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easible route for the formation of
organosulfates by the gas phase reaction of sulfuric
acid with acetaldehyde catalyzed by dimethylamine
in the atmosphere†

Ju-Rui Yang,a Ai Liub and Bo Long *ab

An understanding of the formation of organosulfates is required for elucidating the formation of secondary

organic aerosols in atmosphere. Herein, we report a new feasible reaction pathway for the formation of

organosulfates in the reaction of sulfuric acid (H2SO4) with acetaldehyde (CH3CHO) catalyzed by

dimethylamine ((CH3)2NH) using quantum chemical methods and reaction rate theory. We found that

dimethylamine has a strong catalytic effect in the CH3CHO + H2SO4 + (CH3)2NH reaction because the

energy barriers of the CH3CHO + H2SO4 + (CH3)2NH reaction are reduced by 18.28–23.08 kcal mol−1 as

compared to the CH3CHO + H2SO4 reaction. The calculated results show that the CH3CHO + H2SO4 +

(CH3)2NH reaction can compete well with the traditional sink for CH3CHO by hydroxyl radicals (OH),

when the OH, H2SO4, and (CH3)2NH concentrations are 104 molecules per cm3 during the night and 1.0

× 106 and 3.2 × 109 molecules per cm3 at below 240 K, respectively. The calculated results also show

that the CH3CHO + H2SO4 + (CH3)2NH reaction makes a limited contribution to the sink for sulfuric acid

in the atmosphere. The present findings provide a new insight into the generation of organosulfates,

which could be extended to other aldehydes with sulfuric acid catalyzed by amines in the atmosphere.
Environmental signicance

Organosulfates are key components in secondary organic aerosols. This study presents a new feasible route for the formation of organosulfates via the gas phase
reactions of acetaldehyde with sulfuric acid catalyzed by dimethylamine. This mechanistic route could be extended to the reactions of other aldehydes with
sulfuric acid catalyzed by amines in the atmosphere. However, organosulfates are oen obtained by heterogeneous processes. Our ndings also show that the
CH3CHO + H2SO4 + (CH3)2NH reaction can make an important contribution to the sink for acetaldehyde during the night at low temperatures. This study is of
great signicance for the accurate evaluation of the atmospheric environmental effects of CH3CHO, particularly, air quality and atmospheric modeling and
policies.
1. Introduction

Secondary organic aerosols (SOAs) are formed by the atmo-
spheric oxidation of volatile organic compounds (VOCs),1–8
ity, Guiyang 550025, China. E-mail:

g, Guizhou Minzu University, Guiyang,

(ESI) available: The T1 diagnostic
le S1; the calculated relative energies
f the dimer complexes as listed in
stants and the concentration of the
= 3.2 × 109, [H2SO4] = 4 × 108,
cm3 for the H2SO4 + (CH3)2NH +
–298 K as listed in Table S3; the rate
tion as listed in Table S4; the rate
5; the rate ratio of the v1/vCH3CHO+OH

temperature range of 200–298 K
06, 107, 4.0 × 108 and 5.1 × 109

672–682
which have important effects on the climate and environment,
human health, and cloud condensation nuclei (CCN).2,9–17

Although there are extensive studies on secondary organic
aerosols, the formation process of secondary organic aerosols is
molecule per cm3 respectively) as listed in Tables S6–S9; the rate ratio of the
v1/vH2SO4+OH at different OH concentrations in the temperature range of 200–
298 K([(CH3)2NH] = 3.2 × 109, [CH3CHO] = 1.12 × 1012 molecule per cm3

respectively) as listed in Table S10; calculated atmospheric lifetime of H2SO4

([(CH3)2NH] = 3.2 × 109, [CH3CHO] = 2.46 × 109 and 1.12 × 1012 molecule
per cm3 respectively) as listed in Tables S11 and S12; molecular coordinates
and molecular frequencies as listed in Table S13; Gibbs free energy reaction
prole of CH3CHO + H2SO4 + (CH3)2NH reaction at 298 K as listed in Fig. S1;
relative energies with zero point correction for the CH3CHO + H2SO4 reaction
at 0 K as listed in Fig. S2; relative energies with zero point correction for
CH3CHO + H2SO4 + (CH3)2NH reaction as listed in Fig. S3; selected
geometrical parameters as shown in Fig. S4; intrinsic reaction coordinate
results of TS1A, TS1B, TS1C, TS1D, TS1E and TS1F as listed in Fig. S5–S10.
See DOI: https://doi.org/10.1039/d2ea00159d
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View Article Online
still not completely clear because their formation is signicantly
inuenced by many factors such as the complex atmospheric
oxidation processes of VOCs and different sources of atmo-
spheric particles.2,9,18,19

The formation of secondary organic aerosols occurs by
atmospheric nucleation,20 which is determined by the forma-
tion and decomposition of molecular clusters of different sizes
and chemical compositions.21 Previous studies have shown that
sulfuric acid is the most common nucleating precursor and
dimethylamine is an important component of atmospheric
aerosol precursors in acid-base cluster reactions.22–25 The strong
interactions between dimethylamine and sulfuric acid can
effectively form clusters,26–29 which further contribute to the
formation of secondary organic aerosols.27,28,30

