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ABSTRACT: Aldehydes were speculated to be important precursor
species in new particle formation (NPF). The direct involvement of
formaldehyde (CH2O) in sulfuric acid and water nucleation is
negligible; however, whether its atmospheric hydrolysate, methane-
diol (CH2(OH)2), which contains two hydroxyl groups, participates
in NPF is not known. This work investigates both CH2O hydrolysis
and NPF from sulfuric acid and CH2(OH)2 with quantum chemistry
calculations and atmospheric cluster dynamics modeling. Kinetic
calculation shows that reaction rates of the gas-phase hydrolysis of
CH2O catalyzed by sulfuric acid are 11−15 orders of magnitude
faster than those of the naked path at 253−298 K. Based on
structures and the calculated formation Gibbs free energies, the
interaction between sulfuric acid/its dimer/its trimer and CH2(OH)2
is thermodynamically favorable, and CH2(OH)2 forms hydrogen bonds with sulfuric acid/its dimer/its trimer via two hydroxyl
groups to stabilize clusters. Our further cluster kinetic calculations suggested that the particle formation rates of the system are
higher than those of the binary system of sulfuric acid and water at ambient low sulfuric acid concentrations and low relative
humidity. In addition, the formation rate is found to present a negative temperature dependence because evaporation rate constants
contribute significantly to it. However, cluster growth is essentially limited by the weak formation of the largest clusters, which
implies that other stabilizing vapors are required for stable cluster formation and growth.

1. INTRODUCTION
New particle formation (NPF) is the source of over half of the
atmospheric cloud condensation nuclei, thus influencing cloud
properties and Earth’s energy balance.1 Nucleated particles
include the formation of stabilized clusters and their
subsequent growth. However, the chemical identity and
relative significance of the participating vapors remain highly
uncertain. Experiments performed at the CLOUD chamber
have shown that NPF from sulfuric acid and strong bases, such
as dimethylamine, correlates well with atmospheric observa-
tions,2 but their concentrations are not enough to explain the
particle nucleation rates and growth rates under atmospheric
conditions,3−5 and other organic nucleation candidates play
important roles in particle formation and the subsequent
growth stages.6−10

Formaldehyde (CH2O) is the simplest but most abundant
(approximately 70−80%) carbonyl compound in the atmos-
phere,11 ranging from thousands of pptv to dozens of ppbv
observed in different areas of the world,12−14 and it is typically
present at concentrations equal to that of all other aldehyde
species combined in cloudwater.15−17 It is of special concern
because it is an important intermediate product of photo-
chemical reactions in the atmosphere, and it has a certain role
in atmospheric reactivity and oxidizing ability.11,18−20 Globally,
the main source of formaldehyde in clean and remote areas is

the photochemical oxidation of CH4, but in rural areas, the
oxidation of hydrocarbons emitted by natural sources (such as
terpenes and isoprene) and man-made sources is also a source
of CH2O.

21 Previous investigations have suggested that the
major sink processes of CH2O in gas-phase atmospheric
chemistry are photolysis22,23 and reaction with the hydroxyl
radical,24 which produces HOX radicals.

25,26 Budget analyses of
CH2O reveal large discrepancies between observed CH2O
concentrations and those predicted from models.27,28 Recently,
gas-phase hydrolysis of CH2O,

29,30 uptake of CH2O by
aerosols/clouds,31−33 soil surfaces,34 and direct participation
of CH2O in nucleation

35,36 have been of great interest, which
could present additional CH2O sink pathways and thus reduce
overestimation of CH2O.
Previous studies have shown that formaldehyde and the

products of aldehyde heterogeneous reactions, including
hydrolysis, can contribute to the formation and growth of
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secondary organic aerosols (SOAs).35,37,38 However, our
previous simulations of cluster growth flux and flow tube
experiments show that CH2O with H2SO4 clustering is weak
and that the enhancement of CH2O in H2SO4-H2O
homogeneous nucleation is negligible. A previous study
showed that gas-phase CH2O hydrolysis to form methanediol
(CH2(OH)2) does not take place due to the extremely high
energy barrier in the atmosphere.39−41 Nevertheless, experi-
ments42,43 have shown that the hydrolysis of aldehydes could
occur under conditions corresponding to a water-restricted
gas-phase environment. In addition, some studies have also
demonstrated that atmospheric acids can significantly lower
the barrier of these hydrolysis reactions, including sulfuric
acid,29,44 formic acid,44,45 nitric acid45 and oxalic acid,45 where
they act as bridges for hydrogen atom transfer. However, they
either did not generalize the effective reaction rate from
monomers or did not compare the reaction rate to other major
sink rates, or none of the above. The kinetics of the hydrolysis
of CH2O are still limited, and the potential for subsequent
participation in NPF is unknown.
From the perspective of its structure, CH2(OH)2 possesses

two hydroxyl functional groups, which can act as hydrogen
donors to interact with atmospheric particle precursors and
thus promote NPF.35,46 Recently, Shi et al.35 used quantum
chemical calculations to elucidate the possibility of aldehydes
as well as the hydration products with sulfuric acid forming
clusters in atmospheric particle formation. Hence, the CH2O
hydrolysis reaction may play a positive role in NPF, which is
helpful to better understand the atmospheric CH2O reactions
and is also important to assess the effects of geminal diol on
NPF.
In this study, we examine the catalytic effect of sulfuric acid

