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HIGHLIGHTS GRAPHICAL ABSTRACT

e Both acidic and basic pollutants enhance
the formation of EPFRs barrierlessly.

e Pollutants act as hydrogen atom transfer
catalysts for EPFRs formation.

e Acidic and basic pollutants promote
EPFRs formation with  different
processes.

e The new insights are helpful to clarify
the abundant EPFRs in polluted regions.
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ARTICLE INFO ABSTRACT
Handling Editor: R Ebinghaus Environmentally persistent free radicals (EPFRs) have been recognized as harmful and persistent environmental
pollutants. In polluted regions, many acidic and basic atmospheric pollutants, which are present at high con-
Keywords: centrations, may influence the extent of the formation of EPFRs. In the present paper, density functional theory
Environmentally persistent free radicals (DFT) and ab-initio molecular dynamics (AIMD) calculations were performed to investigate the formation
r(zEzl:fF({)S)(OOOD mechanisms of EPFRs with the influence of the acidic pollutants sulfuric acid (SA), nitric acid (NA), organic acid
~A12U3

Acidic pollutants (0OA), and the basic pollutants, ammonia (A), dimethylamine (DMA) on a-Al;03 (0001) surface. Results indicate

Basic pollutants that both acidic and basic pollutants can enhance the formation of EPFRs by acting as “bridge” or “semi-bridge”

Hydrogen atom transfer roles by proceeding via a barrierless process. Acidic pollutants enhance the formation of EPFRs by first trans-
ferring its hydrogen atom to the a-Al,O3 surface and subsequently reacting with phenol to form an EPFR. In
contrast, basic pollutants enhance the formation of EPFRs by first abstracting a hydrogen atom from phenol to
form a phenoxy EPFR and eventually interacting with the a-Al;03 surface. These new mechanistic insights will
inform in understanding the abundant EPFRs in polluted regions with high mass concentrations of acidic and
basic pollutants.
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1. Introduction

Many countries have experienced severe atmospheric pollution due
to rapid industrialization (Zhang et al., 2015). Although some policies
aimed at reducing air pollution have been implemented in recent years
(Jia et al., 2021), regional pollution, which is characterized by high
levels of fine particulate matter (PM), still occurs frequently (Zhang
et al., 2020a). It was reported that the annual average concentration of
PM may exceed 65 pg m~>, which adversely impacts human health,
during heavy pollution conditions in Beijing (Zhao et al., 2021a). In
addition to metals, inorganic, and molecular organic components,
relatively newly identified pollutants, environmentally persistent free
radicals (EPFRs) (Dellinger et al., 2007), also exist in significant mass
concentration in PM (Chen et al., 2019; Sun et al., 2019; Wang et al.,
2019, 2020a). Based on the g-factor, which is derived from electron
paramagnetic resonance (EPR) measurement (Guo and
Richmond-Bryant, 2021), EPFRs are generally divided into three types:
semiquinone, phenoxy, and cyclopentadienyl radicals (Xu et al., 2019).
Of these EPFR types, a huge amount of phenoxy-type EPFRs produced by
phenolic precursors have been found abundant in haze events (Pan et al.,
2019b).

Similar to the short-lived free radicals, such as hydroxyl and super-
oxide radicals, EPFRs can induce oxidative stress to produce immuno-
logical and inflammatory responses in cells (Zhang et al., 2020b). Thus,
exposure to EPFRs is considered to be a potential threat of cardiovas-
cular and respiratory dysfunction on human health (Balakrishna et al.,
2009; Saravia et al., 2013; Gehling et al., 2014). However, unlike
short-lived free radicals, EPFRs are relatively stable (i.e., they do not
decompose after they are formed) and persistent (i.e., they exist for a
longer period in the environment, thus transported over long distances)
(Vejerano et al., 2012a; Feng et al., 2022). Accordingly, the toxic effects
of EPFRs are significantly higher than traditional short-lived free radi-
cals on human health as they are capable of redox cycling (Khachatryan
et al., 2011). Thus, understanding the nature, fate, transport, and for-
mation mechanism of EPFRs has attracted increasing research attention
in recent years.

