or base molecules) has been measured as a function of
both the sulfuric acid monomer concentration and the base
concentration. Note that the concentration measurement is
performed by chemical ionization mass spectrometry, which
results in the loss of almost all stabilizer molecules prior to
detection of the dimers as (HSO4

−)(H2SO4).
72 These

measurements can be compared with the dimer concentration
predicted by the Atmospheric Cluster Dynamics Code
(ACDC) code73 using either the scaled DLPNO or the
B3RICC free energies as input. In brief, the model solves the
time evolution of the cluster concentrations by using the
estimated rates of the evaporation and condensation processes
of the clusters. The used model is described in detail by
McGrath et al.73 and Olenius et al.74 For comparison with the
dimer data of the CLOUD measurements at CERN,17 the
simulated concentrations should reach a steady state ; that is,
the concentrations are converged with time. (See Figure 4a for
ammonia and Figure 4b for dimethylamine.) Also, the
monomer concentrations for acid and base are kept constant
during the simulation. The measurement by Jen et al.71 has a
well-defined reaction time of 3 s and in the simulation the
monomer concentrations are let to evolve during the run (see
Figure 5a for ammonia and Figure 5 for dimethylamine). The
studied neutral clusters have primary clustering pathway along
the diagonal on an acid−base grid; that is, the clusters with an
equal amount of acid and base molecules are the most stable
products.47 The simulation system has a finite size and clusters
with a certain composition are allowed to leave the system so
that they cannot evaporate back into the system. For the
ammonia system, clusters containing five acids and four bases
are allowed to leave the system, while this is limited to four

Figure 3. Gibbs free binding energy depending on computational
method used. DLPNO (blue), DLPNO scaled by 1.03 (red), and
B3RICC2 (green). Values are in kcal/mol.
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acids and five base molecules for dimethylamine containing
clusters. The largest off-diagonal clusters are evaporated back
into the system by arbitrary removal of the weakest bound
molecule. In the model, other processes besides evaporation
and condensation are also taken into account as follows. In the
CLOUD experiment, two sink terms are reported: dilution sink
and wall loss of clusters. The dilution sink is set to a constant
value of 1.06 × 10−4 s−1 and the wall loss factor is size-
dependent and it has been parametrized for neutral clusters.
For the measurements in Jen et al., only a diffusion limited wall
loss for a cylindrical flow tube is implemented in the model, as
described in detail by Olenius et al.75 It is worth noting that all
of the simulations are done for dry clusters (RH = 0%) and the
sticking factor for all collisions was set to 1.
Figure 4a shows that the DLPNO energies, even after scaling,

predict lower formation of sulfuric acid dimers than both
B3RICC2 and the experiments performed at the CLOUD
chamber for ammonia clusters. The agreement is significantly
better for dimethylamine in Figure 4b, where DLPNO is seen
to be close to the experimental data, while B3RICC2
overestimates the dimer formation. In Figure 5a the dimer
formation for ammonia containing clusters can be seen
compared with the flow tube experiments by Jen et al.

The DLPNO energies predict significantly lower formation
of sulfuric acid dimers than both B3RICC2, and the
experiments performed in the flow tube experiments by Jen
et al. for both ammonia (Figure 5a) and dimethylamine (Figure
5b).
For dimethylamine clusters the DLPNO method is seen to

reproduce the CLOUD data significantly better than the flow
tube experiments. This could indicate that we well reproduce
the steady-state conditions but get a worse result for the
kinetics. To further investigate this discrepancy, we look into
the time evolution of the cluster concentrations in the flow tube
experiments using dimethylamine clusters with an initial
dimethylamine concentration of 20 ppt. Figure 6 shows

t
d[2A1D]

d
as a function of reaction time (top panel) and the

concentration as a function of reaction time for 2A1D, 2A,
1A1D clusters and 1A, 1D monomers (bottom panel) for both
DLPNO and RI-CC2. The initial sulfuric acid concentration is
set to 109 cm−3 in the simulations.

For DLPNO the
t

d[2A1D]
d

value decreases monotonically,

whereas there is seen a peak in the RI-CC2 value around 1.5 s.

Figure 4. (a) Modeled steady-state sulfuric acid dimer concentration
as a function of ammonia concentration of 10 ppt and (b)
dimethylamine concentration in the range of 3 to 100 ppt at 278 K.
The solid lines show the scaled DLPNO results, while the dashed lines
show the B3RICC2 results. The points are experimental data obtained
at the CLOUD chamber.