(SA) on the CH2O hydrolysis to produce CH2(OH)2 and
comparatively investigate the formation of molecular clusters
of SA and CH2O, SA and CH2(OH)2 using a combination of
quantum chemical calculations and kinetic modeling employ-
ing the Atmospheric Cluster Dynamics Code (ACDC).47,48

Via systematic conformational searches, we obtained minimum
Gibbs free energy structures of clusters of composition
(H2SO4)m(B)n (0 ≤ m, n ≤ 3; “B” represents CH2O or
CH2(OH)2). The corresponding thermodynamic data are used
in ACDC to obtain cluster steady-state concentrations and
formation rates of particles. In addition, the effects of
temperature and vapor concentration on cluster formation
are considered. The logic of this work is whether the hydrolysis
of CH2O can serve as a loss pathway for CH2O and whether its
hydrolysate can participate in NPF under atmospheric
conditions.

2. COMPUTATIONAL METHODS
2.1. Quantum Chemical Calculations. The basin-

hopping (BH) algorithm49−51 coupled with the PM7 semi-
empirical potential52 implemented in the MOPAC 2016
program (http://openmopac.net) was employed to search
for the initial geometries. This BH method has been validated
to perform well for both atomic and molecular systems in our
previous studies.53−58 Then, the top 20 lowest-lying con-
formers of each species were optimized at the PW91PW91/6-
311++G(3df,3pd) level to determine the final configurations
with the Gaussian 09 software package.59 Harmonic vibrational
frequencies were calculated to confirm that the obtained
conformers were the true minima. The method provides good
geometries,60,61 excellent vibrational frequencies,62 and quite

accurate cluster Gibbs free energies compared with the
currently avai lable experiments .58 ,63 ,64 Based on
PW91PW91/6-311++G(3df,3pd)-optimized geometries and
frequencies (i.e., the ΔGthermal contribution), single-point
energy calculations for the (H2SO4)m(B)n (0 ≤ m, n ≤ 3;
“B” represents CH2O or CH2(OH)2) clusters were carried out
using DLPNO-CCSD(T)/aug-cc-pVTZ with the ORCA 4.0
suite of programs.65 The approximate ΔGbindCCSD(T) (hereafter,
ΔG) value is calculated from the binding energy (ΔE) and the
ΔGthermal contribution as follows

= +G E Gbind
CCSD(T) CCSD(T)

thermal
DFT

(1)

2.2. Kinetics Calculations. For kinetic calculations,
geometrical structures of all reactants, prereaction complexes,
transition states, postreaction complexes, and products were
optimized using the M06-2X66 method in conjunction with the
6-311++G(d,p)67 basis set. To refine the relative energies of
the various stationary points, single-point energy calculations
were also carried out at the DLPNO-CCSD(T)/aug-cc-pVTZ
level of theory. To evaluate the effects of SA on the rate
constants of the gas-phase CH2O hydrolysis reaction, the
reaction rate constants are evaluated based on conventional
transition-state theory (TST) with Eckart tunneling correc-
tion68,69 at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/
6-311++G(d,p) level and executed with the KiSThelP
program.70

The formation of CH2(OH)2 from CH2O and H2O is
described as follows

+ FCH O H O (CH O)(H O)2 2 2 2 (2)

(CH O)(H O) CH (OH)2 2 2 2 (3)

Applying the steady-state approximation to the prereactive
complex and assuming that the complex is in equilibrium with
the reactant, the uncatalyzed formation reaction rate of
CH2(OH)2 (vun) can be described as eq 4

29

= [ ] = × [ ][ ]

= × × [ ][ ]
t

k
k

k

K k

d CH (OH)
d

CH O H O

CH O H O

un
2 2 2

2
3 2 2

(CH O)(H O) 3 2 22 2 (4)

= ×k K kun (CH O)(H O) 32 2 (5)

In the above equations, K(CHd2O)(Hd2O) is the equilibrium
constant for eq 2. k2 and k3 are the forward rate constants
for eqs 2 and 3, respectively. k−2 is the reverse rate constant for
eq 2. kun is the rate constant of the formaldehyde hydrolysis
without a catalyst.
In the presence of the catalyst H2SO4, the reaction proceeds

via collision with each other to form dimers, and then the
dimers encounter the third reactant to form the (CH2O)-
(H2O)(H2SO4) complex, which is followed by unimolecular
transformation to form (CH2(OH)2)(H2SO4) complex in the
exit channel. H2SO4 can participate in the atmospheric
hydrolysis of CH2O either by directly colliding with a
(CH2O)(H2O) complex or by having a CH2O molecule
collide with a (H2SO4)(H2O) complex. The two pathways can
be expressed as

+ FCH O H O (CH O)(H O)2 2 2 2 (6)

+ +(CH O)(H O) H SO CH (OH) H SO2 2 2 4 2 2 2 4 (7)
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and

