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The formation of atmospheric aerosol particles from condensable gases is a dominant source of
particulate matter in the boundary layer, but the mechanism is still ambiguous. During the clustering
process, precursors with different reactivities can induce various chemical reactions in addition to
the formation of hydrogen bonds. However, the clustering mechanism involving chemical reactions
is rarely considered in most of the nucleation process models. Oxocarboxylic acids are common
compositions of secondary organic aerosol, but the role of oxocarboxylic acids in secondary organic
aerosol formation is still not fully understood. In this paper, glyoxylic acid, the simplest and the
most abundant atmospheric oxocarboxylic acid, has been selected as a representative example of
oxocarboxylic acids in order to study the clustering mechanism involving hydration reactions using
density functional theory combined with the Atmospheric Clusters Dynamic Code. The hydration
reaction of glyoxylic acid can occur either in the gas phase or during the clustering process. Under
atmospheric conditions, the total conversion ratio of glyoxylic acid to its hydration reaction product
(2,2-dihydroxyacetic acid) in both gas phase and clusters can be up to 85%, and the product can further
participate in the clustering process. The differences in cluster structures and properties induced by the
hydration reaction lead to significant differences in cluster formation rates and pathways at relatively
low temperatures. Published by AIP Publishing. https://doi.org/10.1063/1.5030665

I. INTRODUCTION

Atmospheric aerosols have significant impacts on climate,
weather, and human health.1,2 However, the formation mech-
anisms and composition of atmospheric aerosols are still not
fully understood, and this constitutes one of the largest uncer-
tainties in current atmospheric models.3,4 There is compelling
evidence that sulfuric acid (SA), water (W), ammonia (A),
or amines can play key roles in atmospheric new particle
formation (NPF), but these compounds are still not efficient
enough to explain NPF in all the environments where it has
been observed. Recently, numerous atmospheric observations
and theoretical studies have shown that organic acids can
also enhance NPF.5–15 However, there are potentially tens of
thousands of different atmospheric organic species with vary-
ing properties, which makes the exact chemical composition
of clusters containing organic molecules highly speculative.
Furthermore, different organics have different chemical

a)Electronic mail: zhangxiuhui@bit.edu.cn
b)Electronic mail: zeshengli@bit.edu.cn

reactivities. Thus, NPF may be driven not only by clustering
processes but also by various other complex and condition-
dependent atmospheric chemical reactions,16–23 which can
influence the physical and chemical processes of NPF.24–26

This makes the assessment of the role of organic compounds
in the NPF process very complicated.

Oxocarboxylic acids are one of the most common organic
species group found in secondary organic aerosols (SOAs)
in diverse environments. Experimental and theoretical stud-
ies have shown that the equilibrium reaction between car-
bonyl groups and the corresponding geminal diols can occur
in the gas phase,27–30 indicating that the gas-phase hydra-
tion reaction of oxocarboxylic acids may potentially occur
along with the clustering process driving NPF. As the water
concentration in the atmosphere is typically 8–10 orders of
magnitude higher than that of other condensing species,31

such hydration reactions are potentially of great significance.
However, in most present atmospheric aerosol formation mod-
els, the hydration reactions of oxocarboxylic acids have been
neglected due to the lack of information on them. This may
contribute to the discrepancy between the measured and mod-
eled results.3,4 In this study, we seek to understand the kinetics
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of atmospheric clustering processes involving hydration
reactions of oxocarboxylic acids under different atmospheric
environments (different precursor concentrations, relative
humidities (RHs), and temperatures).

Experiments show that the gas-phase hydration reaction
of glyoxylic acid (GA), the simplest and the most abundant
oxocarboxylic acid in the atmosphere,32,33 is able to form its
geminal diol (GW).27 Our previous theoretical study has also
shown that this process can be effectively catalyzed by differ-
ent catalysts (SA, W, or A), among which SA is the most effec-
tive, lowering the activation free energy barrier from 38.56 to
9.48 kcal/mol.34 Therefore, GA has been selected as a repre-
sentative example of oxocarboxylic acids in order to study the
clustering mechanism involving hydration reactions. A com-
bination of density functional theory and the Atmospheric
Clusters Dynamic Code (ACDC)35 has been used. As the
hydrated clusters play an important role in cluster formation
and growth,36 water (W)-containing clusters are included in
our study. The studied system is (GA/GW)x ·(SA)y·Az ·W0−n,
where x is the number of GA/GW molecules in the cluster, y
is the number of SA molecules in the cluster, z is the number
of A molecules in the clusters, x + y ≥ z (i.e., only clusters that
are acidic or chemically neutral are studied), and 1 ≤ x + y + z
≤ 3 (i.e., the studied clusters contain at most three molecules
other than water). The maximum number of water molecules
in the cluster, n, depends on the cluster type and has been cho-
sen so that all hydrates with relative abundance higher than
5% have been included. There is always maximally one GA
or GW molecule in the cluster.