Figure 5. (a) Modeled sulfuric acid dimer concentration as a function
of ammonia concentration in the range of 100 ppt to 6 ppb and (b)
dimethylamine concentration in the range of 2 to 200 ppt at 298.15 K.
The solid lines show the scaled DLPNO results, while the dashed lines
show the B3RICC2 results. The points are experimental data for the
corresponding base concentrations obtained at the flow tube
experiment of Jen et al.
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The 1A1D cluster quickly reaches a steady-state value in the
DLPNO simulations as opposed to the RI-CC2 simulations;
however, the steady-state value is quite low. The faster buildup
of dimers in the RI-CC2 simulations is thereby due to the
depletion of the monomers, as they flow through the 1A1D
cluster. To further confirm that the discrepancy between the
DLPNO and RI-CC2 results is mainly due to the formation of
the 1A1D cluster, we manually changed the formation free-
energy value. By changing the DLPNOs 1A1D values to
correspond RI-CC2, the comparison with the flow tube data is
much better, but at high DMA concentrations the prediction
begin to diverge. By keeping all other values fixed and
iteratively changing the 1A1D ΔG value, a value of −12.5 kcal/
mol yielded good results for DLPNO compared with the flow
tube experiments; however, this modification did simulta-
neously make the results in slightly worse agreement with the
CLOUD chamber data. This does, however, further indicate
that the formation of dimers is highly dependent on the
stability of the 1A1D complex. The DLPNO method will
thereby severely underpredict the formation rate of sulfuric
acid-based clusters under atmospheric conditions. This is
perhaps not entirely surprising, as the DLPNO binding
energies (and especially free energies) reported here are
expected to represent a lower limit. Nevertheless, from a
theoretical point of view the DLPNO method represents a
significantly more advanced and accurate treatment of electron
correlation than the RI-CC2 method, indicating that the
remaining errors arise mainly from other factors than the actual
binding energy (electronic energy). Including effects from

hydration, conformational sampling, anharmonicity, and basis
set extrapolation would yield a better agreement between
DLPNO and the experimental results. On the contrary,
including effects such as hydration and anharmonicity within
the B3RICC2 method would likely make the agreement with
experiments performed either at the CLOUD chamber or the
flow tube measurements worse.
The identification that the dimer formation is mainly

dependent on the stability of the 1A1D complex makes it
crucial that the ΔG value for this complex is determined very
accurately. Currently, to our knowledge the most accurate
literature estimate is obtained at CCSD(T)-F12a/VDZ-F12
calculated on top of geometries obtained with DFT using a 6-
311++G(3df,3pd) basis set. A value between −11.26 and
−11.99 kcal/mol was obtained depending on whether the M06-
2X, PW91, or ωB97X-D functional was used to obtain the
geometry and thermal correction to the free energy.56

Determining the formation free energy of the 1A1D complex
experimentally or by means of highly accurate calculations
(including effects from both anharmonicity and hydration)
would be very valuable as this complex appears to be the key
uncertainty for accurately simulating dimer formation experi-
ments.

4. CONCLUSIONS

A systematic comparison of the performance of increasingly
accurate methods is essential for achieving accuracy that allows
reproducing and predicting atmospheric particle formation. We
have investigated the applicability of the DLPNO-CCSD(T)
method for calculating the binding energies of atmospherically
relevant molecular clusters. We find a large scatter in the
binding energy between different applied DFT methods with
variations up to 4.0 kcal/mol for small atmospheric complexes.
Applying the DLPNO method, the variation was significantly
reduced to 0.6 kcal/mol. Extending to medium sized clusters
where canonical methods are still applicable we found that the
DLPNO method yields significantly more consistent results
than DFT. Furthermore, the DLPNO binding energies were
found to systematically underbind compared with F12 results,
which indicates that the obtained values can be used as a lower
bound. The DLPNO results were found to be systematically
dependent on cluster size, indicating that a scaling factor can be
applied to allow better correlation with canonical coupled
cluster results. Using these findings we extended the DLPNO
calculations to large sulfuric acid−base clusters consisting of up
to 10 molecules. On the basis of the scaled DLPNO binding
energies, ACDC simulations predicted sulfuric acid dimer
concentrations to be significantly lower than experimental
results. Although in worse agreement with flow tube experi-
ments, the DLPNO binding energy results should be more
reliable than RI-CC2, as they come from a higher level of
theory. The remaining errors are assumed to arise from other
effects such as anharmonicity, extrapolation to the complete
basis set limit, different global minima, and hydration. The
combined findings over the investigated three size ranges
indicate that the DLPNO method is an attractive choice to
calculate the binding energy of atmospheric molecular clusters
and can easily be used as a more reliable substitute for routine
DFT binding energy calculations.

Figure 6.
t

d[2A1D]
d

as a function of reaction time (top panel) and the

concentration as a function of reaction time for 2A1D, 2A, 1A1D
clusters and 1A, 1D monomers (bottom panel) calculated using
DLPNO (left) and RICC2 (right). The initial sulfuric acid (1A)
concentration is set to 109 cm−3, and the initial dimethylamine (1D)
concentration is set to 20 ppt.
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Kupiainen-Maäẗta,̈ O.; Praplan, A. P.; Adamov, A.; Amorim, A.;
Bianchi, F.; Breitenlechner, M.; et al. Molecular Understanding of
Sulphuric Acid-Amine Particle Nucleation in the Atmosphere. Nature
2013, 502, 359−363.
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Paasonen, P.; Kurteń, T.; Kulmala, M.; Vehkamak̈i, H. Atmospheric
Cluster Dynamics Code: A Flexible Method for Solution of the Birth-
Death Equations. Atmos. Chem. Phys. 2012, 12, 2345−2355.
(46) Ortega, I. K.; Kupiainen, O.; Kurteń, T.; Olenius, T.; Wilkman,
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P.; Kurteń, T.; Kulmala, M.; Vehkamak̈i, H. Atmospheric Cluster
Dynamics Code: A Flexible Method for Solution of the Birth-Death
Equations. Atmos. Chem. Phys. 2012, 12, 2345−2355.
(74) Olenius, T.; Schobesberger, S.; Kupiainen-Maäẗta,̈ O.; Franchin,
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