+ FH SO H O (H SO )(H O)2 4 2 2 4 2 (8)

+ +CH O (H SO )(H O) CH (OH) H SO2 2 4 2 2 2 2 4 (9)

For the path associated with the (CH2O)(H2O) + H2SO4
reactants, applying the steady-state approximation to the
prereactive complex and assuming that the complex is in
equilibrium with the reactant, similar to the formation of
H2SO4

71 and organic nitrate,72 the H2SO4-catalyzed formation
reaction rate of CH2(OH)2 (vHd2SOd4

) can be described as eq 10

= [ ]

= × × [ ][ ][ ]
t

K k

d CH (OH)
d

H SO CH O H O

H SO
2 2

(CH O)(H O) 7 2 4 2 2

2 4

2 2

(10)

k7 represents the bimolecular rate constant of the (CH2O)-
(H2O) + H2SO4 reaction, which has been calculated using
conventional transition-state theory with Eckart tunneling. The
overall rate constant of the H2SO4-catalyzed formaldehyde
hydrolysis (keff,Hd2SOd4

) is represented by eq 11

Figure 1. Potential energy surfaces with zero-point vibrational energies corrected at the DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-311+
+G(d,p) level of theory (in kcal mol−1) for the reaction of CH2O + H2O with (a) no catalyst and (b) H2SO4 as a catalyst.
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= × × [ ]k K k H SOeff,H SO (CH O)(H O) 7 2 42 4 2 2 (11)

For the path associated with the CH2O + (H2SO4)(H2O)
reactants, analogous to eqs 4 and 5, the rate expression and the
rate constant for CH2(OH)2 formation can be written as eqs
12 and13

= × × [ ][ ][ ]K k H SO CH O H OH SO (H SO )(H O) 9 2 4 2 22 4 2 4 2

(12)

= × × [ ]k K k H SOeff,H SO (H SO )(H O) 9 2 42 4 2 4 2 (13)

According to the ratio of the rate expressions for the two
pathways shown in Text S1 and Table S1 in the Supporting
Information (SI), CH2O hydrolysis via the CH2O + (H2SO4)-
(H2O) pathway is faster than that of the (CH2O)(H2O) +
H2SO4 reaction because the formation of the (H2SO4)(H2O)
complex is more favorable than the (CH2O)(H2O) complex.
We used the ACDC to study the formation rates and

evaporation properties of clusters. The code generates and
solves the cluster birth−death equations, the time derivatives
of the concentrations of all constituents included in the
simulation as eq 14

= +
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,( ) ( ) ( ) ,

(14)

where ci is the concentration of cluster i, βi,j is the collision
coefficient of clusters i with j, and γi+j→j is the evaporation
coefficient of cluster i + j evaporating into clusters i and j. Qi is
the possible additional source of cluster i, and Si is the sink
term of cluster i. The collision rate constants were calculated
from the kinetic gas theory, and the evaporation rate constants
were calculated from the Gibbs free energies of formation of
the clusters according to the concept of detailed balance.
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zzzzz
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e e

e ref
b (15)

Where cie is the equilibrium concentration of cluster i, ΔGi is
the Gibbs free energy of the formation of cluster i, and cref is
the monomer concentration of the reference vapor corre-

sponding to the pressure of 1 atm at which the Gibbs free
energies were determined.
In addition, the cluster formation rate in our study is defined

as the flux of clusters outside the “3 × 3 box” system, where 3
is the maximum number of H2SO4, CH2O, or CH2(OH)2 in
the clusters, assuming the clusters on the boundaries are large
enough to have negligible evaporation coefficients, since these
clusters are not allowed to re-enter, it is as if they have become
stable particles. A constant coagulation sink coefficient (sink
term) and the source rate were set to zero for simplicity.

3. RESULTS AND DISCUSSION
3.1. Hydrolysis of Formaldehyde Without/With

Catalyzed Sulfuric Acid. The reaction between form-
aldehyde and water produces a geminal diol, which is not
photolabile in the atmosphere73 and is expected to be more
hygroscopic than formaldehyde due to its increased oxygen
functionalization.74 Gas-phase electronic structure calculations
predict that two conformers of methanediol, cis-CH2(OH)2
and trans-CH2(OH)2, are thermodynamically favorable. Trans-
CH2(OH)2 is more stable than cis-CH2(OH)2 because the
distance between the hydrogen atoms of the hydroxyls in trans-
CH2(OH)2 is longer than that in cis-CH2(OH)2, as shown in
Figure S1 in the SI. From now on, we regard a trans-
CH2(OH)2 as a methanediol if not specified.
As shown in Figure 1a, the fairly high reaction barrier

resulting in the direct hydrolysis of formaldehyde without a
catalyst is not a plausible path for CH2(OH)2 formation. The
energy barrier is calculated to be 38.6 kcal mol−1 with respect
to the prereactive complex, consistent with the previous value
of 38.0 kcal mol−1.29 A large ring tension of the rather closed
four-membered ring is in the transition-state (TS1) geometry,
making the path kinetically unfavorable. For the reaction
catalyzed by sulfuric acid (Figure 1b), the reactants are
regarded as beginning with the formation of the (H2SO4)-
(H2O) complex and through a transition state (TS2) to lead to
the formation of CH2(OH)2, as seen in the Section 2. The
energy barrier is calculated to be 1.5 kcal mol−1 with respect to
the reactants CH2O and (H2SO4)(H2O), and it is clear that
the reaction energy barrier of formaldehyde with water
catalyzed by sulfuric acid is reduced by 37.1 kcal, which
indicates that sulfuric acid exerts a strong catalytic effect on the
hydrolysis of CH2O.