Acetaldehyde (CH3CHO) is an important aldehyde with
atmospheric concentrations of about 15.9 ppb and 45.60 ppb in
major urban areas of China and Brazil, respectively.31,32

CH3CHO has serious impacts on the air environment,33–36 and is
emitted from anthropogenic and natural sources.32,35,37–41

Additionally, the photochemical degradation of VOCs has been
considered to be the main source of acetaldehyde in the
atmosphere.31,37,42 Previous studies have shown that acetalde-
hyde makes an important contribution to the formation of
secondary organic aerosols.36,41 Organosulfates are formed via
the heterogeneous reaction process of aldehydes as reported in
the literature.43,44 However, the formation of organosulfates by
acetaldehyde has not been reported in the gas phase of the
atmosphere.

CH3CHO + H2SO4 + (CH3)2NH / CH3CHO +

H2SO4/(CH3)2NH / CH3HC(OH)OSO3H + (CH3)2NH (R1)

Herein, we have investigated the reaction of sulfuric acid
with acetaldehyde catalyzed by dimethylamine in reaction (R1)
using theoretical methods. We obtained the energy barriers and
reaction rates of reaction (R1) to show the catalytic ability of
dimethylamine. We propose a new mechanistic pathway for the
formation of organosulfates via the homogeneous reaction
process, whereas previous investigations considered the
formation of organosulfates by heterogeneous reaction
processes.45 The present ndings of this work not only provide
a new source of organosulfates but are also likely to be applied
in other aldehyde reactions with sulfuric acid catalyzed by
dimethylamine.
2. Computational methods

In this article, all geometries and the corresponding frequencies
of reactants, transition states, products, and complexes were
optimized using the M06-2X46 functional with the MG3S47 basis
set in the CH3CHO + H2SO4 + (CH3)2NH reaction. The reliability
of the M06-2X functional and its wide application have been
demonstrated in previous studies on the atmospheric reactions
of sulfuric acid and sulfuric acid molecular clusters.48–53 The
calculated results of the corresponding frequencies of reactants,
complexes, transition states, and products using M06-2X/MG3S
suggest that all stable structures have positive frequencies,
© 2023 The Author(s). Published by the Royal Society of Chemistry
while the transition state has only one imaginary frequency. The
stability of the density functional theory method has been
tested by using the keyword (stable = opt).54,55 Intrinsic reaction
coordinate (IRC)56,57 calculations were utilized to determine
whether the transition state corresponds to the reactants and
products.

To obtain the relative energies more reliably, we did single-
point energy calculations for these stationary points in the
present investigation. Based on previous studies, the accuracy
of CCSD(T)-F12a/jun-cc-pV(T+d)Z calculation results can be
approximated to CCSD(T)/CBS.58,59 Therefore, we have used the
CCSD(T)-F12a60,61 theoretical method and the jun-cc-pV(T+d)Z62

basis set to calculate the single-point energies to obtain reliable
relative energies based on the optimization geometric structure
of M06-2X/MG3S. The reliability of CCSD(T) has been conrmed
by the T1 diagnostic values of all species with the upper limit of
0.02 in the closed-shell systems.63 The T1 diagnostic values of all
species in this article are below the upper limit of 0.02 (see
Table S1†).

We calculated rate constants by using conventional transi-
tion state theory64–66 with Eckart tunneling67 for each reaction
studied in this article. All electronic structure calculations were
done using the Gaussian 16 (ref. 68) and Molpro 2019 (ref. 69)
codes, while the rate constants were calculated using The Rate70

code.
3. Results and discussion

The optimized geometries and calculated relative energies with
zero-point vibrational correction for the reaction (R1) are shown
in Fig. 1. Concerning the complexes and transition states re-
ported here, we used the binding energies and energy barriers,
which are equal to the relative energies obtained by CCSD(T)-
F12a/jun-cc-pV(T+d)Z//M06-2X/MG3S, plus the relative zero-
point vibrational correction by M06-2X/MG3S, respectively.
The rate constants and equilibrium constants relative to the
reaction (R1) are listed in Table 1. The relative Gibbs free energy
for the reaction of acetaldehyde with sulfuric acid catalyzed by
dimethylamine at 298 K is shown in Fig. S1.† We discuss the
relative energies with zero-point vibrational correction based on
CCSD(T)-F12a/jun-cc-pV(T+d)Z//M06-2X/MG3S calculated
results unless otherwise stated.
3.1. The CH3CHO + H2SO4 reaction catalyzed by (CH3)2NH

The reaction of acetaldehyde with sulfuric acid catalyzed by
dimethylamine is shown in Fig. 1, where there are three
molecular reaction systems. In trimolecular reaction systems,
there are three different entrance channels, and the probability
of the threemolecules colliding simultaneously in the gas phase
of the atmosphere is very low, which has been reported in the
literature.36,71–75 Therefore, when the three molecules CH3CHO,
H2SO4, and (CH3)2NH rst collide, two molecules of the three
form a dimer, and then the dimer collides with the third
molecule to form the ternary complex: H2SO4/(CH3)2NH +
CH3CHO, CH3CHO/H2SO4 + (CH3)2NH, and CH3CHO/
(CH3)2NH + H2SO4.
Environ. Sci.: Atmos., 2023, 3, 672–682 | 673
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Fig. 1 Calculated relative energies with zero-point vibrational correction for the reaction CH3CHO + H2SO4 + (CH3)2NH/ CH3HC(OH)OSO3H
+ (CH3)2NH at the CCSD(T)-F12a/jun-cc-pV(T+d)Z//M06-2X/MG3S level (in kcal mol−1).