A large number of studies showed that a common pathway by which
EPFRs are generated is through the interaction of aromatic compounds
(e.g., phenol (Patterson et al., 2013), catechol (Qin et al., 2021), and
monochlorobenzene (Truong et al., 2010) et al.) with metal oxides (such
as CuO (Kiruri et al., 2014), Fex03 (Li et al., 2014), NiO (Vejerano et al.,
2012b), TiOy (Zhao et al., 2021b), PbO (Wu et al., 2020), Al,O3 (Pat-
terson et al., 2013; Cheng et al., 2022) et al.). The prevailing conceptual
mechanism on the formation of EPFRs proceeds via three key steps:
physisorption of an aromatic precursor on a metal surface, chemisorp-
tion, and electron transfer. During the formation process of a
surface-bound EPFRs, the hydrogen or chlorine atoms dissociate from
the aromatic precursors (Vejerano et al., 2018; Pan et al., 2019a). The
influence of other contaminants in disrupting these steps is unknown.
Notably, a large amount of EPFRs are generated in polluted air (Li et al.,
2021), in which acidic and basic atmospheric pollutants are present at
high concentrations. Recently, it has been reported that the concentra-
tions of EPFRs are correlated with SO%~, NO3, and NHJ during field
sample analysis (Qian et al., 2020), indicating that these ions (common
precursors of atmospheric particles), along with acidic and basic pol-
lutants, such as sulfuric acid (SA) (Dai et al., 2017), nitric acid (NA)
(Wang et al., 2020b), organic acid (OA) (Chen et al., 2021), ammonia
(A) (Pan et al., 2016), and dimethylamine (DMA) (Mao et al., 2018)
might affect the formation of EPFRs in the atmosphere. However, how
these pollutants affect the formation of EPFRs, and their corresponding
reaction mechanisms are unclear.

The purpose of this paper is to quantify the effects of different acidic
and basic air pollutants on the formation of EPFRs and identify the
corresponding formation mechanisms under the complex conditions
occurring in a polluted atmosphere. Herein, the density functional the-
ory (DFT) and ab-initio molecular dynamics (AIMD) calculations were
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performed to investigate the formation mechanisms of EPFRs with the
influence of SA, NA, OA, A, and DMA. Phenol and Al;03 were employed
here as examples of aromatic precursor and metal oxide substrate,
respectively, due to their high concentration in the atmosphere (Li et al.,
2020; Lian et al., 2020).

2. Computational methods and models

All DFT calculations were performed via the Vienna ab initio Simu-
lation Package (VASP 5.4.4) (Beck, 1993). The generalized gradient
approximation (GGA) with the Perdew, Burke, and Ernzerhof (PBE)
functional was adopted to describe electron-electron interaction (Per-
dew et al., 1996), and the projector-augmented wave (PAW) method
was adopted to describe the interactions between ionic cores and
valence electrons (Blochl, 1994). The detailed settings of methods are
listed in Text S1. The nudged elastic band (CI-NEB) method (Henkelman
et al., 2000) was adopted to search for transition state structures, and the
resulting structures were confirmed subsequently using the imaginary
frequency vibrational analysis. All AIMD simulations were performed to
reflect the chemical reactions based on the DFT method with a joint
Gaussian and plane wave (GPW) formalism in CP2K 6.1 program
package (VandeVondele et al., 2005). The detailed methods used in this
study are listed in Text S2. Additionally, the electrostatic potential (ESP)
(Lu and Manzetti, 2014) on the molecular surface was analyzed to
predict the molecular properties and reactivity of these pollutants. The
detailed descriptions of the properties of ESP are described in Text S3.