Table 1. Equilibrium Constants (K(CHd2O)(Hd2O) and K(Hd2SOd4)(Hd2O), cm3 molecules−1), the Reaction Rate Coefficients (k3, s−1; k9,
kun and k′eff, cm3 molecule−1 s−1), and the Reaction Rates (vun and v′eff, molecules cm−3 s−1) for the Formation of CH2(OH)2
from the Hydrolysis of Formaldehyde without/with Catalyzed Sulfuric Acid Calculated at the DLPNO-CCSD(T)/aug-cc-
pVTZ//M06-2X/6-311++G(d,P) Level in the Temperature Range 253−298 K

M 253 K 263 K 273 K 283 K 298 K

K(CHd2O)(Hd2O) 3.58 × 10−23 3.24 × 10−23 2.96 × 10−23 2.73 × 10−23 2.45 × 10−23

k3 1.93 × 10−19 9.91 × 10−19 5.02 × 10−18 2.42 × 10−17 2.49 × 10−16

K(Hd2SOd4)(Hd2O) 2.65 × 10−17 1.20 × 10−17 5.73 × 10−18 2.90 × 10−18 1.14 × 10−18

k9 9.57 × 10−17 1.03 × 10−16 1.10 × 10−16 1.17 × 10−16 1.29 × 10−16

kun 6.92 × 10−42 3.21 × 10−41 1.48 ×10−40 6.60 × 10−40 6.11 × 10−39

k′effa 2.53 × 10−26 1.23 × 10−26 6.31 × 10−27 3.40 × 10−27 1.47 × 10−27

kOH
b 9.21 × 10−12 9.02 × 10−12 8.85 × 10−12 8.70 × 10−12 8.49 × 10−12

v′eff/vunc 3.66 × 1015 3.83 × 1014 4.25 × 1013 5.16 × 1012 2.40 × 1011

v′eff/vOHd 2.75 × 10−2 1.36 × 10−2 7.12 × 10−3 3.91 × 10−3 1.73 × 10−3

a[H2SO4] is 107 molecules cm−3. bexperimental rate constant from ref 63. c[H2SO4] is 107 molecules cm−3. d[H2O] and [OH] are 1018 and 105
molecules cm−3, respectively.
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The atmospheric implications of the studied reactions would
be determined by how fast different reaction channels are and
how they compete against each other; the reaction rate
constants are then calculated here. The rate constants for each
channel and equilibrium constants over the temperature range
of 253−298 K are presented in Table 1. Without considering
the catalyst, the rate constant kun is 6.92 × 10−42 to 6.11 ×
10−39 cm3 molecule−1 s−1 at 253−298 K, which is too small for
the reaction to occur. In the H2SO4 catalytic channel, the
reaction rate constant is 2.53 × 10−26 to 1.47 × 10−27 cm3
molecule−1 s−1 at a typical atmospheric [H2SO4] of 107
molecules cm−3, where the H2SO4 concentrations examined
in the atmosphere span a wide range from 104 to 109 molecules
cm−3.1,75 To obtain a more complete knowledge of the sulfuric
acid effect in the CH2O hydrolysis reaction, it is necessary to
compare the rate of the naked and sulfuric acid-assisted
reactions rather than comparing the reaction energy barriers or
the rate constants of the individual reactions. The rate ratio,
v′eff/vun, listed in Table 1 shows that the reaction with the
H2SO4 catalytic channel is 11−15 orders of magnitude faster
than the reaction without H2SO4. As a result, H2SO4 could
efficiently make the CH2O hydrolysis process more feasible
than the uncatalyzed channel, both energetically and kineti-
cally. Master equation calculations are also carried out to
estimate the rate coefficients of the (H2SO4)(H2O) + CH2O
reaction at 253−298 K and 1 atm, which were then used to
calculate the overall rate expressions in Text S2 in the SI. The
overall rates of sulfuric acid-catalyzed CH2(OH)2 formation
obtained by RRKM theory with MESMER are slightly larger
than those obtained with the TST method, as shown in Table
S2 in the SI, which also indicates that it is feasible to choose
the TST method to calculate the rate coefficient.
The competition between the two reactions, CH2O + H2O

and CH2O + OH, is also investigated to evaluate the
contributions of the two pathways to CH2O elimination.

