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dy on the formation mechanism of
carboxylic sulfuric anhydride and its potential role
in new particle formation†

Haijie Zhang,‡a Wei Wang,‡b Hong Li,a Rui Gaoa and Yisheng Xu *a

New particle formation (NPF) is the major source of atmospheric aerosol particles. However, the chemical

species involved and the exact mechanism are still unclear. Cycloaddition reaction of SO3 to carboxylic

acids bas been identified as a possible formation mechanism of carboxylic sulfuric anhydrides which may

be involved in NPF. Herein, energy profiles for forming diaterpenylic acetate sulfuric anhydride (DTASA)

through cycloaddition of SO3 to diaterpenylic acid acetate (DTAA) and the potential role of DTASA in

NPF were studied through computational methods combined with atmospheric cluster dynamics code

(ACDC). Gas phase reaction barriers for the two carboxyl groups of DTAA are 0.4 and 0.6 kcal mol�1,

respectively, illustrating a feasible formation mechanism for DTASA. According to thermodynamical

analysis and dynamical simulations, atmospheric clusters containing DTASA and atmospheric nucleation

precursors sulfuric acid (SA), ammonia (NH3) and dimethylamine (DMA) possess both thermodynamically

and dynamically higher stabilities than those of DTAA-contained clusters. Furthermore, DTASA–NH3 and

DTASA–DMA are more stable than SA–NH3 and SA–DMA, enabling DTASA, even carboxylic sulfuric

anhydrides, to become potential participants in the atmospheric NPF process which may hence promote

a better understanding of NPF.
1. Introduction

Aerosol particles are an important part of air pollution, which
can inuence human health, global climate and the environ-
ment in direct or indirect ways.1 A mass of studies have shown
that new particle formation (NPF) through gas-to-particle
conversion is the main source of atmospheric aerosol parti-
cles and the leading uncertainties in global climate modeling
and forecasting.2–4

Sulfuric acid (SA) has been proved to be essential to initiate
new particle formation in the atmosphere2,5–8 through clus-
tering with various nucleation precursors such as water (H2O),9

ammonia (NH3),10–12 dimethylamine (DMA),13,14 methylamine
(MA),15 monoethanolamine (MEA),16 piperazine (PZ),17 meth-
anesulfonic acid,18,19 nitric acid20 and iodic acid.21,22 However, it
is not efficient enough to explain the particle formation rates
observed in the atmosphere, suggesting that other compounds
may participate in the nucleation process. Low molecular
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weight organic acids such as glycolic acid,23 malonic acid,24

lactic acid25 and glyoxylic acid26 were identied to promote SA–
NH3 or SA–DMA cluster formation efficiently through an anal-
ogous “catalytic” mechanism where the organic acid partici-
pated in cluster formation and nally evaporated out from the
clusters due to their high volatilities. That is, they can not form
stable enough clusters in the atmospheric nucleation process
which is the initial step of new particle formation. Highly
oxygenated molecules (HOMs) have been subsequently identi-
ed to be comparable to SA27 and form stable clusters with
atmospheric nucleation precursors in the atmospheric nucle-
ation process. As a second-generation oxidation product of a-
pinene in the atmosphere, diaterpenylic acid acetate (DTAA) is
a representative HOMs with the high O/C ratio of 6/10 and two
carboxyl groups (C10H16O6). Hence it is likely to be involved in
the atmospheric new particle formation.28 Furthermore, recent
studies have shown that except the dominant reaction of sulfur
trioxide (SO3) with water vapor in the troposphere,29 cycloaddi-
tion reaction of SO3 to carboxylic acids is a possible formation
mechanism of carboxylic sulfuric anhydrides which would have
lower vapor pressure than the corresponding carboxylic acids
and have more inter-molecular interaction sites.30–32 It is hence
speculated that the contribution of DTAA to new particle
formationmay be improved by the reaction with SO3 to generate
diaterpenylic acetate sulfuric anhydride (DTASA, C10H16O9S).