Table 1 The calculated equilibrium constants (Keq1, molecules per cm3) and bimolecular rate constants (k1, cm
3 per molecules per s) for the

H2SO4/(CH3)2NH + CH3CHO over the temperature range of 200–298 K

200 K 220 K 240 K 260 K 280 K 298 K

Keq1
a 2.33 × 10−3 1.56 × 10−5 2.43 × 10−7 7.27 × 10−9 3.63 × 10−10 3.47 × 10−11

k1
b 1.55 × 10−16 1.70 × 10−16 1.90 × 10−16 2.13 × 10−16 2.40 × 10−16 2.68 × 10−16

a The equilibrium constants of the H2SO4/(CH3)2NH complex with respect to H2SO4 and (CH3)2NH. b The bimolecular rate constants of the
H2SO4/(CH3)2NH + CH3CHO reaction.
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View Article Online
We compared the calculated binding energies of the dimer
complexes with the values from previous investigations in the
literature. The computed binding energy of H2SO4/(CH3)2NH
(M1A) is −22.18 kcal mol−1 (see Table S2†), which is consistent
with the value of −21.99 kcal mol−1 at the CCSD(T)/aug-cc-
pVTZ//uB97XD/6-311++(2d,2p) level.76 The binding energy of
CH3CHO/H2SO4 was computed to be −11.91 kcal mol−1,
which is slightly different from the value of CH3CHO/H2SO4

(−12.59 kcal mol−1) at the CCSD(T)-F12a/cc-pVTZ-F12//M06-2X/
674 | Environ. Sci.: Atmos., 2023, 3, 672–682
MG3S level (see Table S2 and Fig. S2†). The calculated binding
energy of CH3CHO/(CH3)2NH (−3.43 kcal mol−1) is consistent
with the value of −3.42 kcal mol−1 calculated by the CCSD(T)-
F12a/VTZ-F12//M06-2X/6-311++G(d,p).36 Because the binding
energies of the binary complexes in the entrance channel were
obtained using different theoretical methods, they do not
exactly match the values in the literature.77 However, the
differences are still small (around 0.5 kcal mol−1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The binding energy of H2SO4/(CH3)2NH
(−22.18 kcal mol−1) is much lower than those of CH3CHO/
H2SO4 (−11.91 kcal mol−1) and CH3CHO/(CH3)2NH
(−3.43 kcal mol−1); this resulted in the equilibrium constant of
H2SO4/(CH3)2NH being much larger than those of CH3CHO/
H2SO4 and CH3CHO/(CH3)2NH in Table S3.† For example, the
equilibrium constant of H2SO4/(CH3)2NH is at least 106 and
1012 larger than those of CH3CHO/H2SO4 and CH3CHO/
(CH3)2NH at 298 K, respectively (see Table S3†). A larger equi-
librium constant of the complex leads to a higher concentration
in the atmosphere. For example, when the concentrations of
CH3CHO,32,34 H2SO4,78 and (CH3)2NH79 are 1.12 × 1012, 4.0 ×

108, and 3.2 × 109 molecules per cm3, respectively, the calcu-
lated the concentrations of H2SO4/(CH3)2NH, CH3CHO/
H2SO4, and CH3CHO/(CH3)2NH are 2.98 × 1015 to 4.97 × 105,
7.34 × 106 to 5.14 × 101 and 2.09 × 10−1 to 1.47 × 10−2 mole-
cules per cm3, respectively at 200–340 K (see Table S3†). In
particular, the concentrations of H2SO4 and (CH3)2NH were 4.0
× 108 and 3.2 × 109 molecules per cm3, respectively, while the
corresponding concentration of the H2SO4/(CH3)2NH dimer
was calculated to be 2.98 × 1015 to 4.64 × 108 molecule per cm3

over the 200–280 K. The larger concentration of the H2SO4/
(CH3)2NH dimer was caused by the larger equilibrium constant
at low temperatures in Table S3.† Moreover, the concentration
of the H2SO4/(CH3)2NH complex was much higher than those
of CH3CHO$$$H2SO4 and CH3CHO/(CH3)2NH. In addition,
the peak concentration of sulfuric acid in the atmospheric
boundary layer during the daytime is about 106–3 × 107 mole-
cules per cm3 and the addition of dimethylamine can stabilize
clusters and reduce evaporation.25,80 Therefore, we only
considered the entrance channel CH3CHO + H2SO4/(CH3)2NH
in the present investigation.