II. COMPUTATIONAL METHODS
A. Quantum chemical calculations

The initial guesses for all the structures of clusters were
generated by the ABCluster37,38 program which searches
for global and local minima of molecular clusters using the
artificial bee colony (ABC) algorithm. In ABCluster, water
molecules were described by the Transferable Intermolecular
Potential with 4 Points (TIP4P) model and other molecules
were described by the Chemistry at HARvard Macromolec-
ular Mechanics 36 (ChARMM36) force field.39 First, about
1000 structures (for each cluster stoichiometry) were gener-
ated with ABCluster, and then, these structures were optimized
using the semiempirical method of PM740,41 using Molecular
Orbital PACKage 2016 (MOPAC2016).42 Second, up to 100
structures with relatively low energies were selected for sub-
sequent optimization with the M06-2X43,44 density functional
and a 6-31+G∗ basis set. Third, the 10 best of the resulting
structures were further re-optimized by the M06-2X density
functional with a 6-311++G(3df,3pd) basis set.45 The M06-2X
functional is one of the most successful functionals in describ-
ing noncovalent interactions,43 and it has been successfully
used to model the thermochemistry and equilibrium structures
of atmospheric clusters.46,47 The 6-311++G(3df,3pd) basis set
was chosen based on its common use for atmospherically rel-
evant clusters48–51 and its excellent performance to estimate
cluster properties when used in conjunction with the M06-
2X functional.46 We checked that the stable structures had
positive vibrational frequencies. All the quantum chemistry

calculations were performed using the Gaussian 09 program
package.52

In addition, topological analysis was performed using
atoms in molecules (AIM) theory with the Multiwfn package53

to study the nature of hydrogen bonds. The wavefunctions
(technically, electron densities) computed at the M06-2X/6-
311++G(3df,3pd) level of theory were used to calculate the
electron density ρ and Laplacian52ρ at the bond critical points
(BCPs).

B. Atmospheric cluster dynamics code (ACDC)
kinetic model

The hydration reaction and clustering process of gly-
oxylic acids may coexist and compete against each other in the
real atmosphere environment. Thus, it is necessary for cluster
kinetic models to take into account the relevant chemical reac-
tions to fully simulate the real NPF process in the atmosphere.
The structural, thermodynamic, and kinetic data generated by
quantum chemistry calculations were used as input in clus-
ter formation simulations performed using the Atmospheric
Cluster Dynamics Code (ACDC).35,54

The time development of the concentrations of each clus-
ter was solved by integrating numerically the birth-death
equations35 using the ode15s solver in the MATLAB-R2013a
program.55 The birth-death equations can be written as

dci

dt
=

1
2

∑
j<i

βj,(i−j)cjc(i−j) +
∑

j

γ(i+j)→ici+j −
∑

j

βi,jcicj

−
1
2

∑
j<i

γi→jci +
∑

j

kj→icj −
∑

j

ki→jci+Qi − Si, (1)

where ci is the concentration of cluster i, βi ,j is the collision
coefficient between clusters i and j, γi→j is the evaporation
coefficient of a molecule or a smaller cluster j from cluster i,
Qi is an outside source term of cluster i, and Si is another pos-
sible sink term of cluster i. The coagulation sink coefficient
corresponding to coagulation onto pre-existing larger parti-
cles was varied in the range of 10−3 s−1–5 × 10−3 s−1, and
the results indicate that our conclusions were not influenced
by these variations.56,57 Thus, a coagulation sink coefficient of
2.6 × 10−3 s−1 was used for all clusters.56 ki→j is the reaction
rate coefficient of the chemical reaction from reactant clus-
ter i to product cluster j. The hydration reaction in GA-based
clusters can be uncatalyzed or catalyzed by SA, W, or A,
as described in our previous study.34 The nature of hydration
reactions occurring in a certain GA-based cluster depends on
the molecules the cluster contains, and the reaction rate cor-
responding to the catalyst molecule with the lowest activation
free energy barrier has been chosen as the representative rate.
(The additional molecules present in the cluster might con-
ceivably also affect the reaction rate which was neglected in
the present study.)