Besides photolysis, the latter reaction is generally considered
the dominant loss process of CH2O in the daytime. The rate
ratio between the two reactions is expressed as eq 16

= [ ][ ]
× [ ][ ]

=
× × [ ][ ]

× [ ]

k
k
K k

k

H O CH O
OH CH O

H SO H O

OH

eff

OH

eff 2 2

OH 2

(H SO )(H O) 9 2 4 2

OH

2 4 2

(16)

where kOH is the experimental rate constant of CH2O + OH in
the atmosphere.76 Because H2SO4 is formed mainly from SO2
+ OH, [H2SO4] is low when [OH] is low. The concentrations
of OH radicals and H2O are 103−106 and 1018 molecules cm−3

(100% RH), respectively.77,78 When [OH] = 105 molecules
cm−3 and [H2SO4] = 107 molecules cm−3, the CH2O
hydrolysis reaction is predicted to be slower than the CH2O
+ OH reaction by 2−3 orders of magnitude at 253−298 K.
Because CH2O photolysis is more advantageous than its
reaction with the OH in the atmosphere, we did not further
compare CH2O hydrolysis to its photolysis. However,
according to v′eff/vOH, the gas-phase hydrolysis of form-
aldehyde catalyzed by sulfuric acid may play a role in the sink
of CH2O at low temperatures.
3.2. Cluster Structures and Thermodynamics. To

elucidate the effect of CH2(OH)2 on sulfuric acid nucleation,
structures and thermodynamic values when one to three
CH2(OH)2 molecules and one to three H2SO4 molecules
formed clusters are discussed in this section. In addition,
thermodynamic values were determined for the cluster
formation involving the H2SO4 molecule and NH3/H2SO4
molecule to compare with the hydrolysis product. The cluster
formation steps with optimized structures of global Gibbs free
energy minima in the (H2SO4)m(CH2(OH)2)n (m = 1−3, n =
1−3) system are shown in Figure 2.

Figure 2. Diagram for the studied cluster formation steps, with structures of global Gibbs free energy minima obtained at the DLPNO-CCSD(T)/
aug-cc-pVTZ//PW91PW91/6-311++G(3df,3pd) level of theory, in the (H2SO4)m(CH2(OH)2)n (m = 1−3, n = 1−3) system. All presented values
are the calculated Gibbs free energy changes, and the values in parentheses are the formation Gibbs free energies from monomers in kcal mol−1 at
298.15 K and 1 atm. Hydrogen bonds with bond lengths (Å) of each cluster are indicated.
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The cluster formation between an SA molecule and a
CH2(OH)2 molecule involves the formation of two hydrogen
bonds, where CH2(OH)2 acts as both a donor and acceptor of
hydrogen bonds, as shown in Figure 2. The Gibbs free energy
for forming the (H2SO4)(CH2(OH)2) cluster is found to be
−3.99 kcal mol−1. This process is more favorable than the
formation of (H2SO4)(CH2O), with a Gibbs free energy
change of −1.46 kcal mol−1, as shown in Table 2. The
formation of (H2SO4)(CH2(OH)2) is also more favorable than
that of (H2SO4)(H2O), with a calculated ΔG of −1.04 kcal
mol−1.79 However, it is less favorable than the formation of the
SA dimer, with a ΔG of −6.40 kcal mol−1, and significantly less
favorable than the formation of (H2SO4)(NH3). This result
infers that the simple geminal diol is stronger for stabilizing SA
to promote atmospheric particle nucleation than the simple
aldehyde; however, the interaction of methanediol with SA is
still weaker than that of ammonia.
The two subsequent additions of sulfuric acid molecules to

the (H2SO4)(CH2(OH)2) complex occur via the formation of
SA−SA hydrogen-bonded interactions. These processes are
found to be more favorable (i.e., −7.75 and −4.21 kcal mol−1)
compared to the first SA addition, which is because the
addition of a sulfuric acid molecule leads to a greater reduction
in the enthalpy (ΔH), although the clustering process is
accompanied by an entropy (ΔS) decrease3 as the formation of
hydrogen bonds leads to a more constrained structure. From
the molecular structures of these clusters, it is apparent that the
interaction strengths are as follows: sulfuric acid−sulfuric acid
> methanediol−sulfuric acid > methanediol−methanediol.
Formation of the (H2SO4)2(CH2(OH)2)2 cluster could

occur by adding an SA molecule to (H2SO4)(CH2(OH)2)2 or
adding a methanediol molecule to (H2SO4)2(CH2(OH)2).
Because the formation of (H2SO4)2(CH2(OH)2) is more
favorable than the formation of (H2SO4)(CH2(OH)2)2, where