The CH3CHO + H2SO4/(CH3)2NH reaction occurs in one
elementary step as depicted in Fig. 1, which is similar to the
hydrolysis of acetaldehyde catalyzed by sulfuric acid, as well as
the reaction of formaldehyde with sulfuric acid catalyzed by
formic acid and other catalysts.34,36,50,51,53,81–83 It can be seen that
when the H2SO4/(CH3)2NH complex and CH3CHO act as
reactants, the reaction occurs via the formation of pre-reaction
complexes and then undergoes a unimolecular isomerization
through these corresponding transition states responsible for
the formation of the post-reaction complex. In the CH3CHO +
H2SO4/(CH3)2NH reaction, there is a concerted reaction
mechanism where the hydrogen atom of the OH group in
sulfuric acid is transferred to the oxygen atom of the carbonyl
group in CH3CHO by the amino group in dimethylamine, and
the oxygen atom of the S]O group in sulfuric acid is simulta-
neously added to the carbon atom in CH3CHO, where dime-
thylamine acts as a catalyst; this leads to the formation of the
most stable post-reaction complex (CP1), which is a nucleation
precursor of secondary organic aerosols.31 We also note that the
formation of P1 is endothermic with respect to the H2SO4/
(CH3)2NH and CH3CHO reactants and, therefore, the reverse
reaction is possible.

The pre-reaction complexes (CH3CHO/H2SO4/(CH3)2NH)
have an eight-membered ring structure with two hydrogen-
bonded interactions and a van der Waals interactions. As can
© 2023 The Author(s). Published by the Royal Society of Chemistry
be seen from Fig. S4,† the bond lengths of the C1–O16 bond, the
N5–H3 bond and the O15–H17 bond in C1A are the same as
those in C1B. From C1A and C1B to TS1A and TS1B, the C1–O16
bond length decreased from 2.731 Å to 1.846 Å and 1.848 Å, the
N5–H3 bond distance increased from 1.034 Å to 1.259 Å and
1.282 Å, and the O15–H17 bond was lengthened to 1.989 Å and
1.979 Å from 1.551 Å respectively. The O15–H18 bond in sulfuric
acid was lengthened to 1.967 Å from 1.565 Å, and the N5–H3
bond increased to 1.283 Å from 1.033 Å and the bond distance
between the C1 atom of the aldehyde group in CH3CHO and the
O17 atom of H2SO4 was shortened to 1.837 Å from 2.793 Å from
C1C to TS1C. From a geometrical point of view, dimethylamine
plays a crucial bridging role in the (CH3)2NH-catalyzed reaction
of sulfuric acid with acetaldehyde.

The binding energies of the pre-reaction complexes (C1A,
C1B, and C1C) were computed to be −34.76, −34.76 and
−35.10 kcal mol−1 with respect to the separate reactants.
Additionally, the binding energies of the CH3CHO/H2SO4/
(CH3)2NH complexes are also 11.60–13.76 kcal mol−1 lower than
those of the HCHO/H2SO4/NH3 complexes at the M08-SO/
maug-cc-pVTZ level.81 This shows that dimethylamine has
a stronger ability to form molecular clusters, compared with
ammonia.

In the CH3CHO + H2SO4 + (CH3)2NH reaction, we found six
different transition states (TS1A, TS1B, TS1C, TS1D, TS1E, and
TS1F) as shown in Fig. S3.† The differences among them are
produced by the relative orientation of the dangling OH group
in sulfuric acid and the attack of CH3CHO on the H2SO4/
(CH3)2NH complex from different directions. The six transition
states are three isomers, where each isomer has two confor-
mations (TS1A and TS1D, TS1B and TS1E, TS1C and TS1F).
Additionally, the energy barriers for TS1A, TS1B, TS1C, TS1D,
TS1E and TS1F were computed to be −21.50, −21.14, −20.82,
−18.78, −18.32 and −17.87 kcal mol−1, respectively, shown in
Fig. S3.† The energy barriers of TS1D, TS1E, and TS1F are higher
than those of TS1A, TS1B, and TS1C by about 2.04–
3.63 kcal mol−1, therefore, we did not consider TS1D, TS1E, and
TS1F for kinetics calculations.

From Fig. S2,† there are three different reaction pathways
and the energy barriers of the CH3CHO + H2SO4 reaction were
computed to be 0.41, 0.43 and 1.58 kcal mol−1 for TS2A, TS2B
and TS2C in the CH3CHO + H2SO4 reaction. Therefore, the
energy barriers of the CH3CHO + H2SO4 + (CH3)2NH reaction
decreased by about 21.23–23.08 kcal mol−1, as compared with
the CH3CHO + H2SO4 reaction. These results show that dime-
thylamine plays a remarkable catalytic role in the CH3CHO +
H2SO4 + (CH3)2NH reaction. Furthermore, some similar reac-
tions have been studied previously. For example, the energy
barrier of the HCHO + HNO3 reaction was reduced by
21.97 kcal mol−1 with the assistance of (CH3)2NH.84 The energy
barrier of the reaction between H2SO4 and HCHO decreased by
16–21 kcal mol−1 when NH3 was added to the catalyst.81 The
energy barrier of the HCHO + H2SO4 reaction catalyzed by
HCOOH is about 14.81 kcal mol−1 lower than that of the HCHO
+ H2SO4 reaction.53 Compared with these similar reactions, it
can be seen that (CH3)2NH has an excellent catalytic effect.
Thus, the above conclusions also suggest that dimethylamine
Environ. Sci.: Atmos., 2023, 3, 672–682 | 675
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plays a crucial catalytic role in the CH3CHO + H2SO4 + (CH3)2NH
reaction, and the reaction of acetaldehyde with sulfuric acid
catalyzed by (CH3)2NH accelerates the formation of nucleation
precursors in the atmosphere.