The collision rate coefficient βi ,j between clusters i and j
was calculated using hard-sphere collision theory,58

βi,j = π(ri + rj)
2

√
8kBT
πµ

, (2)

where ri is the radius of cluster i given by the Multiwfn 3.3.8
program,53 kB is the Boltzmann constant, T is the temperature,
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and µ = mimj/(mi + mj) is the reduced mass. The cluster radius
is half of the sum of the distance between the center of most dis-
tant atoms in the cluster given by the Multiwfn 3.3.8 program53

and the van der Walls radii of these atoms.
Evaporation coefficients, γ(i+j)→i, were obtained from

the corresponding collision coefficients and the Gibbs free
energies of cluster formation using

γ(i+j)→i = βi,j
pref

kBT
exp

(
∆Gi+j − ∆Gi − ∆Gj

kBT

)
, (3)

where pref is the reference pressure (in this case 1 atm) at which
the formation free energies were calculated and ∆Gi+j is the
Gibbs free energy of formation of cluster i + j from monomers
i and j.

The forward and reverse reaction rate coefficients of the
chemical reaction were calculated according to the corre-
sponding forward and reverse Gibbs free energy barrier using
Eyring’s equation as59

k =
kBT

h
e−
∆G‡
RT , (4)

where kB is Boltzmann’s constant, h is Planck’s constant, and
∆G‡ is the Gibbs free energy of activation. The Gibbs free
energy barrier and rate constants of the forward and reverse
reactions are shown in Tables S1 and S2 of the supplementary
material.34

In addition, the tunneling effects could enhance the rate
of the chemical reaction involving hydrogen atom transfer
especially at low temperatures.60 Thus, the effect of tunneling
on the hydration reaction is considered to correct the corre-
sponding reaction rate constant through the Wigner tunneling
correction by a factor Γ(T ) as

Γ(T ) = 1 +
1

24

(
hν∓

kBT

)2

, (5)

where h is Planck’s constant, kB is Boltzmann’s constant, T
is the temperature, and ν∓ is the imaginary frequency of the
transition state.

Then, the Wigner tunneling factor corrected forward and
reverse reaction rate coefficients (ki→j, kj→i) of the chemical
reaction can be calculated by the tunneling factor as

kcor = Γk. (6)

The data of Γ(T ) of all hydration reactions in the present
study at different temperatures (220, 240, 260, 280 and 300 K)
are listed in Table S3 of the supplementary material. It indicates
that the maximum value of the Γ(T ) among all the reactions of
the present study is 4.34 (the uncatalyzed hydration reaction)
at 220 K, which indicates that the tunneling effect has rela-
tively small influence on the present study. The final hydration
reaction rate coefficients are still corrected by the Wigner tun-
neling factor (Table S4 of the supplementary material) to make
the results more accurate.

Atmospheric clusters of hygroscopic species are almost
invariably hydrated because the concentration of water in
the atmosphere is much larger than that of other condens-
able species. All the hydrated clusters in the studied system
with a relative population of higher than 5% are considered.
Furthermore, the effective collision and evaporation coeffi-
cients of clusters need to be computed as a weighted average

over the hydrate distributions to get the effective collision and
evaporation coefficients.

The hydrate distributions for a cluster C were calculated
as61

f (CWi) =
[CWi]∑jmax

j=0 [CWj]
, (7)

where C is a dry molecule or cluster other than water, W is
water, CWi is the cluster consisting of C and i water molecules,
and [CWi] is the concentration of cluster CWi,

[CWi]
[C]

=

(
[W]

kBT
pref

) i

exp

(
∆G(C) − ∆G(CWi)

kBT

)
, (8)

where [W] is the concentration of water vapor and pref is the
reference pressure (in this case 1 atm) at which the Gibbs free
energies are calculated.