The Al-terminated (0001) surface of a-Al,O3 was used to model the
Al;O3 substrate because it has been experimentally and theoretically
demonstrated to be the most stable surface (Messaykeh et al., 2019). A 2
x 2 periodic slab with three Al-O-Al trilayers (9 atomic layers) was
utilized in the reactions. The bottom one trilayer was fixed to the bulk
positions, while the top two trilayers were allowed to relax. The
supercell slab was repeated periodically with a 15 A vacuum layer to
separate adjacent plates. Fig. S1 presents the configurations of the
relaxed a-Alp03(0001). The outermost Al atoms display a significant
inward relaxation, which is consistent with previous studies (F.odziana
and Ngrskov, 2001; Wallin et al., 2006). The detailed descriptions for the
surface characteristic of the substrate are shown in Text S4.

In this work, the adsorption energies (Eags) are calculated according
to the following equation

Eads = E(slab+adsorhale) - E(adsm‘hale) - E(slab) (1)

where Eglapb + adsorbate) iS the total energy of the adsorbate on the surface,
E(s1ab) denotes the energy of the slab and E(adsorbate) denotes the energy of
the gas-phase adsorbate, respectively. Thus, a more negative E .45 in-
dicates stronger adsorption.

3. Results and discussion
3.1. Adsorption and dissociation of phenol for the formation of EPFRs

Several parallel and vertical adsorption configurations were con-
structed to investigate the adsorption of phenol on the a-Al,03(0001).
After full optimization, these adsorption configurations could be clas-
sified into three categories (i) vertical adsorption, (ii) parallel adsorption
through the binding between the O atom of phenol and the Al atom, and
(iii) parallel adsorption through the H atom of hydroxy toward the O
atom of a-Al;03(0001) (Fig. S2). The detailed E,4s and bonding lengths
of these configurations are listed in Table S1 and the description of the
adsorption configuration of phenol is shown in Text S5. Among these
configurations, structure (ii), was the most stable with the E,qs of —38.1
keal mol ™}, indicating a strong interaction between the phenol and the
surface. Therefore, this initial structure was used in subsequent reaction
studies.

Further insights into the interfacial bonding chemistry of phenol on
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the a-Al,03(0001) were obtained by analyzing the differences in charge
density (Jayan and Islam, 2021) and the Bader charge (Henkelman et al.,
2006), as shown in Fig. S3. There was a large cyan area around the H;
atom on the hydroxyl of phenol, indicating a significant electron
depletion of this region, whereas the yellow area between the O; atom
and Al; atom suggests the higher electron density in this region.
Meanwhile, another yellow area between the aromatic ring and the
surface also shows significant charge redistributions at the interface. The
analysis of the Bader charge shows that after the adsorption of phenol,
the electrons of O; atom increase by 0.14 |e| and the electrons of Hy
atom decrease by 0.07 |e|, which directly corroborates with the results
obtained from the charge density difference analysis. Therefore, the
adsorption of phenol induces a partial polarization of phenol on the
surface, in which the O; atom of phenol could interact with Al; atom
more easily and the H; could be attracted by the atom with high
electronegativity.

Generally, the dissociative adsorption of phenol by breaking the O-H
bond leads to the coadsorbed phenoxy radical and a hydrogen atom (Li
et al., 2015; Pan et al., 2019b; Ahmed et al., 2020). To determine the
most stable configurations of dissociative adsorption of phenol, we
considered several adsorption configurations of the phenoxy radicals
and hydrogen atoms on the a-Al,03(0001) depending on the different
orientations and sites. The optimized structures of phenoxy radicals and
the hydrogen atom on the a-Al;03(0001) could be classified into two
main categories, respectively, as shown in Figs. S4 and S5. The corre-
sponding E,gs and equilibrium distances are listed in Tables S2 and S3,
respectively. The detailed adsorption configurations are shown in Text
S5. Results show that structure (ii) with parallel adsorption of phenoxy
on the surface was the most stable. While for the adsorption of the
hydrogen atom, structure (i) was the most stable with the H atom
binding to the O atom of the surface. For clarity, the subscript on an
atom denotes the position in the molecule, not the number of atoms.