3.2. Kinetics

Because the temperature of the earth's atmosphere varies with
the different regions, we considered the rate constants at
different temperatures. Herein, we have calculated the rate
constants for the three pathways of the trimolecular reaction
using conventional transition state theory with Eckart tunneling
in the temperature range between 200 and 298 K.

With regard to the CH3CHO + H2SO4 + (CH3)2NH reaction,
we only considered H2SO4

.(CH3)2NH and CH3CHO as reac-
tants, and the reaction mechanism is written as follows in (R2)
and (R3):

(CH3)2NH + H2SO4 4 H2SO4/(CH3)2NH (R2)

H2SO4/(CH3)2NH + CH3CHO /

CH3HC(OH)OSO3H + (CH3)2NH (R3)

Thus, the total reaction rate of (R1) is computed as shown in
the following eqn (1):

v1 ¼ d½CH3HCðOHÞOSO3H�
dt

¼ Keq1k1½CH3CHO�½H2SO4�
�ðCH3Þ2NH

�
(1)

In the above equation, Keq1 is the equilibrium constant of the
complex H2SO4/(CH3)2NH relative to the reactants H2SO4 and
(CH3)2NH, and k1 represents the rate constant of reaction (R3).
The calculated details are provided in the ESI.† The rate
constant k1 of the H2SO4/(CH3)2NH + CH3CHO reaction was
computed to be 1.55 × 10−16 to 2.69 × 10−16 cm3 per molecules
per s at 200–298 K (see Table 1). The computed result shows that
the bimolecular reaction of H2SO4/(CH3)2NH with CH3CHO
has a slightly positive temperature dependence. In addition, we
also computed the bimolecular rate constant of the CH3CHO +
H2SO4 reaction.

CH3CHO + H2SO4 / CH3HC(OH)OSO3H (R4)

The reaction rate of acetaldehyde with sulfuric acid is
expressed as follows:

v2 ¼ d½CH3HCðOHÞOSO3H�
dt

¼ k2½CH3CHO�½H2SO4� (2)

The rate constant k2 of the reaction was computed to be 3.88
× 10−16 to 5.77 × 10−16 cm3 per molecule per s at 200–298 K, as
shown in Table S4;† this is still a slightly positive temperature
dependence.

3.3 Atmospheric implications

To estimate the catalytic ability of dimethylamine in the H2SO4

+ (CH3)2NH + CH3CHO reaction (R1), we considered the rate
ratio of v1/v2, as written in eqn (3):
676 | Environ. Sci.: Atmos., 2023, 3, 672–682
v1

v2
¼ Keq1k1½CH3CHO�½H2SO4�

�ðCH3Þ2NH
�

k2½CH3CHO�½H2SO4�

¼ Keq1k1
�ðCH3Þ2NH

�

k2

(3)

The rate ratio v1/v2 depends on both the concentration of
dimethylamine and temperature. When the concentration of
dimethylamine is 3.2 × 109 molecules per cm3, measured in
a contaminated environment,79 the values of v1/v2 are in the
range 2.98 × 106 to 9.95 × 100 at 200–260 K (see Table S5†).
These results show that dimethylamine makes a signicant
contribution in the reaction of acetaldehyde with sulfuric acid
at low temperatures. The results also indicate the strong cata-
lytic ability of dimethylamine in the H2SO4 + (CH3)2NH +
CH3CHO reaction.

The main sink pathway of acetaldehyde is its reaction with
OH with an atmospheric lifetime of about one day.37,85 To
further investigate the important atmospheric contribution of
the H2SO4 + (CH3)2NH + CH3CHO reaction, we compared the
H2SO4 + (CH3)2NH + CH3CHO reaction with CH3CHO + OH. The
rate ratio is expressed in eqn (4):

v1

vCH3CHOþOH

¼ Keq1k1½CH3CHO�½H2SO4�
�ðCH3Þ2NH

�

kCH3CHOþOH½CH3CHO�½OH�

¼ Keq1k1½H2SO4�
�ðCH3Þ2NH

�

kCH3CHOþOH½OH�

(4)

where kCH3CHO+OH is the experimental rate constant of the
CH3CHO + OH reaction at different temperatures.86