The effective collision coefficients were calculated as

βeff (C + D) =
imax∑
i=0

jmax∑
j=0

β
(
CWi + DWj

)
f (CWi)f

(
DWj

)
, (9)

the effective evaporation coefficients similarly as

γeff (CD→ C + D)

=

imax∑
i=0

jmax∑
j=0

γ
(
CDWi+j → CWi + DWj

)
f
(
CDWi+j

)
,

(10)

and the reaction rate coefficient as

keff (C→ D) =
imax∑
i=1

kcor(CWi → DWi−1)f (CWi). (11)

Thus, when considering the presence of water, the birth-
death equations can be written as

dci

dt
=

1
2

∑
j<i

βeff j,(i−j)cjc(i−j) +
∑

j

γeff (i+j)→ici+j −
∑

j

βeff i,jcicj

−
1
2

∑
j<i

γeff i→jci +
∑

j

keff j→icj −
∑

j

keff i→jci+Qi − Si.

(12)

The concentration of sulfuric acid SA, A, and GA is set
in the range of 1.0 × 104–1.0 × 108 molecules cm−3,62–65

1.0 × 107–1.0 × 1011 molecules cm−3,62 and 1.0 × 107–1.0
×1011 molecules cm−3,32,66–68 respectively, which are relevant
to the corresponding common atmospheric concentration. The
water vapour concentration was adjusted depending on the
temperature according to the study on the saturation vapor
pressure from the work of Arnold Wexler.69 The model runs
were performed in the temperature range from 220 K to 300 K,
representing the range from the ground level to the upper free
troposphere, and RH ranged from 0% to 100%.

The boundary conditions require the outgrowing clusters
to have a favorable composition so that the clusters leaving
the studied size range are stable enough not to evaporate back
immediately. The (SA)3·A1 cluster, with a maximum evapo-
ration rate coefficient of 55 s−1 at 300 K, is relatively stable
enough to resist evaporation (the evaporation rate coefficients
of clusters are shown in Table S5 of the supplementary mate-
rial). Thus, the boundary condition was set to be the (SA)3·A1

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
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cluster (see Sec. II in the supplementary material for details).
It should be noted that using this relatively small cluster as
a boundary condition might overestimate absolute NPF rates,
but it is probably sufficient for probing the relative effect of
GA/GW on the cluster formation rate which is the purpose of
this study.

III. RESULTS AND DISCUSSION

The clustering process of GA, involving the hydration
reaction, includes two kinds of processes (Fig. 1). Process
1 is the formation of GA-SA-A containing clusters involv-
ing only collision and evaporation steps (without chemical
reactions). Process 2 involves not only the collision and
evaporation of GW-SA-A containing clusters but also the
hydration reactions of GA-based clusters to form GW-based
clusters.

A. Structure and thermodynamic analysis

The clustering process of GA considering the hydration
reaction involves 35 different unhydrated and hydrated clusters
(Figs. S1–S6 of the supplementary material). The Cartesian
coordinates of all clusters are listed in Tables S6–S83 of the
supplementary material. The atoms in molecules (AIM) anal-
yses were performed to search the bond critical points (BCPs)
and ring critical points (RCPs) and to calculate electron density
ρ and Laplacian 52ρ at the BCPs (Table S84 of the sup-
plementary material). The AIM plots of the clusters without
water molecules are shown in Fig. S7 of the supplementary
material. All these AIM results affirm the existence of inter-
molecular interactions in clusters. Moreover, the values of ρ
and 52ρ at these BCPs range from 0.0115 to 0.0927 a.u. and
0.0288 to 0.1815 a.u., respectively. Most of these values are
larger than the critical threshold limits for the formation of
hydrogen bonds suggested in the literature [0.002–0.040 a.u.
and 0.014–0.139 a.u. for ρ (BCP) and 52ρ (BCP), respec-
tively].70,71 These values of ρ and 52ρ thus indicate quite

strong hydrogen bond interactions. In addition, there is a large
cluster rearrangement after the chemical reaction. The GA
molecule binds preferentially to the periphery of the cluster
(linear), almost solely by the interaction between its carboxyl
group and sulfuric acid. After the reaction, both of the car-
boxyl group and the hydroxyl groups of GW can interact
with all the other clustering constituents inside the cluster
(cage-like).