In the present study, reaction mechanism as well as energy
prole for the cycloaddition reaction of SO3 to DTAA was rst
RSC Adv., 2022, 12, 5501–5508 | 5501
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calculated to generate DTASA. Potential ability of DTAA and
DTASA in the initial step of atmospheric NPF were further
investigated and compared both in the thermodynamic and
dynamic aspects to illustrate the importance of cycloaddition
reaction of SO3 to carboxylic acids and carboxylic sulfuric
anhydride in NPF.

2. Computational methods
2.1 Computational details

All the geometry optimizations and vibrational frequency
calculations with density functional theory (DFT) were per-
formed in Gaussian 09.33 M06-2X functional was used with 6-
311++G(3df,3pd) basis set for the stationary points calculation
of the gas phase reaction of SO3 to DTAA molecules at 298 K
since M06-2X/6-311++G(3df,3pd) has been proved to show good
performance in thermochemistry and free energies calculations
for atmospheric relevant reactions and clusters formation.34–39

The vibration frequency of the transition state was calculated to
ensure that there was only one imaginary frequency. In order to
ensure the proper reactant and product sides, intrinsic reaction
coordinate (IRC) calculations were further performed.40–42 For
a more accurate evaluation, single point calculations at the
DLPNO-CCSD(T)/aug-cc-pVTZ level of theory43 were applied to
all optimized stationary points with the ORCA program44 for the
fact that the DLPNO-CCSD(T)/aug-cc-pVTZ results have been
proved to be consistent with that of CCSD(T)-F12a/VDZ-F12, and
yield a small mean absolute error.45 In this case, for reactions of
SO3 to DTAA, the corrected Gibbs free energies were obtained by
combining the single point energies (DEDLPNO) at the DLPNO-
CCSD(T)/aug-cc-pVTZ level with the thermal contribution to
the Gibbs free energy (DGTherm) at the M06-2X/6-
311++G(3df,3pd) level as shown in eqn (1).

DGDLPNO ¼ DEDLPNO + DGTherm (1)

2.2 Cluster structure sampling

As both DTAA, DTASA possess multi-functional groups which
could form inter-molecular interactions with atmospheric
precursors through different congurations, a global minima
sampling process (Fig. S1†) which was employed in our former
studies concerning atmospheric cluster formation was used to
search the global minimum structure. Firstly, 1000 initial lower-
energy structures were generated automatically with ABCluster
(a soware that utilizes articial bee colony algorithm to build
clusters congurations)46 and then optimized with the PM7
semi-empirical method in Mopac.47 Aer that, 100 structures
with lower energies were obtained and re-optimized at the M06-
2X/6-31+G* level of theory. Finally, 30 optimal guessed struc-
tures as well as a large number of manual sampling for each
cluster formation considering the complexity of cluster isomers
were optimized at the M06-2X/6-311++G(3df,3pd) level of theory
and the global minimum structure was ultimately obtained. It
should be noticed that two conformers of sulfuric acid (trans-SA
and cis-SA) were taken into account in the rst automatical
clusters congurations building with ABCluster soware and
5502 | RSC Adv., 2022, 12, 5501–5508
manual congurations building to make sure a comprehensive
sampling.
2.3 Wavefunction analysis

Electrostatic potential (ESP) on the surface of molecular plays
an important role in predicting reactive sites and inter-
molecular interaction sites. The site with more positive ESP is
more likely to react with the sites which possesses more nega-
tive ESP,48 forming reactant complex or stable clusters. Based on
the outputs of Multiwfn,49,50 ESP-mapped van der Waals (vdW)
surface were visualized with VMD program.51 Localized orbital
locator (LOL) is one of the real space functions with the ability
to reveal the molecular electronic structure, hence the color-
lled LOL map of atmospheric cluster was analyzed with Mul-
tiwfn, where the minimum and maximum localization electron
density are represented by blue and red area, respectively, and
the redder area indicates a stronger interaction between two
nuclei. Based on the electron density r which is closely related
to bonding strength,52 the topological characteristics of bond
critical points (BCPs) were further analyzed so as to investigate
the strength of molecular interactions (hydrogen bond and
proton transfer) in the cluster. Hydrogen bond energy (EH)
could be calculated approximately by the potential energy
density V(rbcp) at corresponding BCP according to Espinosa
et al.53 shown in eqn (2).