From eqn (4), it can be seen that v1/vCH3CHO+OH is related to
the concentrations of sulfuric acid, dimethylamine, and OH.
Atmospheric sulfuric acid concentrations are in the range of 104

to 4.0 × 108 molecules per cm3 in different areas.87–89 The
concentration of (CH3)2NH is oen 3.2 × 109 molecules per
cm3.79 However, the concentration of OH is remarkably varied
during the daytime and nighttime, with values in the range of
104–106 molecules per cm3.90,91 When the concentration of
(CH3)2NH is 3.2 × 109 molecules per cm3 and the concentration
of sulfuric acid is 106, 107, 4.0 × 108 and 5.1 × 109 molecules
per cm3,92 the values of v1/vCH3CHO+OH at the different concen-
trations of OH are as listed in Tables S6–S9† at 200–298 K. When
[(CH3)2NH] and [H2SO4] are 3.2 × 109, and 1.0 × 106 molecules
per cm3, respectively, the rate ratio v1/vCH3CHO+OH as the func-
tion of OH concentration is shown in Fig. 2 at 200–298 K. When
[OH], [CH3CHO],32,34 [H2SO4], and [(CH3)2NH] are 1.0× 106, 1.12
× 1012, 1.0× 106, and 3.2× 109 molecules per cm3, respectively,
the rate ratio of v1/vCH3CHO+OH is 3.67 at 220 K (listed in Table
S6†); this shows that even if the OH concentration is very high
during the daytime, the H2SO4 + (CH3)2NH + CH3CHO reaction
can make some contribution to the sink for CH3CHO.
Furthermore, when the OH concentration is further decreased
to 1.0 × 104 molecules per cm3 during the night, the three-
molecule reaction of acetaldehyde with sulfuric acid catalyzed
by dimethylamine can compete well with the CH3CHO + OH
reaction with the concentrations of H2SO4 (1.0 × 106 molecules
per cm3) and (CH3)2NH (3.2× 109 molecules per cm3) below 240
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rate ratio v1/vCH3CHO+OH at [H2SO4] = 1.0 × 106 molecules per
cm3, and [(CH3)2NH] = 3.2 × 109 molecules per cm3 at different
temperatures and different OH concentrations.
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K in Table S6;† this shows that the H2SO4 + (CH3)2NH +
CH3CHO reaction contributes signicantly to the formation of
organosulfates and the sink for acetaldehyde. In particular,
previous studies have shown that carbonyl compounds can
promote the formation of secondary organic aerosols through
oxidation, hydration, and other reactions.39,93,94 Therefore, the
H2SO4 + (CH3)2NH + CH3CHO reaction may be expected to be
like the other reactions of other aldehydes with sulfuric acid
catalyzed by dimethylamine, responsible for the formation of
organosulfates in the gas phase reaction of the atmosphere.

We also compared the H2SO4 + (CH3)2NH + CH3CHO
reaction with the H2SO4 + OH reaction. The rate ratio is given in
eqn (5):

v1

vH2SO4þOH

¼ Keq1k1½CH3CHO�½H2SO4�
�ðCH3Þ2NH

�

kH2SO4þOH½H2SO4�½OH�

¼ Keq1k1½CH3CHO��ðCH3Þ2NH
�

kH2SO4þOH½OH�

(5)

where kH2SO4+OH is the rate constant of the H2SO4 + OH reaction,
which has been reported in the literature.95 When [CH3CHO] =
1.12 × 1012 molecules per cm3, [(CH3)2NH] = 3.20 × 109

molecules per cm3, [OH] = 103, 104, 105, and 106 molecules per
cm3 respectively, the values of the rate ratio of v1/vH2SO4+OH are
1.10 × 1015 to 2.83 × 104 at 200–298 K (see Table S10†).
Therefore, the calculated results show that the H2SO4 +
(CH3)2NH + CH3CHO reaction can compete well with the H2SO4

+ OH reaction.
The atmospheric lifetimes of sulfuric acid determined by

heterogeneous processes are estimated to be approximately
102 s in polluted air and 104 s in clean air.96 In the H2SO4 +
(CH3)2NH + CH3CHO reaction, the corresponding atmospheric
lifetime of sulfuric acid was estimated mainly based on the
concentrations of acetaldehyde and dimethylamine and the
corresponding reaction rates as listed in Table S11.† In previous
studies, acetaldehyde concentrations of 0.10 ppb–45.60 ppb
© 2023 The Author(s). Published by the Royal Society of Chemistry
were measured in some rural areas and in ambient air.97–99 With
[(CH3)2NH] = 3.2 × 109 molecules per cm3 and [CH3CHO] =
2.46 × 109 and 1.12 × 1012 molecules per cm3, respectively, the
atmospheric lifetimes of H2SO4 were calculated to be about 3.52
× 10−1 to 1.37 × 107 and 7.74 × 10−4 to 3.01 × 104 s at 200–298
K (see Tables S11 and S12†). The atmospheric lifetime of
sulfuric acid was 3.52 × 10−1 and 7.74 × 10−4 s at 200 K, when
the concentration of dimethylamine was 3.2 × 109 molecules
per cm3 and the concentration of acetaldehyde was 2.46 × 109

and 1.12 × 1012 molecules per cm3, respectively. Therefore, the
H2SO4 + (CH3)2NH + CH3CHO reaction only makes a limited
contribution to the sulfuric acid sinks in the atmosphere.