From the Gibbs free energies of formation of clusters (Fig.
S8 of the supplementary material), it can be seen that the clus-
ters based on (GA)1·(SA)1 and (GA)1·(SA)2 are more stable
than their corresponding GW-based analogs. By contrast, the
hydrated clusters based on (GW)1·(SA)1·A1 are much more
stable than their corresponding GA-based analogs at different
temperatures.

B. Relative hydration population

GA and GW are both water soluble organics, and they
can influence the hydrate distribution of clusters. The relative
hydration population of clusters with varying numbers of water
molecules at different relative humidities (20%, 40%, 60%,
and 100%) and a moderate temperature of 260 K are shown in
Fig. 2. The influence of GA and GW on the relative hydration
population of clusters is different. The addition of GA to the
(SA)1·A1 cluster reduces the relative population of clusters
with four water molecules, enhancing that of clusters with-
out water molecules, while the addition of GA on the (SA)2

cluster reduces the relative population of clusters with three
water molecules, making the population more even. Thus, the
addition of GA reduces the ability of (SA)1·A1 and (SA)2

clusters to bind more water molecules. However, addition of
GW to the (SA)1·A1 cluster enhances the relative population
of clusters with four water molecules, reducing that of clus-
ters without water molecules, while the addition of GW on
the (SA)2 cluster enhances the relative population of clusters
with five water molecules. Thus, the addition of GW enhances
the ability of (SA)1·A1 and (SA)2 clusters to bind more water

FIG. 1. Modeled clustering processes involving the hydration reaction of GA and GA/GW-based clusters. Process 1 (formation of GA-based clusters) and
process 2 (formation of GW-based clusters) are shown in the blue and red line frame, respectively. For simplicity, water molecules in the cluster structures are
not shown.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
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FIG. 2. Hydrate distributions of selected clusters at varying relative humidities at 260 K.

molecules. This difference between the influence of GA and
GW on the cluster hydration population can be explained
from the structure characteristic and thermodynamic sta-
bility of the corresponding clusters. Two kinds of groups
(carboxyl group and hydroxyl group) of GW can form
hydrogen bonds, whereas only one group (carboxyl group)
of GA participates in the hydrogen bond formation in
the stable structures of clusters (Figs. S1–S6 of the sup-
plementary material). Moreover, the Gibbs free energies
of formation of the hydrated clusters involving GW with
relatively high population are more negative than those
involving GA.

Based on this result, the hydration reaction products of
oxocarboxylic acids can be expected to drastically increase
the hygroscopicity of clusters.

C. The realistic hydration reaction conversion ratio
of GA-based clusters

The hydration reaction in GA-based clusters can be uncat-
alyzed or catalyzed by SA, W or A, as described in our
previous study.34 Which kind of hydration reaction occurs
in a certain GA-based cluster depends on what kinds of
molecules the cluster contains. Here, we assume that the
reaction is always catalyzed by the most effective (lowest
activation free energy barrier) catalyst present. In addition,
clusters with different number of water molecules may have

different hydration reaction pathways available. For example,
no hydration reaction is possible for the (GA)1·(SA)1 clus-
ter, but the SA catalyzed hydration reaction can occur in the
(GA)1·(SA)1·W1 cluster. Therefore, two factors should be
considered to calculate the realistic hydration reaction con-
version ratio of GA-based clusters: one is the most effective
catalysis mechanism and the other is the relative population
of the corresponding cluster. Thus, the rate constants corre-
sponding to the catalyst with the lowest activation free energy
are weighted by the hydrate distribution. The GW-based clus-
ters with i molecules in Fig. 3 can be formed by the collision
of the smaller GW-based clusters containing i-1 molecules
and the evaporation of the bigger GW-based clusters contain-
ing i + 1 molecules. In addition, they can be formed directly
from the hydration reaction of GA-based clusters with i + 1
molecules.

The hydration conversion ratio is one of the most impor-
tant factors determining whether the hydration reaction should
be considered in modeling NPF. The hydration reaction
occurs either via collision of the two reactant molecules
(GA and W) or in the clusters. Depending on the clus-
ter composition, several different catalyzed processes may
be possible.34 The pathway with the lowest activation free
energy barrier is always included in our process model
(Fig. 4).