Based on the most stable configurations, potential energy profiles
were carried out to investigate the formation process of EPFRs. As shown
in Fig. 1, in this process, the O;—H; bond of phenol was broken and the
H; atom of phenol was transferred to the Ogyf atom (surf: for the sur-
face) with an energy barrier of 8.8 kcal mol 1. The reaction energy of the
formation of co-adsorbed phenoxy radical and a hydrogen atom on the
surface was —23.2 kcal mol ™}, indicating that the formation of EPFRs is
thermodynamically favorable. In addition, this reaction occurred with
the transfer of the hydrogen atom from the hydroxyl of phenol to the
surface, indicating that the formation of EPFRs might be affected by
some species that can act as relatively strong hydrogen atom donors/
acceptors.
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Fig. 1. The potential energy profiles for the formation of EPFRs on
a-Al,03(0001) with the most stable adsorption configuration of phenol. The
images show the four optimized geometries of the reactant (R), reactant com-
plex (RC), transition state (TS), and product complex (PC) for the formation of
EPFRs. The bond lengths are in units of A. Color scheme: Al, pink; O, red; C,
grey; H, white. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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3.2. The influence of pollutants on the formation of EPFRs

High concentrations of acidic and basic atmospheric pollutants are
present in polluted areas. These pollutants can play important roles in
the hydrogen atom transfer reactions due to their strong ability to do so
(Xuetal., 2017; Liu et al., 2019). Therefore, the formation mechanism of
EPFRs catalyzed by SA, NA, OA, A, and DMA on the a-Al;03(0001) were
further studied to clarify their contribution and impact, mimicking the
conditions in polluted regions.

3.2.1. The influence of SA on the formation of EPFRs

SA is one of the most common acidic pollutants in moderately and
heavily polluted areas (Yang et al., 2021). Therefore, the formation of
EPFRs with the influence of SA was studied by assessing the interaction
between the SA and adsorbed phenol on the a-Al;03(0001) (Text S5). As
shown in Fig. 2a, with SA approaching the adsorbed phenol, the Hy and
Hj atoms of SA transferred to the surface and formed two O-H species
with bond lengths of 1.054 and 1.069 A, respectively, leaving two
negatively charged O atoms. Meanwhile, the O atom of SA abstracts the
hydrogen atom from the broken hydroxyl group. Here, SA acts as both
hydrogen atom donor and acceptor, assisting the hydrogen atom
transfer from phenol to the surface. In the optimization process of
co-adsorption of SA and phenol, the potential energy showed a
decreasing trend from reactants to products with the increase of O;-H;
distances and the decrease of Oo-H; distances (Fig. 2b), indicating the
formation of EPFRs catalyzed by SA is barrierless.

The corresponding electron localization function (ELF) was computed
and analyzed (Savin et al., 1997) to identify changes in the chemical
bonding character during EPFRs formation (Fig. 2c and d). ELF value
ranges from O to 1. A high value of ELF denotes higher electron locali-
zation and vice versa (He et al., 2018). Regions of the largest and smallest
localization electron density are represented here by red and blue colors,
respectively. In Fig. 2c and d, the red areas adjacent to O—Hj, Ogy-Hp as
well as Ogyr-H3 indicate that the electrons locally concentrate to form
O-H covalent bonds, on the contrary, the green areas adjacent to O1-H;
indicate that there are only weak interactions between them. Therefore,
there is a significant electron redistribution in these regions, resulting in
the transfer of the H atom of phenol to the surface via a “bridge” role of
SA, in which the H atom of phenol transfers to SA and the H atoms of the
SA transfer to the surface. In summary, we conclude that as a hydrogen
atom transfer catalyst, SA can catalyze the formation of EPFRs signifi-
cantly in the atmosphere. To our knowledge, no experimental data exists
to corroborate the effect of SA as observed in our simulation. However,
analysis of ambient particulate matter indicates that the abundance of
EPFRs correlates with increasing SO?( concentration (Qian et al., 2020).