EH ¼ V(rbcp)/2 (2)

In addition, to evaluate bond strength of the newly formed
covalent bond through proton transfer, Laplacian bond order
(LBO) which is positively correlated with bonding strength52 was
calculated using Multiwfn.54
2.4 Kinetic simulation

Kinetic simulation was carried out to determine evaporation
coefficient of the monomer from corresponding cluster as well
as the dynamical stability of cluster with Atmospheric Cluster
Dynamics Code (ACDC) in MATLAB-R2013a program.55,56 The
evaporation coefficient were calculated with eqn (3).

gðiþjÞ/i ¼ bij

cei c
e
j

ceiþj

¼ bijcref exp

�
DGiþj � DGi � DGj

kbT

�
(3)

where bij is the collision coefficient between cluster i and j, cei is
the equilibrium concentration of cluster i, DGi is the Gibbs free
energy for forming cluster i, and cref is the monomer concen-
tration of the reference vapor corresponding to a pressure of 1
atm where the Gibbs free energies were calculated.
3. Results and discussion

Reaction sites between DTAA and SO3 was rst predicted
through the electrostatic potential (ESP), the reaction mecha-
nism as well as the energy prole was subsequently calculated.
And nally, potential role of DTAA and DTASA in the nucleation
process were identied and compared. The Gibbs free energies
(GDFT) and Gibbs free energy correction terms (GTherm) at M06-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2X/6-311++G(3df,3pd) level, single point energies (EDLPNO) at
DLPNO-CCSD(T)/aug-cc-pVTZ level, the corrected Gibbs free
energies (GDLPNO), the imaginary frequency of transition state
structures were collected at Tables S1 and S2 in the ESI.†
Topological data of the atmospheric clusters (Tables S4–S7†)
and coordinates of all stationary points (Tables S8–S27†) were
reported in the ESI.†
Fig. 2 (a) The most stable molecular structure of DTAA monomer. (b)
Reaction energy profiles (kcal mol�1) for the cycloaddition reaction of
SO3 to DTAA at DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-
311++G(3df,3pd) level of theory. The H, C, O and S atoms are repre-
sented as white, gray, red and yellow spheres, respectively.
3.1 Prediction of the cycloaddition reaction sites between
DTAA and SO3

The electrostatic potential (ESP) on the van der Waals (vdW)
surface of DTAA and SO3 molecules was used to predict reaction
sites where the site withmore positive ESP is more likely to react
with the site with more negative ESP.48 As clearly shown in
Fig. 1, the hydrogen atoms in the carboxyl groups (–COOH) of
DTAA have more positive ESP, which makes it easy to interact
with the oxygen atoms with more negative ESP in SO3 molecule.
Meanwhile, the sulfur atom in SO3 possesses more positive ESP,
hence is more likely to interact with the oxygen atoms pos-
sessing more negative ESP in –COOH of DTAA. Therefore, ideal
reaction sites for the cycloaddition reaction of SO3 to DTAA was
presented in Fig. 1(c), which is consistent with the mechanism
proposed in recent studies.30,31
3.2 Gas phase cycloaddition reaction of SO3 to DTAA