The hydration conversion ratio (XGA) of GA in the studied
system is defined as

XGA(%) =

∑ [
(GW)1 · (SA)y · Az ·Wn

]

∑ ( [ [
(GA)1 · (SA)y · Az ·Wn

]
+
[
(GW)1 · (SA)y · Az ·Wn

] ] ) × 100, (13)

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
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FIG. 3. The source (shown as green arrows) and sink (shown as red arrows) of GW-based clusters. Index i indicates the number of the molecules in the cluster.
The hydrate distribution has been considered in the effective collision rates βeff , evaporation rates γeff , and reaction rates keff . keff corresponds to the most
effective catalyst for the hydration reaction, the nature of which depends on the composition of the cluster.

where [(GA/GW)1·(SA)y·Az ·Wn] is the concentration of
GA/GW-based clusters (or, for y = 0, z = 0, and n = 0, GA/GW
monomers). The denominator represents the sum of all GA or
GW containing clusters (and monomers) in the system, and the
numerator represents the numbers of clusters where GA has
been converted to GW. We have modeled the conversion ratio
XGA under different atmospheric conditions (different condi-
tions as shown in Fig. 5 are the chosen so that they correspond
to the range of values in the atmosphere). The detailed values
of the conversion ratios in different conditions are given in
Tables S85 and S86 of the supplementary material.

Figure 5 shows that under most atmospherically rele-
vant conditions, the ammonia (A) concentration has no effect
on the conversion ratio (XGA), while the RH has a moder-
ate effect. The surprisingly weak RH dependence is caused
by a “saturation” of the water-catalyzed pathway already at
fairly low RH values. By contrast, XGA clearly increases with
decreasing temperature [Fig. 5(a)] and increases with increas-
ing sulfuric acid (SA) concentration [Fig. 5(b)]. That is due to
the fact that sulfuric acid catalyzes this reaction much more
effectively than ammonia or water.34 XGA is more than 50%
when SA concentration is more than 1.0 × 106 molecules
cm−3 and can reach up to 85% when the concentration of
SA is about 1.0 × 107 molecules cm−3 [Fig. 5(b)]. The rel-
atively high conversion ratio could significantly affect the
relative abundances of oxocarboxylic acids and their corre-
sponding geminal diols and thus NPF, especially in the regions

where SA is abundant, such as the polluted regions and coastal
areas.

D. Cluster formation rate

A suitable measure for the enhancement of the cluster
formation rate (J) by GA and its hydration reaction product
(GW) is the comparison of the cluster formation rate involving
both GA and GW with that of SA-A-based clusters under
similar conditions, i.e.,

r1 =
J([GA + GW] = x, [SA] = y, [A] = z)

J([GA] = 0, [SA] = y, [A] = z)
, (14)

where r1 is the enhancement factor, J[(GA + GW) = x],
[SA = y, (A) = z] represents the formation rate of
(GA/GW)x ·(SA)·yAz clusters with variable numbers of water
molecules (and including the effect of GA hydration reac-
tions) and J[(GA) = 0, (SA) = x, (A) = y] represents the
formation rate of the corresponding clusters without GA
or GW.

As shown in Figs. 6(a)–6(c), the enhancement factor r1 is
greater than 1, which indicates that GA can enhance the SA-
A-based cluster formation rate. r1 increases with the increase
of GA concentrations but only becomes significant when the
temperature is lowered to 220 K. Thus, the influence of relative
humidity, sulfuric acid (SA) concentration, and ammonia (A)

FIG. 4. Detailed information of the hydration reaction in
clusters of the studied system.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
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FIG. 5. The conversion ratio, XGA (%),
of glyoxylic acid (GA) hydration form-
ing its geminal diol (GW) at varying
(a) temperatures (K) and RHs (%) and
(b) base-10 logarithm of the concentra-
tions (molecules cm−3) of A and SA.
The color scales are shown on the right.