3.2.2. The influence of NA on the formation of EPFRs

In addition to SA, NA is another key acidic pollutant in the atmo-
sphere (Bouo et al., 2011). The concentrations of NA are high because it
is the product of the oxidation processes of NOx generated from many
natural and anthropogenic processes (Laughner and Cohen, 2019).
Similar to SA, the interaction between the NA and adsorbed phenol on
the a-Al;03(0001) was investigated to clarify the influence of NA on the
formation of EPFRs. As shown in Fig. 3a, with NA approaching the
adsorbed phenol, the distance of Os-Hy of NA increased to 1.769 10\,
whereas the distance of Og,+H5 decreased to 0.990 f\, indicating that
the hydroxyl of NA is broken and the H atom of NA is transferred to the O
atom of the surface. Meanwhile, the distance of O;-H; of phenol
increased to 1.444 10\, whereas the distance of Oo-H; decreased to 1.077
A, indicating that the hydroxyl of phenol is broken and the corre-
sponding H atom of hydroxyl is transferred to the Oy atom of NA. In
addition, similar to the impact of SA, the potential energy decreased
monotonically with the increase of O;-H; distances and the decrease of
0,-H; distances during the formation of phenoxy, as depicted in Fig. 3b,
indicating that the hydroxyl of phenol has been dissociated without an
energy barrier.
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Fig. 3. (a) Geometric configuration for the participation of NA in the formation of EPFRs. (b) Change of potential energy with the distances of O;—H; and O,—H;. The
specific atom of O;, H;, and O, are marked with a blue rectangle shown in (a). (c) Two-dimensional electron localization function (ELF) color-filled maps in the
0,-N;-H; plane. The listed bond lengths are in units of A. Color scheme: Al, pink; O, red; C, grey; H, white; N, blue. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

Based on ELF analysis (Fig. 3c), the large green regions between H;
and O; as well as the red regions between H; and O, provide evidence
that the transfer of H; atom from phenol to NA is completed. The
transfer of Hy atom from NA to the surface is also completed as indicated
by the blue regions between H; and N; as well as the red regions be-
tween Hy and Ogy,s. Overall, the H atom of phenol is transferred to the
surface by which NA acts as a “bridge” via a barrierless process. These
results suggest that NA in the atmosphere can significantly enhance the
EPFRs formation by promoting the transfer of hydrogen atoms.

3.2.3. The influence of OA on the formation of EPFRs

Low molecular weight OA are common chemical components in the
atmosphere (Chen et al., 2021). In our simulation, we used formic acid
(FA) as a surrogate of OA because it is among the most abundant com-
ponents (Tsai and Kuo, 2013) and the simplest organic acid. As shown in
Fig. 4a, with the influence of FA, the hydroxyl of FA has been dissociated

with an elongated Os-Hp distance of 1.816 A and the H, atom of FA is
transferred to the Ogys atom with a bond length of 0.922 A. Simulta-
neously, the O;-H; bond distance of phenol increased to 1.710 A and the
distance of the O3-H; decreased to 1.023 A, indicating that the hydroxyl
of phenol is broken and the corresponding H atom of hydroxyl is
transferred to the O atom of FA completely. In addition, compared with
the dissociation of phenol without FA, the formation of phenoxy EPFRs
catalyzed by FA is barrierless due to the monotonic decrease of the
potential energy with the increase of O;-H; distances and the decrease
of O3-H; distances (Fig. 4b).

The contour map of ELF of the O;-O3-Hy plane was analyzed to
investigate the effect on forming and cleaving of bonds during the
process of EPFRs formation (Fig. 4c). The red areas adjacent to O3-H;
and Ogy-Hy indicate the formation of an O-H covalent bond, whereas
the areas adjacent to O;-H; and Os-H; indicate that the electrons are
highly delocalized with weak interaction. Therefore, similar to SA and
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Fig. 4. (a) Geometric configuration for the participation of FA on the formation of EPFRs. (b) Change of potential energy with the varying distances of O;-H; and
0O3-H;. The specific atom of Oy, H;, and O3 are marked with a blue rectangle shown in (a). (c) The two-dimensional electron localization function (ELF) color-filled
maps in the O;-03-H; plane. The listed bond lengths are in units of A. Color scheme: Al pink; O, red; C, grey; H, white. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

NA, the H atom of phenol is transferred to the surface by a “bridge” role
of FA. We speculate that other low molecular weight organic acids can
also enhance the formation of EPFRs in polluted areas via the same
mechanism.