According to the predicted reaction complex of SO3 and DTAA,
reaction mechanism as well as the energy prole were further
calculated. There are two different carboxyl groups (–COOH) in
DTAA molecule shown in Fig. 2(a) for which the energy barriers
may be different. The reactant state (Reactn), transition state
(TSn) and the generated product (Prodn) were optimized and
shown in Fig. 2(b) where n represents the position of the –COOH
functional group and the corresponding carbon atom located. It
is clear to see that two –COOH functional groups in DTAA could
both react with SO3 to generate DTASA-1 and DTASA-2 through
a reaction barrier of 0.4 and 0.6 kcal mol�1, respectively, relative
to the reactant complex React1 and React2. Even though the
reaction barrier of –COOH group containing C5 is slightly
Fig. 1 ESP on molecular vdW surface of (a) DTAA molecule (b) SO3

molecule. The unit is kcal mol�1. The white, green, red and yellow
sticks represent H, C, O and S atoms, respectively. The black dotted
lines between the positive and negative ESP represent the tendency of
the weak inter-molecular interaction. (c) Possible reactant complex of
SO3 and DTAA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
higher (0.6 kcal mol�1) than that of C1 (0.4 kcal mol�1), it is still
competitive and enable the reaction feasible in the gas phase.
Meanwhile, the generated DTASA-1 and DTASA-2 are 4.3 and
5.0 kcal mol�1 lower than that of the reactant monomers (DTAA
+ SO3). For a clear comparison, the most stable congurations
of DTAA, DTASA-1 and DTASA-2 have been shown in Fig. S2.†

DTASA-1 and DTASA-2 have been shown in Fig. S2.† In
general, DTASA which is stable in the gas phase can be easily
generated through cycloaddition reaction of SO3 to DTAA
molecule with low reaction barriers. For the advantages that
–HSO4 functional group in DTASA possesses more inter-
molecular interaction sites than the –COOH functional group
in DTAA, DTASA may play a potentially important role in
atmospheric new particle formation. Herein, the potential role
of DTAA as well as DTASA in participating gas phase nucleation
process was further investigated and compared by topological
analysis and dynamic simulations.
3.3 The potential role of DTAA and DTASA in the initial new
particle formation

In this section, the possibilities of DTAA and DTASA to partic-
ipate in NPF were compared through the thermodynamical and
dynamical stabilities of corresponding clusters containing
common atmospheric nucleation precursors – water molecule
(H2O), ammonia (NH3), dimethylamine (DMA) and sulfuric acid
(SA). The Gibbs free energy for formation of these clusters (DG),
potential energy density V(r) at corresponding BCPs and
hydrogen bond energy (EH)53 were collected in Tables S5–S8 in
the ESI.†

3.3.1 Comparison of DTAA, DTASA and SA in NPF con-
taining H2O. Ubiquitous water (H2O) molecule is abundant in
the atmosphere and involved in new particle formation
process,57 clusters containing H2O (DTAA–H2O, DTASA–H2O
and SA–H2O) were rstly calculated and compared. Fig. 3
presents the most stable structures and corresponding color-
lled LOL maps which show the presence of hydrogen bonds.
And clearly, clusters DTAA–H2O, DTASA–H2O and SA–H2O each
contain two hydrogen bonds and the hydrogen bond energies
RSC Adv., 2022, 12, 5501–5508 | 5503
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Fig. 3 (a) The most stable configurations at M06-2X/6-
311++G(3df,3pd) level of theory and (b) corresponding color-filled LOL
map of clusters DTAA–H2O, DTASA–H2O and SA–H2O. Dashed lines
represent the hydrogen bonds, and all distances are in angstroms. The
H, C, O and S atoms are represented as white, gray, red and yellow
spheres, respectively.

Fig. 4 The most stable configurations at M06-2X/6-311++G(3df,3pd)
level of theory and corresponding color-filled LOL map of clusters (a)
DTAA–NH3, DTASA–NH3 and SA–NH3. (b) DTAA–DMA, DTASA–DMA
and SA–DMA. Dashed lines represent the hydrogen bonds, and all
distances are in angstroms. The H, C, N, O and S atoms are represented
as white, gray, blue, red and yellow spheres, respectively.
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(EH) in cluster DTASA–H2O is the largest (�27.01 and
�5.86 kcal mol�1) as collected in Table S4.†However, the Gibbs
free energy for forming DTASA–H2O is �2.76 kcal mol�1,
slightly larger than that of SA–H2O (�2.93 kcal mol�1). More-
over, DTAA has low hygroscopicity with the reaction free energy
of 0.21 kcal mol�1 for forming DTAA–H2O. Combining EH of the
hydrogen bonds and Gibbs free energies of formation, ther-
modynamical stabilities for clusters are in the order of SA–H2O
> DTASA–H2O > DTAA–H2O. Even the cluster SA–H2O is slightly
more stable than DTASA–H2O, but DTASA is still competitive in
the initial new particle formation due to its stronger interaction
with water.