FIG. 6. Enhancement of the SA-A-W cluster formation rate due to GA and GW as a function of the conditions (concentrations, molecules cm−3) [Eq. (14)].

concentration on the cluster formation rate was studied at
220 K. The enhancement is relatively large at high RH, low
SA concentrations, and high A concentrations. The enhance-
ment factor exceeds 10 with the SA concentration lower than
1.0 × 106 molecules cm−3 and a high A concentration of 1.0
× 1011 molecules cm−3, at which the absolute formation rate of
GA-SA-A-based clusters is as high as 2.77× 104 cm−3 s−1 (the
absolute formation rates of GA-SA-A-based clusters at differ-
ent temperatures, RHs, and concentrations of GA, SA, and A
are listed in Tables S87–S89 of the supplementary material).
When the SA concentration is low, and the A concentration
high, there will be enough A to cluster with GA and GW

despite the stronger binding between SA and A compared to
GA/GW and A.

To assess the significance of the hydration reaction of GA,
we compared the cluster formation with GA present, but both
with and without hydration reactions (Fig. 7). A suitable mea-
sure for the effect of the hydration reaction is the ratio of
formation rates in the case where the hydration reaction of
GA to form GW is allowed to the rate in the case when this
reaction is not occurring,

r2 =
J([GA + GW] = x, [SA] = y, [A] = z)

J([GA] = x, [SA] = y, [A] = z)
, (15)

FIG. 7. Cluster formation rate involving GA and its hydration reaction relative to that involving GA but not its hydration reaction [Eq. (15)].

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
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FIG. 8. Main cluster formation pathways considering the hydration reaction of GA forming GW are represented by arrows. Relative amounts of clusters formed
via dominating growth pathways are indicated in the side table.

where J [(GA = x, (SA) = y, (A) = z)] indicates the cluster
formation rate in a system involving GA but not allowing the
hydration reaction.

The common trend is that r2 increases with an increase
of GA concentrations, but is not significant until the
temperature is lowered to 220 K [Fig. 7(a)]. Thus, the influ-
ence of relative humidity, sulfuric acid (SA) concentration, and
ammonia (A) concentration on the cluster formation rate was
studied at 220 K. The effect of hydration reactions on NPF
is more significant at high RH, low sulfuric acid (SA) con-
centration, and high ammonia (A) concentration. The likely
explanation for this is that when the SA concentration is low
and the A concentration high, there will be enough A for GA
and GW regardless of the stronger combination between SA
and A. This makes the competition between GA and GW
more pronounced, enhancing the ratio between cluster for-
mation rates with hydration switched “on” and “off.” Thus,
both the effect of GA and its hydration reaction are most
significant in cold, humid, and relatively clean environments
with little sulfuric acid or agricultural regions polluted with
ammonia.

E. Cluster formation pathway

The main cluster formation pathways involving the hydra-
tion reaction of GA to form GW have been further stud-
ied at 220 K (Fig. 8). The flux through the system pro-
ceeds principally via two clustering mechanisms: one involves
pure SA-A-clusters and the other involves one GA or GW
molecule in addition to SA and A. The clusters grow out of
the size region studied through the addition of sulfuric acid to
(SA)2·A1 clusters. GA-based clusters easily form GW-based
clusters through hydration reactions, for example, convert-
ing (GA)1·(SA)1·Wn to (GW)1·(SA)1·Wn−1. Though GA and
GW evaporate easily from clusters from the point of view of
the cluster stability, the contribution of GW to the formation
of (SA)2 or (SA)1·A1 clusters can still reach up to 77% and
100%, respectively, due to the high concentration of GA and

the high hydration conversion ratio combined with the ther-
modynamic stability. At the conditions corresponding to high
R values, nearly 100% of the (SA)2·(A)1 clusters are formed
via (GW)1·(SA)1·A1 clusters (Fig. S9 of the supplementary
material). Thus, the contribution of GA to SA-A NPF is poten-
tially of great significance especially in the regions where the
hydration conversion ratio is large.

IV. CONCLUSIONS

The clustering mechanism involving the hydration reac-
tion of glyoxylic acid, as a representative example of oxocar-
boxylic acids, has been studied using the density functional
theory combined with the Atmospheric Cluster Dynamic
Code. The hydration reaction induces the difference in clus-
ter structures, and the hydration reaction products of gly-
oxylic acid can drastically increase the hygroscopicity of
clusters. Under atmospheric conditions, the total hydration
reaction conversion ratio of glyoxylic acid to its product (2,2-
dihydroxyacetic acid) in both gas phase and clusters can be up
to 85%, and the product can further participate in the clustering
process. Thus, it can be speculated that the relatively high con-
version ratio could significantly affect the relative abundances
of oxocarboxylic acids and their corresponding geminal diols
and thus NPF.