the corresponding Gibbs free energy changes from
(H2SO4)2(CH2(OH)2) are −7.75 and −2.59 kcal mol−1,
respectively, the (H2SO4)2(CH2(OH)2)2 cluster would be
f o r m e d a l o n g ( H 2 S O 4 ) ( C H 2 ( O H ) 2 ) →
(H2SO4)2(CH2(OH)2) → (H2SO4)2(CH2(OH)2)2 path. Sim-
ilarly, the (H2SO4)3(CH2(OH)2)3 cluster would be formed
along (H2SO4)(CH2(OH)2) → (H2SO4)2(CH2(OH)2) →
(H2SO4)3(CH2(OH)2) → (H2SO4)3(CH2(OH)2)2 →
(H2SO4)3(CH2(OH)2)3 path. This does not mean that
(H2SO4)3(CH2(OH)2)3 cluster formation is not impossible
through the (H2SO4)2(CH2(OH)2)2 cluster, since the paths
are in competition with each other, and there is an actual
channel occupancy (growth flux). In the following simulations
of steady-state formation rates, growth fluxes were considered.
For the same reactant, (H2SO4)2(CH2(OH)2)2, the addition of
an SA molecule is also more favorable than the addition of a
methanediol molecule, where the corresponding Gibbs free
energy changes are −6.12 and −3.28 kcal mol−1, respectively.
Looking at the molecular structures of these clusters, the
pattern is also due to the different interaction strength levels
between molecules. All optimized Cartesian coordinates of
(H2SO4)m(CH2(OH)2)n (0 ≤ m, n ≤ 3), (H2SO4)m(H2O) (0
≤ m ≤ 3) and (H2SO4)m(NH3) (0 ≤ m ≤ 3) discussed here
are shown in Table S3 in the SI. The optimized structures of
global Gibbs free energy minima and the corresponding
optimized Cartesian coordinates for (H2SO4)m(CH2O)n (0 ≤
m, n ≤ 3) clusters are shown in Figure S2 and Table S4 in the
SI, respectively.
In addition to examining the cluster formation between the

sulfuric acid monomer and hydrolysis product of form-
aldehyde, we also further investigated the affinity of
methanediol to dimers and trimers of sulfuric acid. Enthalpies,
entropies, and Gibbs free energy changes for the corresponding
reaction are shown in Table 3. Similar to the reaction between

Table 2. Enthalpies, Entropies, and Gibbs Free Energy Changes Associated with the Affinities of the Hydrolysis Product of
CH2O to Sulfuric Acid Calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//PW91PW91/6-311++G(3df, 3pd) Level of
Theory, 298.15 K and 1 atm

reactions ΔH (kcal mol−1) ΔS (cal mol−1 K−1) ΔG (kcal mol−1)

+ FH SO CH (OH) (H SO )(CH (OH) )2 4 2 2 2 4 2 2 −14.85 −36.42 −3.99
+ FH SO CH O (H SO )(CH O)2 4 2 2 4 2 −10.65 −30.81 −1.46
+ FH SO H O (H SO )(H O)2 4 2 2 4 2 −10.93 −33.19 −1.04
+ FH SO NH (H SO )(NH )2 4 3 2 4 3 −19.49 −31.96 −9.96
+ FH SO H SO (H SO )2 4 2 4 2 4 2 −17.03 −35.65 −6.40

Table 3. Enthalpies, Entropies, and Gibbs Free Energy Changes Associated with the Affinities of Methanediol from CH2O
Hydrolysis to Sulfuric Acid Polymer Calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//PW91PW91/6-311++G(3df,3pd)
Level, 298.15 K, and 1 atm

reactions ΔH (kcal mol−1) ΔS (cal mol−1 K−1) ΔG (kcal mol−1)

+ F(H SO ) CH (OH) (H SO ) (CH (OH) )2 4 2 2 2 2 4 2 2 2 −20.92 −52.23 −5.34
+ F(H SO ) CH O (H SO ) (CH O)2 4 2 2 2 4 2 2 −11.19 −31.63 −1.75
+ F(H SO ) H O (H SO ) (H O)2 4 2 2 2 4 2 2 −12.58 −38.41 −1.13
+ F(H SO ) NH (H SO ) (NH )2 4 2 3 2 4 2 3 −28.94 −40.85 −16.76
+ F(H SO ) H SO (H SO )2 4 2 2 4 2 4 3 −18.42 −47.30 −4.32
+ F(H SO ) CH (OH) (H SO ) (CH (OH) )2 4 3 2 2 2 4 3 2 2 −16.64 −38.26 −5.23
+ F(H SO ) CH O (H SO ) (CH O)2 4 3 2 2 4 3 2 −12.52 −30.96 −3.29
+ F(H SO ) H O (H SO ) (H O)2 4 3 2 2 4 3 2 −12.49 −34.13 −2.31
+ F(H SO ) NH (H SO ) (NH )2 4 3 3 2 4 3 3 −30.43 −32.88 −20.63
+ F(H SO ) H SO (H SO )2 4 3 2 4 2 4 4 −18.32 −42.27 −5.72
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methanediol and sulfuric acid, the methanediol affinity to
sulfuric acid dimer/sulfuric acid trimer, with a value of −5.34/
−5.23 kcal mol−1, is higher than formaldehyde affinity;
however, it is much less than the corresponding ammonia
affinity. In addition, the methanediol affinities to sulfuric acid
dimer and sulfuric acid trimer are similar to those of sulfuric
acid itself, with values of −4.32 and −5.72 kcal mol−1. All
methanediol affinities to sulfuric acid, sulfuric acid dimer, and
sulfuric acid trimer are higher than those corresponding to
water affinities. Here, it once again proves that the simple
geminal diol is stronger for stabilizing sulfuric acid and its
dimer/trimer to promote nucleation than simple aldehydes. In
conclusion, hydrolysis of formaldehyde can apparently enhance
the binding strength with the atmospheric nucleation precursor
of sulfuric acid and its dimer/trimer by introducing two
functional groups (−OH groups). Formaldehyde and its
atmospheric derivatives are unlikely to serve as key species,
such as ammonia and amines, to promote atmospheric
nucleation.