3.3.2 Comparison of DTAA, DTASA and SA in NPF con-
taining base species (NH3 and DMA). Base species such as
ammonia (NH3) and dimethylamine (DMA) are considered to
stabilize embryonic sulfuric acid clusters against evaporation
through forming acid–base pairs and then enhance sulfate
aerosol formation.58 In the formation of acid–base pairs,
molecular interactions transformed from hydrogen-bonding
interactions to electrostatic interactions through the transfer
of a proton from acid molecule to base molecule. This could
enhancemolecular interactions in acid–base cluster and further
improve cluster stability.59 In this section, the most stable
congurations of clusters DTAA–NH3, DTASA–NH3 and SA–NH3

were calculated and presented in Fig. 4(a) along with corre-
sponding color-lled map of LOL conrming the existence of
proton transfer. Apparently, there are no proton transfer in
clusters DTAA–NH3 and SA–NH3, both of which contain two
hydrogen bonds. The EH of the major hydrogen bond (O1–H1/
N) in DTAA–NH3 (�14.44 kcal mol�1) is higher than that in SA–
NH3 (�24.96 kcal mol�1) and the EH difference between the
other hydrogen bonds in clusters DTAA–NH3 and SA–NH3 is
only �0.07 kcal mol�1. Hence the molecular interactions in
cluster SA–NH3 are stronger than those in cluster DTAA–NH3. In
the case of the LOL map of DTASA–NH3, the green area of O1/
H1 and the red area of H1–N indicate that the proton transfer of
H1 atom in DTASA molecule to NH3 molecule has completed,
and the stability of cluster was improved due to proton transfer
5504 | RSC Adv., 2022, 12, 5501–5508
and ion-pair formation. In addition, cluster DTASA–NH3

contains three hydrogen bonds with the EH of �27.01, �5.52
and �4.19 kcal mol�1. Combining EH with the Gibbs free
energies for formation of DTAA–NH3, DTASA–NH3 and SA–NH3

(�0.71,�8.34 and�7.33 kcal mol�1), clusters thermodynamical
stabilities are in the order of DTASA–NH3 > SA–NH3 >
DTAA–NH3.

For clusters containing DMA which is highly alkaline than
NH3 as shown in Fig. 4(b), there is still no proton transfer in
cluster DTAA–DMA which contains only one hydrogen bond
with the EH of �18.81 kcal mol�1 and it is the least stable.
Compared with clusters DTAA–DMA, a complete proton transfer
from SA or DTASA to DMA molecule has taken place, resulting
that both clusters SA–DMA and DTASA–DMA contain a newly
formed covalent bond N–H1 through proton transfer and two
hydrogen bonds. Meanwhile, the Laplacian bond order (LBO) of
N–H1 in cluster DTASA–DMA is 0.59, which is larger than that of
SA–DMA (0.48), indicating that cluster DTASA–DMA is more
stable. Moreover, the Gibbs free energies for formation of
DTAA–DMA, DTASA–DMA and SA–DMA are �1.90, �15.53 and
�11.25 kcal mol�1, respectively. Therefore, clusters thermody-
namical stabilities are in the order of DTASA–DMA > SA–DMA >
DTAA–DMA. In this case, DTASA presents a considerable
advantage on forming stable clusters with base molecules even
than SA. For the area where concentration of base molecules is
relatively higher, DTASA is speculated to play a more important
role in NPF process.