3.2.4. The influence of A on the formation of EPFRs

In addition to the acidic pollutants, there are plenty of basic pollut-
ants in polluted regions as well. Particularly, A is abundant in urban,
agricultural areas, and industrialized regions (Chang et al., 2019). As
shown in Fig. 5a, in the presence of A, the bond length of O;-H; was
2.306 A and the bond length of N;-H; was 1.028 A, suggesting that
phenol has been dissociated and the corresponding H; atom formed a
new bond with the N atom of A. Simultaneously, the bond lengths of
N;-H; and Ogy-Hy were 1.525 A and 1.074 ;\, respectively, suggesting
that the N;—Hs bond is broken and the Hs atom of A is transferred to the
Opgyrf atom. As shown in Fig. 5b, during the formation of phenoxy EPFRs,
the corresponding potential energy decreased monotonically with the
increase of O1-H; distance and the decrease of N1-H; distance, which
indicates that the formation of phenoxy EPFRs with the influence of A is
barrierless.

The relationship between electronic structure and geometric struc-
ture was further investigated by the analysis of ELF (Fig. 5¢). In the
corresponding ELF distribution map, the larger blue regions between H;
and O; and the red regions between H; and N; indicate that the H; atom
is completely transferred from phenol to A. The green regions between
Hz and N; and the red regions between Hy and Og,,t indicate that the Hy
atom is completely transferred from A to the surface. Therefore, the
hydrogen atom transfer reaction catalyzed by A is similar to that

catalyzed by previous acidic pollutants discussed above because of the
similar distribution for local electrons. Thus, A could significantly
enhance the formation of EPFRs by acting as a hydrogen atom transfer
catalyst.

3.2.5. The influence of DMA on the formation of EPFRs

Amines are emitted by a wide range of sources and are ubiquitous
atmospheric organic bases (Ge et al., 2011). DMA has attracted much
attention in recent years due to the relatively high atmospheric con-
centrations (Julin et al., 2018). Therefore, it is necessary to explore the
impact of DMA on EPFRs formation. As shown in Fig. 6a, in the presence
of DMA, the distances of O;-H; and N;-H; showed that the hydroxyl of
phenol was dissociated and the H atom of phenol was transferred to
DMA. Furthermore, we observed that the Hy of DMA remained bonded
with the N atom with a bond length of 1.110 A rather than formed a new
bond with Ogyy, suggesting that DMA prefers to form DMAH" rather
than transfer the hydrogen atom to the surface. Thus, SA, NA, FA, and A
act as a “bridge”, while DMA serves as a “semi-bridge” role in EPFRs
formation. In addition, as shown in Fig. 6b, the corresponding potential
energy decreased monotonically with the increase of O;-H; distances of
phenol and the decrease of Nj-H; distances during the formation of
phenoxy EPFRs, suggesting that the formation of EPFRs with the influ-
ence of DMA is barrierless.

ELF analysis was performed to further identify the impact of DMA on
the formation mechanism of EPFRs. The red areas adjacent to N;-H; and
N;-H; indicate that the electrons are highly localized with strong co-
valent bonds of N;-H; and N;-H,. The green areas between Hy and Ogyf
indicate that there are weak interactions between DMA and the surface.
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Fig. 5. (a) Geometric configuration for the participation of A in the formation of EPFRs. (b) Change of potential energy with the distances of O;—-H; and N;-H;. The
specific atom of Oy, Hy, and N; are marked with a blue rectangle shown in (a). (¢) The two-dimensional electron localization function (ELF) color-filled maps in the
0,-N;-H, plane. The listed bond lengths are in units of A. Color scheme: Al, pink; O, red; C, grey; H, white; N, blue. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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The blue areas adjacent to O;-H; indicate that electrons are highly
delocalized with the dissociation of phenol. Therefore, the favorable
formation of DMAH™" promotes the dissociation of phenol (Fig. 6¢). In
summary, we conclude that DMA could also enhance the formation of
EPFRs via a “semi-bridge” role.