3.3. Atmospheric Cluster Dynamics Simulation.
3.3.1. Evaporation Rates. The competition between the
forward reaction by adding a molecule and the reverse
reaction by losing a molecule (evaporation) at each
intermediate step determines whether a cluster grows to
form a nanoparticle, and the collision and evaporation rates
can be used to infer the stability of clusters. The total
evaporation rates for the (H2SO4)m(B)n (0 ≤ m, n ≤ 3); “B”
represents CH2O or CH2(OH)2 clusters on the H2SO4-B grid
at 278 K are shown in Figure 3. While the evaporation rates for
clusters vary between the different systems, the evaporation
rates for most (H2SO4)m(CH2O)n (0 ≤ m, n ≤ 3) clusters are
larger than that for the (H2SO4)m(CH2(OH)2)n (0 ≤ m, n ≤
3) clusters. This indicates that (H2SO4)m(CH2(OH)2)n (0 ≤
m, n ≤ 3) clusters are more stable than those CH2O-involved
clusters. It is also obvious that most clusters with a higher
number of H2SO4 molecules in these two systems have a lower
evaporation rate.

Figure 3. Total evaporation rates for the (H2SO4)m(CH2O)n (0 ≤ m, n ≤ 3) clusters in figure (a) and (H2SO4)m(CH2(OH)2)n (0 ≤ m, n ≤ 3)
clusters in (b) at the DLPNO-CCSD(T)/aug-cc-pVTZ//PW91PW91/6-311++G(3df,3pd) level of theory and 278 K.

Figure 4. Simulated particle formation rate J (cm−3 s−1) out of the simulation system as a function of H2SO4 monomer concentration at 278 K with
different B mixing ratios for H2SO4-CH2O system in figure (a) and H2SO4-CH2(OH)2 system in figure (b). The dashed black lines show the
prediction calculated using the parameterized binary homogeneous nucleation of sulfuric acid and water at 278 K and RH = 38%.
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As shown in Figure 3, the smaller evaporation rate occurs in
the formation of a sulfuric acid dimer, followed by the addition
of sulfuric acid in the H2SO4-CH2O system. For the H2SO4-
CH2(OH)2 system, the main path is added a SA molecule first
and then added a CH2(OH)2 molecule. In general, the total
evaporation rates for the (H2SO4)m(CH2O)n (0 ≤ m, n ≤ 3)
and (H2SO4)m(CH2(OH)2)n (0 ≤ m, n ≤ 3) clusters are high.
It is thereby unlikely that B and SA by themselves drive new
particle formation at 278 K and likely that the participation of
other atmospheric vapors or other conditions is needed. The
effect of the nucleating precursor concentration and temper-
ature on the particle formation rate will be discussed next. For
other atmospheric vapors, such as water vapor, it is reported
that hydration80−84 can contribute to lowering the formation
Gibbs free energies of the clusters, and it is observed that
particle growth increases with decreasing relative humidity
using 2,4-hexadienal with H2SO4 as nucleation mode nano-
particles by nano-TDMA.85 For instance, Shi et al.35 showed
that the Gibbs free energy associated with the formation of
hydrated (H2SO4)(P1)(H2O) from (H2SO4)(H2O) and 3-
hydroxybutyraldehyde (P1) is more negative than the Gibbs
free energy of (H2SO4)(P1) formation from H2SO4 and P1.
3.3.2. Steady-State Formation Rates. To form new

particles, the collision rate of monomers to the clusters must
exceed the cluster evaporation rates beyond some cluster size.
Figure 4 shows the steady-state formation rate of particles
growing out of the simulation systems as a function of
monomer concentration at 278 K for H2SO4-CH2O and
H2SO4-CH2(OH)2 systems. ACDC simulations were per-
formed at ambient SA concentrations starting from 106 to 108
molecules cm−3. Because diols are difficult to isolate under
typical gas-phase laboratory conditions,86 atmospheric concen-
trations of CH2(OH)2 have not been achieved thus far. We
computed the concentration from the equilibrium constant of
formaldehyde hydrolysis, the concentration of formaldehyde
and water vapor as Keq[CH2O][H2O], with Keq = (cref)−1 exp-
(−ΔG/RT), based on the formation Gibbs free energy at the
DLPNO-CCSD(T)/aug-cc-pVTZ//PW91PW91/6-311++G-
(3df, 3pd) level of theory. Concentrations of CH2(OH)2 at

equilibrium with different atmospheric concentrations of
formaldehyde are shown in Table S5 (SI). Our results are
also accompanied by a theoretical prediction of binary
homogeneous nucleation of sulfuric acid and water calculated
at 278 K and 38% relative humidity (RH) according to the
parameterization suggested by Vehkamak̈i et al.87