3.3.3 Comparison of DTAA, DTASA and SA in NPF con-
taining SA. Considering the essential role of sulfuric acid (SA) in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The logarithms of evaporation coefficient g(1/s) of the mono-
mers in the corresponding clusters at 298 K.
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aerosol particles formation,2,60 the thermodynamical stabilities
of clusters containing SA molecule were studied and compared.
As the most stable congurations of clusters DTAA–SA, DTASA–
SA and SA–SA shown in Fig. 5, both DTAA–SA and SA–SA contain
two hydrogen bonds. The EH are �27.40, �12.90 kcal mol�1 for
DTAA–SA and �16.82, �16.83 kcal mol�1 for SA–SA. As to
DTASA–SA, there are three hydrogen bonds with the EH of
�19.70, �16.57 and �8.35 kcal mol�1. In the case of the Gibbs
free energies for formation, DTASA–SA (�7.99 kcal mol�1) and
DTAA–SA (�7.88 kcal mol�1) are both slightly larger than that of
SA–SA (�8.42 kcal mol�1), with the differences of 0.43 and
0.54 kcal mol�1, respectively. Based on the EH and Gibbs free
energies of formation, the thermodynamical stabilities of clus-
ters containing SA are in the order of SA–SA > DTASA–SA >
DTAA–SA. In summary, clusters containing DTAA are the least
thermodynamically stable compared with the clusters contain-
ing SA or DTASA, while organic sulfuric anhydride DTASA
produced by the cycloaddition reaction of SO3 to DTAA has
a stronger interaction with atmospheric nucleation precursors
due to the advantage of –SO4H functional group. Therefore, it is
speculated that DTASA possesses potential to participate in
atmospheric new particle formation.
3.4 Comparison of DTASA, DTAA and SA in NPF through
kinetic simulations

Thermodynamic stabilities of clusters were systematic
compared based on the thermodynamic and topological anal-
ysis. It was found that DTASA has stronger interactions with
nucleation precursors compared with DTAA, and, even has the
strongest interactions with base molecules (NH3 and DMA)
when compared with SA. Atmospheric Cluster Dynamics Code
(ACDC) simulations were further performed to study the evap-
oration coefficients of different monomers from corresponding
clusters and the dynamical stabilities of clusters.55,59 A higher
evaporation coefficient of monomer (H2O, NH3, DMA and SA)
from clusters means a weak inter-molecular interactions and
a higher probability to evaporate out from the clusters, that is,
the clusters is less dynamic stable.

As clearly presented in Fig. 6, for clusters containing H2O,
the evaporation coefficient of monomers in the DTAA–H2O is 2
Fig. 5 The most stable configurations at M06-2X/6-311++G(3df,3pd) lev
lines represent the hydrogen bonds, and all distances are in angstroms. T
spheres, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and 3 orders of magnitude higher than those of DTASA–H2O
and SA–H2O, respectively, due to the weak inter-molecular
interactions and the high Gibbs free energy for formation.
Therefore, the dynamical stabilities for clusters containing H2O
are in the order of SA–H2O > DTASA–H2O > DTAA–H2O. As for
clusters containing base species (NH3 and DMA), the dynamical
stabilities for the clusters are both in the order of DTASA–base >
SA–base > DTAA–base. It is worth mentioning that for DMA-
contained clusters, the evaporation coefficient of monomers
in the DTASA–DMA is 10 and 2 orders of magnitude lower than
those in DTAA–DMA and SA–DMA, respectively, indicating that
cluster DTASA–DMA is relatively more stable and potentially
involved in the atmospheric nucleation process. For the clusters
containing SA, the dynamical stabilities are in the order of SA–
SA > DTASA–SA > DTAA–SA, but there is less difference of
evaporation coefficients among three clusters. All the dynamical
stabilities order are totally in consistent with the thermody-
namical stabilities order drawn in section 2.3.1–2.3.3. In
general, clusters containing DTAA are the least stable, and its
potential role in NPF could be improved by the cycloaddition
reaction with SO3 to generate DTASA. DTASA could form more
stable clusters with base species (NH3 and DMA) than SA and
DTAA, indicating that DTASA has potential to participate in
el of theory of clusters (a) DTAA–SA (b) DTASA–SA (c) SA–SA. Dashed
he H, C, O and S atoms are represented as white, gray, red and yellow