In fact, besides the most stable parallel adsorption of phenol, vertical
adsorption of phenol may also exist on the surface due to the relatively
strong adsorption. Therefore, the influence of the above pollutants on
the formation of EPFRs was also studied by considering the vertical
adsorption of phenol with the binding between the O atom of phenol and
the Al atom of a-Al,03(0001) (structure (i)). As shown in Figs. S6-S10,
the catalytic mechanism of these pollutants on the vertical adsorption of
phenol is similar to that of the most stable adsorption of phenol
(structure (ii)). Thus, these results confirm the promoting effect of these
pollutants on EPFRs formation regardless of the orientation of phenol.

3.3. Comparison of the effect of different pollutants on the formation of
EPFRs

As discussed above, SA, NA, FA, A, and DMA can all catalyze the
formation of phenoxy EPFRs by promoting the dissociation of phenol, all
of which are thermodynamically favorable processes (Table S4). How-
ever, after the reaction, some of the pollutants were transformed into
different species depending on their properties. SA has been transformed
into HSOz, DMA has been transformed into DMAH™, whereas NA, FA,
and A retain their original molecular configurations. Therefore, it is
necessary to analyze the electronic properties of each pollutant to
compare their different influence on EPFRs formation.

The ESP contour plot is an important tool to illustrate the charge
distributions of a molecule (Liu and Pedersen, 2009). The global maxi-
mums of ESP exhibit the strongest electrophilicity. Conversely, the
global minimums exhibit the strongest electronegativity (Ning et al.,
2020). As shown in Fig. S11, for the acidic pollutants, SA, NA, and FA, all
possess an electron-donating region with global minimums of ESP of
—26.01, —19.41, and —35.75 kcal mol~'. However, they have more
potential to act as donors of hydrogen atoms because the global maxi-
mums of ESP of these pollutants with +69.15, +68.18, and +62.78 kcal
mol~! whose absolute values are much higher than the global mini-
mums. On the contrary, for the basic pollutants, although the global
maximums of ESP have the electron-withdrawing region with the global
maximums of ESP of +26.36 and + 24.39 kcal mol ™! respectively, they
prefer to donate electrons and act as the acceptors of hydrogen atoms
because the global minimums with —37.79 and —34.52 kcal mol~!
whose absolute values are much higher than the global maximums.
Thus, the basic pollutants interacted with the hydrogen atom of phenol
with the global maximums of ESP of +51.11 kcal mol~!. Therefore,

these pollutants with different electronic properties may have different
effects on the transfer of hydrogen atoms, and the corresponding
different mechanisms need to be investigated further.

Considering the electron transfer between phenol and the surface
during the formation of EPFRs, the Bader charge changes of phenoxy
with the impact of different pollutants were compared and shown in
Fig. S12. Changes of the Bader charge of phenoxy in these reactions are
negative, indicating that the phenoxy acts as the electron acceptor in all
reactions. Compared with the situation of EPFRs formation without
catalysts, the phenoxy obtains fewer electrons in the presence of SA, NA,
and FA as catalysts. Conversely, the participation of A and DMA en-
hances the ability of the phenoxy to obtain more electrons. Therefore,
the difference in catalytic properties of these pollutants can impact the
extent of electron transfer during EPFRs formation.