Generally, the cluster formation rate increases with
increasing concentrations of B and SA under the considered
conditions. The sulfuric acid concentration dependence of the
cluster formation rate does not change with CH2(OH)2 and
CH2O concentrations, with a power dependency of 3 and 4,
respectively; conversely, the power dependency on CH2(OH)2
does not change with SA concentration, with a value of
approximately 4. Overall, the formation rates of the H2SO4-
CH2(OH)2 system at the corresponding concentration
conditions are 2−3 orders of magnitude greater than those
of the H2SO4-CH2O system, and all of the values are low,
which again proves that the direct involvement of CH2O in
sulfuric acid and water nucleation is negligible. However, the
atmospheric CH2(OH)2 concentration should actually be
higher than the calculated one because there may be other
ways of CH2(OH)2 production in the atmosphere. Further-
more, when the SA concentration is less than 2 × 107
molecules cm−3, the formation rate is higher than that of SA
and water, indicating that the cluster formation for SA with
CH2(OH)2 is more favorable than that with water at ambient
low SA concentrations and low RHs.

3.3.3. Effect of Temperature on Formation Rates.
Temperature effects contributed to not only the thermody-
namic properties of clusters,88−91 such as enthalpy, Gibbs free
energy, and conformational population, but also to kinetic
parameters, such as the collision coefficient and evaporation
coefficient. Thus, temperature influences the steady-state
formation rate in the atmosphere by directly affecting both
the Gibbs free energy change and kinetic parameters.
Specifically, the cluster formation Gibbs free energy change
is more negative at lower temperatures due to a negative
change in the entropy, and the evaporation coefficient is also
smaller at lower temperatures, which is favorable for steady-

Figure 5. Simulated steady-state formation rate J (cm−3 s−1) as a function of temperature at [H2SO4] = 107 molecules cm−3 with different B mixing
ratios for H2SO4-CH2O system in panel (a) and H2SO4-CH2(OH)2 system in panel (b).
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state formation; however, the gas reactants will be more likely
to collide and react at higher temperatures. To quantify this
temperature-dependent behavior, the new particle formation
rates were simulated at temperatures from 253 to 303 K with
10 K intervals, corresponding to the temperature conditions
from the lower troposphere to the boundary layer.92 Figure 5
shows the temperature-dependent behavior of the steady-state
formation rates for H2SO4-CH2O and H2SO4-CH2(OH)2
systems with [H2SO4] = 1 × 107 molecules cm−3.
As shown in Figure 5, the formation rate presents a negative

temperature dependence in the range of 253−303 K. The
formation of SA−B clusters decreases drastically with
increasing temperature because the decreased Gibbs free
energy change at higher temperatures and increased evapo-
ration rate of clusters at higher temperatures reduce the
formation rate, although the increased collision coefficient
enhances the formation rate. The stronger bound systems are
more sensitive to the temperature depicted in the order of
H2SO4-CH2(OH)2 > H2SO4-CH2O, where J values span 12
and 10 orders of magnitude, respectively.

4. CONCLUSIONS
Aldehydes were speculated to be important precursor species
in the NPF, and hydrolysis of formaldehyde introduces
functional groups of −OH and would have lower vapor
pressure; therefore the hydrolysis product is thought to
participate in NPF in the gas phase. The kinetics of CH2O
hydrolysis to produce CH2(OH)2 was examined, and the
potential role of CH2(OH)2 in sulfuric acid-driven new particle
formation in the atmosphere was explored. Structures and
thermodynamics up to the cluster size of (H2SO4)3(B)3 are
studied, and geometries and ΔG values calculated at 298.15 K
and 1 atm show that the product derived from aldehyde
hydrolysis reaction likely stabilize sulfuric acid and its dimer/
trimer better than formaldehyde.
Our study serves as the first kinetic investigation of clusters

containing SA and hydrolysate of formaldehyde. Formation
Gibbs free energy surfaces and steady-state formation rates
were calculated. In general, cluster formation for H2SO4 with
CH2(OH)2 is more favorable than that for H2SO4 with CH2O
and is more favorable than that with water at ambient low
H2SO4 concentrations and low RHs. In addition, we found that
the formation rate presents a negative temperature dependence
and depends exponentially on the Gibbs free energy of
formation. However, the growth of SA−B clusters is essentially
limited by a weak formation of the largest clusters studied.
Thus, neither formaldehyde nor its atmospheric hydrolysate
with sulfuric acid alone can drive the observed new particle
formation events. Other stabilizing vapors are required in
sulfuric acid-driven new particle formation in the atmosphere.
Higher levels of aldehydes and dicarbonyls have been shown

to contribute to the growth of secondary organic aerosols.85,93

Recently, Shi et al.35 showed that hydrates of glyoxal are
energetically favored to form hydrogen bonds with sulfuric acid
and, particularly, the ΔG value of (H2SO4)(glyoxal) cluster
formation is very close to that of (H2SO4)(NH3). In view of
the rich content of carbonyls and different carbonyls showing
different capabilities to participate in new particle formation,
the role of higher aldehydes and dicarbonyls in atmospheric
particle nucleation and further growth deserves further study.
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