Neglecting the hydration reaction can thus induce a signif-
icant error in cluster formation rates and pathways, especially
at relatively low temperatures. In addition, the evaporation
rates of larger oxocarboxylic acids (and especially their germi-
nal diols) can be expected to be lower due to more H-bonding
groups and higher molecular weights. They are thus likely
to participate in the cluster formation also at higher temper-
atures. Thus, the hydration reaction of oxocarboxylic acids
in the clustering process may be of greater importance in the
atmosphere. A more general inference from the present study
is that the hydration reactions of oxocarboxylic acids catalyzed
by clustering with sulfuric acid and ammonia can increase both

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-022821
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the hygroscopicity and stability of clusters and thus contribute
to NPF. The present study can provide a clearer picture of the
effect mechanism of oxocarboxylic acids in NPF and indicates
the prospect of the nucleation process involving chemical reac-
tions, which has significant implications for the improvement
of the atmospheric models.

SUPPLEMENTARY MATERIAL

See supplementary material for the Gibbs free energy bar-
rier (kcal/mol) and the reaction rate constants (Ref. 34), the
Wigner tunneling correction factor and the tunneling effect
factor corrected reaction rate constants for hydration reactions
of GA with W: (a) uncatalyzed, (b) catalyzed by W, (c) cat-
alyzed by SA, and (d) catalyzed by A at varying temperatures
ranging from 220 K to 300 K, evaporation rate coefficients of
clusters, Cartesian coordinates of all clusters, AIM topolog-
ical parameters for the stable clusters, the realistic hydration
reaction conversion ratio (XGA), formation rates of clusters, the
most stable configuration of the studied clusters, the AIM plots
of the unhydrated clusters, Gibbs free energies of formation
of clusters, the main cluster formation pathways consider-
ing the hydration reaction of GA forming GW, details for
the boundary conditions, and complete Gaussian 09 reference
(Ref. 52).
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O. Kupiainen-Määttä thanks the European Research Council
(Grant No. 257360-MOCAPAF). T.K. thanks the Academy
of Finland for funding. H.V. thanks the European Research
Council (Grant No. 692891-DAMOCLES) and the University
of Helsinki, Faculty of Science ATMATH project for funding.

1K. K. Ding, X. T. Kong, J. P. Wang, L. P. Lu, W. F. Zhou, T. J. Zhan,
C. L. Zhang, and S. L. Zhuang, Environ. Sci. Technol. Lett. 51, 6452
(2017).

2A. G. Rincón, M. I. Guzmán, M. R. Hoffmann, and A. J. Colussi, J. Phys.
Chem. A 113, 10512 (2009).

3C. L. Heald, D. J. Jacob, R. J. Park, L. M. Russell, B. J. Huebert,
J. H. Seinfeld, H. Liao, and R. J. Weber, Geophys. Res. Lett. 32, L18809,
https://doi.org/10.1029/2005gl023831 (2005).

4R. Volkamer, J. L. Jimenez, F. S. Martini, K. Dzepina, Q. Zhang, D. Salcedo,
L. T. Molina, D. R. Worsnop, and M. J. Molina, Geophys. Res. Lett. 33,
L17811, https://doi.org/10.1029/2006gl026899 (2006).

5R. Y. Zhang, I. Suh, J. Zhao, D. Zhang, E. C. Fortner, X. X. Tie, L. T. Molina,
and M. J. Molina, Science 304, 1487 (2004).

6R. Y. Zhang, A. Khalizov, L. Wang, M. Hu, and W. Xu, Chem. Rev. 112,
1957 (2012).

7H. L. Zhao, Q. Zhang, and L. Du, RSC Adv. 6, 71733 (2016).
8Q. Zhang and L. Du, Comput. Theor. Chem. 1078, 123 (2016).
9I. K. Ortega, N. M. Donahue, T. Kurtén, M. Kulmala, C. Focsa, and
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