As discussed above, the effects of acid and basic pollutants on the
formation of EPFRs are different. Therefore, it is necessary to compare
the dynamic process of EPFRs formation with the influence of acid and
basic pollutants. With SA and DMA as the example of acidic and basic
pollutants, respectively, AIMD simulations were performed to clarify the
catalytic mechanism, as shown in Fig. 7. Under the catalysis of SA or
DMA, the dissociation of phenol could occur within 1 ps, manifesting
that the formation of EPFRs is barrierless in the presence of acidic and
basic atmospheric pollutants. For the participation of SA (Fig. 7a and c),
the Hy atom of SA interacted with the surface initially and then trans-
ferred to the Ogyf atom at approximately 400 fs. Subsequently, HSOz
interacted with the adsorbed phenol by accepting the H; atom of phenol.
This result shows that the acidic pollutant as a hydrogen atom donor can
transfer its hydrogen atom to the surface first and then combine itself
with phenol to promote EPFRs formation. In contrast, as depicted in
Fig. 7b and d, for the participation of DMA, initially, DMA interacted
with phenol rapidly, causing the breaking of O;-H; bonding of phenol
and the forming of N;-H; bonding at about 50 fs. Subsequently, the
DMAH™ interacted with the interface through a hydrogen bond.
Therefore, this basic pollutant acts as a hydrogen atom acceptor by
obtaining the hydrogen atom from phenol to form phenoxy EPFRs first
and then interacting with the surface to promote the EPFRs formation.
These results indicate that the conclusions of AIMD are consistent with
that obtained from the DFT calculation.

Additionally, the AIMD simulations of the vertical adsorption of phenol
with the participation of SA and DMA were performed to study the influ-
ence of these pollutants on the formation of EPFRs, which is consistent with
the results discussed above (Fig. S14). Thus, we expect that in general, the
impact of other acidic and basic pollutants will behave similarly to the
surrogate pollutants considered in our study due to their similar chemical
properties. Therefore, acidic and basic pollutants have different influences
on the formation of EPFRs, which are summarized in Table S5.
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reaction mechanism, respectively, in the presence of DMA.

Note that this simulation was performed on a clean Al,03 (0001)
surface. Firstly, metal oxides in the atmosphere are most likely emitted
from combustion sources that are already coated with other organic
pollutants and water (Han et al., 2019). Secondly, these coatings form a
viscous matrix, which limits the diffusion of acidic and basic pollutants
to the metal oxide surface (Liu et al., 2018). Under real atmospheric
conditions, these two scenarios and other processes will temper the
extent to which the pollutants discussed above influence the reaction
mechanism of EPFRs formation.

4. Conclusions

In this study, the influence of different acidic and basic pollutants on
EPFRs formation was investigated by using combined DFT and AIMD
methods. Specifically, the reaction of phenol, which was used as the
aromatic precursor, on an Al;03(0001) surface was employed to model
the formation of phenoxy EPFRs. Results indicate that without these
acidic and basic pollutants, the reaction is exothermic with an energy
barrier of 8.8 kcal mol~. The presence of these acidic and basic pol-
lutants, which possess the ability to transfer hydrogen atoms, could
enhance the formation of EPFRs barrierlessly by promoting the disso-
ciation of phenol by acting as “semi-bridge” or “bridge” roles. However,
the corresponding formations are different because of the differing
ability to transfer hydrogen atoms. Acidic pollutants are hydrogen atom
donors, thus weakening the ability of phenoxy to obtain electrons.
Acidic pollutants enhance the formation of EPFRs by first transferring
hydrogen atoms to the surface and then combining themselves with
aromatic precursors. In contrast, basic pollutants, which are hydrogen
atom acceptors, enhance the ability of phenoxy to obtain electrons. Basic
pollutants promote the formation of EPFRs by first abstracting hydrogen

atoms from aromatic precursors to form phenoxy EPFRs, and then
interacting with the surface. Considering the high concentrations of
acidic and basic pollutants in local polluted areas, the concentrations of
EPFRs may increase significantly due to pollutants’ catalytic effect.
These new findings can provide ideas for synergistic control of different
kinds of pollutants for improving air quality.
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