4. Conclusions

In this article, the reaction mechanisms and kinetics of the
trimolecular reaction of sulfuric acid with acetaldehyde cata-
lyzed by dimethylamine have been investigated using high-level
quantum chemical methods and conventional transition state
theory with Eckart tunneling. The calculated results show that
dimethylamine has a strong catalytic effect in the H2SO4 +
(CH3)2NH + CH3CHO reaction responsible for the formation of
organosulfates in the gas phase of the atmosphere, which was
previously considered via heterogeneous processes. The calcu-
lated kinetic results reveal that the H2SO4 + (CH3)2NH +
CH3CHO reaction can be an important sink for acetaldehyde in
the atmospheric gas-phase reactions below 240 K when the OH
concentration is about 104 molecules cm−3 and the H2SO4

concentration is about 1.0 × 106 molecules per cm3. Moreover,
the H2SO4 + (CH3)2NH + CH3CHO reaction makes only a limited
contribution to the sink for sulfuric acid. The present ndings
show that organosulfates can be formed via the reaction of
CH3CHO with sulfuric acid catalyzed by dimethylamine, which
provides a new insight into the initial nucleation process for
sulfuric acid, amines, and aldehydes.

Conflicts of interest

The authors declare no competing nancial interests.

Acknowledgements

This work was supported in part by the National Natural Science
Foundation of China and (4211001056, 41775125 and
91961123), by Guizhou Provincial Science and Technology
Projects, China (CXTD [2022]001), and by the Science and
Technology Foundation of Guizhou Provincial Department of
Education, China (No. KY [2021]014 and KY[2021]107).

References

1 J. H. Kroll and J. H. Seinfeld, Chemistry of secondary organic
aerosol: Formation and evolution of low-volatility organics in
the atmosphere, Atmos. Environ., 2008, 42, 3593–3624.

2 P. J. Ziemann and R. Atkinson, Kinetics, products, and
mechanisms of secondary organic aerosol formation,
Chem. Soc. Rev., 2012, 41, 6582–6605.
Environ. Sci.: Atmos., 2023, 3, 672–682 | 677

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ea00159d


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 7
:5

7:
48

 A
M

. 
 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
3 J. Wang, J. Ye, Q. Zhang, J. Zhao, Y. Wu, J. Li, D. Liu, W. Li,
Y. Zhang, C. Wu, C. Xie, Y. Qin, Y. Lei, X. Huang, J. Guo,
P. Liu, P. Fu, Y. Li, H. C. Lee, H. Choi, J. Zhang, H. Liao,
M. Chen, Y. Sun, X. Ge, S. T. Martin and D. J. Jacob,
Aqueous production of secondary organic aerosol from
fossil-fuel emissions in winter Beijing haze, Proc. Natl.
Acad. Sci. U. S. A., 2021, 118, e2022179118.

4 S. M. Charan, Y. Huang and J. H. Seinfeld, Computational
Simulation of Secondary Organic Aerosol Formation in
Laboratory Chambers, Chem. Rev., 2019, 119, 11912–11944.

5 A. Akherati, Y. He, M. M. Coggon, A. R. Koss, A. L. Hodshire,
K. Sekimoto, C. Warneke, J. de Gouw, L. Yee, J. H. Seinfeld,
T. B. Onasch, S. C. Herndon, W. B. Knighton, C. D. Cappa,
M. J. Kleeman, C. Y. Lim, J. H. Kroll, J. R. Pierce and
S. H. Jathar, Oxygenated Aromatic Compounds are
Important Precursors of Secondary Organic Aerosol in
Biomass-Burning Emissions, Environ. Sci. Technol., 2020,
54, 8568–8579.

6 Y. Zhang, Y. Chen, Z. Lei, N. E. Olson, M. Riva, A. R. Koss,
Z. Zhang, A. Gold, J. T. Jayne, D. R. Worsnop, T. B. Onasch,
J. H. Kroll, B. J. Turpin, A. P. Ault and J. D. Surratt, Joint
Impacts of Acidity and Viscosity on the Formation of
Secondary Organic Aerosol from Isoprene Epoxydiols
(IEPOX) in Phase Separated Particles, ACS Earth Space
Chem., 2019, 3, 2646–2658.

7 P. H. Chowdhury, Q. He, R. Carmieli, C. Li, Y. Rudich and
M. Pardo, Connecting the Oxidative Potential of Secondary
Organic Aerosols with Reactive Oxygen Species in Exposed
Lung Cells, Environ. Sci. Technol., 2019, 53, 13949–13958.

8 I. M. Al-Naiema, J. H. Offenberg, C. J. Madler,
M. Lewandowski, J. Kettler, T. Fang and E. A. Stone,
Secondary organic aerosols from aromatic hydrocarbons
and their contribution to ne particulate matter in Atlanta,
Georgia, Atmos. Environ., 2020, 223, 117227.