RSC Adv., 2022, 12, 5501–5508 | 5505

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00226d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
7:

22
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
atmospheric NPF where the concentration of base molecules is
relatively higher.
4. Conclusions

Carboxylic sulfuric anhydrides formed through cycloaddition
reaction of SO3 to carboxylic acids are considered to have the
potential to participate in atmospheric new particle formation.
Reaction mechanism as well as the energy prole for the
cycloaddition reaction of SO3 to diaterpenylic acid acetate
(DTAA) was studied at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-
2X/6-311++G(3df,3pd) level of theory. The reaction barriers for
the two carboxy groups of DTAA are 0.4 and 0.6 kcal mol�1,
respectively, demonstrating that the reaction are feasible to take
place in the gas phase to generate diaterpenylic acetate sulfuric
anhydride (DTASA) which possesses the –SO4H functional
group. For the aim of identifying the potential role of DTASA,
thermodynamical and dynamical stabilities of clusters con-
taining DTASA and common atmospheric nucleation precur-
sors were subsequently calculated and compare with DTAA and
SA. According to topological analysis and Atmospheric Cluster
Dynamics Code (ACDC) simulations, the inter-molecular inter-
actions in DTASA-contained clusters are stronger than those of
DTAA-contained clusters, presenting higher thermodynamic
and dynamic stabilities. Moreover, DTASA could form more
stable clusters with base species (NH3 and DMA) even than SA,
indicating that DTASA may play a potential role in the initial
new particle formation where the concentration of base mole-
cules is relatively higher.

In conclusion, the dominant sink of SO3 is its reaction with
water vapor (H2O) in the troposphere to the signicant forma-
tion of sulfuric acid and thus promotes sub-2.5 nm particle
formation. Considering the aggregate concentration and variety
of organic acids in the atmosphere, especially the area where
the H2O concentration is relatively lower and organic acid
concentration is relatively higher, cycloaddition reaction of SO3

to organic acids could improve the nucleation ability of organic
acids. That is, the generated carboxylic sulfuric anhydrides may
play a potential role in atmospheric chemistry and hence
should be cautiously valued. Furthermore, this may promote
a better understanding of NPF and contribute to a better
science-based solutions in the resolving of heavy haze
problems.
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J. Tröstl, P. M. Winkler, C. Williamson, D. Wimmer, P. Ye,
U. Baltensperger, K. S. Carslaw, M. Kulmala,
D. R. Worsnop and J. Curtius, Proc. Natl. Acad. Sci. U. S. A.,
2014, 111, 15019–15024.

15 J. Shen, J. Elm, H. B. Xie, J. Chen, J. Niu and H. Vehkamaki,
Environ. Sci. Technol., 2020, 54, 13498–13508.

16 J. Shen, H. B. Xie, J. Elm, F. Ma, J. Chen and H. Vehkamaki,
Environ. Sci. Technol., 2019, 53, 14387–14397.

17 F. Ma, H. B. Xie, J. Elm, J. Shen, J. Chen and H. Vehkamaki,
Environ. Sci. Technol., 2019, 53, 8785–8795.

18 H. Zhao, X. Jiang and L. Du, Chemosphere, 2017, 174, 689–
699.

19 C. Zuo, X. Zhao, H. Wang, X. Ma, S. Zheng, F. Xu and
Q. Zhang, J. Environ. Sci., 2021, 100, 328–339.

20 L. Liu, F. Yu, L. Du, Z. Yang, J. S. Francisco and X. Zhang,
Proc. Natl. Acad. Sci. U. S. A., 2021, 118, e2108384118.
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