9 M. Hallquist, J. C. Wenger, U. Baltensperger, Y. Rudich,
D. Simpson, M. Claeys, J. Dommen, N. M. Donahue,
C. George, A. H. Goldstein, J. F. Hamilton, H. Herrmann,
T. Hoffmann, Y. Iinuma, M. Jang, M. E. Jenkin,
J. L. Jimenez, A. Kiendler-Scharr, W. Maenhaut,
G. McFiggans, T. F. Mentel, A. Monod, A. S. H. Prévôt,
J. H. Seinfeld, J. D. Surratt, R. Szmigielski and J. Wildt, The
formation, properties and impact of secondary organic
aerosol: current and emerging issues, Atmos. Chem. Phys.,
2009, 9, 5155–5236.

10 M. Mahilang, M. K. Deb and S. Pervez, Biogenic secondary
organic aerosols: A review on formation mechanism,
analytical challenges and environmental impacts,
Chemosphere, 2021, 262, 127771.

11 G. McFiggans, T. F. Mentel, J. Wildt, I. Pullinen, S. Kang,
E. Kleist, S. Schmitt, M. Springer, R. Tillmann, C. Wu,
D. Zhao, M. Hallquist, C. Faxon, M. Le Breton,
Å. M. Hallquist, D. Simpson, R. Bergström, M. E. Jenkin,
M. Ehn, J. A. Thornton, M. R. Alfarra, T. J. Bannan,
C. J. Percival, M. Priestley, D. Topping and A. Kiendler-
Scharr, Secondary organic aerosol reduced by mixture of
atmospheric vapours, Nature, 2019, 565, 587–593.
678 | Environ. Sci.: Atmos., 2023, 3, 672–682
12 J. Wei, T. Fang, C. Wong, P. S. J. Lakey, S. A. Nizkorodov and
M. Shiraiwa, Superoxide Formation from Aqueous Reactions
of Biogenic Secondary Organic Aerosols, Environ. Sci.
Technol., 2021, 55, 260–270.

13 H. Tong, P. S. J. Lakey, A. M. Arangio, J. Socorro, F. Shen,
K. Lucas, W. H. Brune, U. Pöschl and M. Shiraiwa, Reactive
Oxygen Species Formed by Secondary Organic Aerosols in
Water and Surrogate Lung Fluid, Environ. Sci. Technol.,
2018, 52, 11642–11651.

14 J. H. Slade, A. P. Ault, A. T. Bui, J. C. Ditto, Z. Lei, A. L. Bondy,
N. E. Olson, R. D. Cook, S. J. Desrochers, R. M. Harvey,
M. H. Erickson, H. W. Wallace, S. L. Alvarez, J. H. Flynn,
B. E. Boor, G. A. Petrucci, D. R. Gentner, R. J. Griffin and
P. B. Shepson, Bouncier Particles at Night: Biogenic
Secondary Organic Aerosol Chemistry and Sulfate Drive
Diel Variations in the Aerosol Phase in a Mixed Forest,
Environ. Sci. Technol., 2019, 53, 4977–4987.

15 Y. Li and M. Shiraiwa, Timescales of secondary organic
aerosols to reach equilibrium at various temperatures and
relative humidities, Atmos. Chem. Phys., 2019, 19, 5959–5971.

16 X. Qi, S. Zhu, C. Zhu, J. Hu, S. Lou, L. Xu, J. Dong and
P. Cheng, Smog chamber study of the effects of NOx and
NH3 on the formation of secondary organic aerosols and
optical properties from photo-oxidation of toluene, Sci.
Total Environ., 2020, 727, 138632.

17 S.-H. Lee, H. Gordon, H. Yu, K. Lehtipalo, R. Haley, Y. Li and
R. Zhang, New Particle Formation in the Atmosphere: From
Molecular Clusters to Global Climate, J. Geophys. Res.:
Atmos., 2019, 124, 7098–7146.

18 M. Shrivastava, C. D. Cappa, J. Fan, A. H. Goldstein,
A. B. Guenther, J. L. Jimenez, C. Kuang, A. Laskin,
S. T. Martin, N. L. Ng, T. Petaja, J. R. Pierce, P. J. Rasch,
P. Roldin, J. H. Seinfeld, J. Shilling, J. N. Smith,
J. A. Thornton, R. Volkamer, J. Wang, D. R. Worsnop,
R. A. Zaveri, A. Zelenyuk and Q. Zhang, Recent advances in
understanding secondary organic aerosol: Implications for
global climate forcing, Rev. Geophys., 2017, 55, 509–559.

19 J. Li, Z. Liu, W. Gao, G. Tang, B. Hu, Z. Ma and Y. Wang,
Insight into the formation and evolution of secondary
organic aerosol in the megacity of Beijing, China, Atmos.
Environ., 2020, 220, 117070.

20 M. Kulmala, J. Kontkanen, H. Junninen, K. Lehtipalo,
H. E. Manninen, T. Nieminen, T. Petäjä, M. Sipilä,
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T. Petäjä, F. Riccobono, M. P. Rissanen, L. Rondo,
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T. Petäjä, D. R. Worsnop, M. Kulmala and L. Wang,
Atmospheric new particle formation from sulfuric acid and
amines in a Chinese megacity, Science, 2018, 361, 278–281.

25 J. Almeida, S. Schobesberger, A. Kürten, I. K. Ortega,
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Y. Stozhkov, F. Stratmann, A. Tomé, J. Vanhanen,
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