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ABSTRACT

Recently, the heterogeneous autoxidation of volatile organic compounds (VOCs) has been shown to alter the light-scattering
property of atmospheric mineral particles. Here, we investigate how VOCs with different central atoms dictate autoxidation
pathways and subsequent highly oxygenated molecules (HOMs) properties, ultimately influencing the complex refractive index
of VOC-mineral particles via density functional theory (DFT) and quantitative structure—property relationship (QSPR) analysis.
Using dimethylsulfide (DMS)/dimethylether (DME) as ether-type proxies and triethylamine (TEA)/trimethylphosphine (TMP)
as alkane-type proxies, we reveal two distinct autoxidation paths: alkane-type VOCs undergo more O,-addition steps due to their
structural capacity for H-shift reactions, generating HOMs with higher oxidation states (OS), molar mass, and polarizability.
These properties drive stepwise increases in the refractive index (n) for alkane-VOC-mineral particles, leading to stronger light-
scattering ability compared to ether-type counterparts. Our results establish a direct link between VOCs' autoxidation mecha-
nisms and optical properties, providing new insights into climate-relevant aerosol interactions.

1 | Introduction heterogeneous reactions of volatile organic compounds (VOCs)

[2-4]. However, this attention has recently been drawn to the
Mineral particles exert a significant cooling radiative forcing ef- fact that the heterogeneous reactions of VOCs might, in turn,
fect (RFE) on the global climate, with emissions of 4300 Tgy~* alter the cooling RFE of mineral particles. For instance, the
into the atmosphere [1]. Previously, considerable attention has net cooling RFE of black carbon-mineral particle is enhanced
been paid to the promotional effect of mineral particles on the by 7.4% and 6.5% compared to the individual black carbon and

Abbreviations: CDD, Charge density difference; DFT, Density functional theory; DME, Dimethylether; DMS, Dimethylsulfide; GGA, Generalized gradient
approximation; HOMs, Highly oxygenated molecules; IM, Intermediate; Kao, Kaolinite; OS, Oxidation states; PBE, Perdew-Burke-Ernzerhof; PES, Potential energy
surface; Pro, Product; QSPR, Quantitative structure—property relationship; RC, Reactant; RFE, Radiative forcing effect; SOAs, Secondary organic aerosols; TEA,
Triethylamine; TMP, Trimethylphosphine; TS, Transition state; VASP, Vienna Ab initio Simulation Package; VOCs, Volatile organic compounds.
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mineral particle, respectively [5, 6]. Very recently, our theoreti-
cal work has revealed that amines proceed with faster H-shift
autoxidation reactions on clay particle surface, which, in turn,
enhances the cooling RFE of clay particles by 27.1%-47.1%
under visible light [7]. Moreover, the cooling RFE enhancement
resulting from autoxidation is at least 11.3% higher than that
caused by other oxidations [7]. Therefore, computational focus
should prioritize elucidating how autoxidation mechanisms of
diverse VOCs modulate the cooling RFE of mineral particles,
particularly the differential impacts governed by their molecu-
lar structures.

Autoxidation of VOCs constitutes the dominant formation path-
way for secondary organic aerosols (SOAs) [8-11], which exert
significant influences on climate change through their cooling
RFE via light scattering [12-14]. Produced highly oxygenated
molecules (HOMs) not only contribute to aerosol mass but also
elevate the oxidation state (OS) of SOAs [8, 10, 15, 16]. Previous
experimental studies have observed that increased OS during
aerosol aging—such as in guaiacol-, a-pinene-, and p-xylene-
derived SOAs—Ileads to complex changes in light-scattering
properties [17-19]. However, the mechanistic link between VOC
molecular structure, autoxidation pathways, and resulting op-
tical property modifications remains unclear, particularly how
structural features of VOCs dictate the formation of HOMs with
distinct OS and chemical compositions.

Autoxidation of VOCs is initiated by H-abstraction, forming
radicals (+R) [20] that undergo either O,-addition-driven H-shift
(alkane-type VOCs) or limited oxidation (ether-type VOCs).
Molecular structure, defined by central heteroatoms (N, O, S, P)
and substituent groups, is critical: alkane-type VOCs (e.g., TEA,
TMP) possess more methyl (—CH,) groups, providing additional
sites for H-shift reactions that enable sequential O,-addition
[21-23]. In contrast, ether-type VOCs (e.g., DMS, DME) have
fewer H-shift sites due to their oxygen/sulfur-centered struc-
tures, restricting O,-addition steps [24-26]. These structural
differences lead to HOMs with distinct oxidizing states (OS) and
chemical compositions, directly impacting the optical properties
of mineral particles.

Previous studies have shown that HOMs enhance light scatter-
ing by increasing particle refractive index, a key determinant of
light scattering. However, the role of VOC molecular structure
in regulating autoxidation pathways and subsequent HOM prop-
erties remains unclear. Here, we address this gap by systemat-
ically comparing ether-type and alkane-type VOCs, revealing
how their structural features dictate autoxidation mechanisms,
HOM characteristics, and ultimately light-scattering parameters
of mineral particles. DMS and DME are chosen as ether-type
proxies, and TMP and TEA are chosen as alkane-type proxies,
respectively. Kaolinite (Kao) is chosen as the proxy of mineral
particle because of its large emission to atmosphere (192.3 Tg
y ™ [27].

2 | Computational Methods
Static DFT calculations are carried out using the Vienna Ab ini-

tio Simulation Package (VASP) [28]. Van der Waals interactions
are described using the exchange-correlation functional of

Perdew-Burke-Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) [29]. The electron—core interactions are described
with the projector augmented wave method. Furthermore, dis-
persion corrections of the D3 type were incorporated into the
calculations [30, 31]. Simulated supercells are sampled with
gamma-centered 3 X 3 x 1 Monkhorst-Pack grids for the integra-
tion of the Brillouin zone. To ensure the efficiency and reliability
of calculation, the kinetic cutoff energy is set at 400eV, and the
convergence criterion of structural optimization is —0.01 VAL

VOC-Kao particles models are composed of Kao surface and
DMS/TEA/DME/TMP molecule. Kao surface is cleaved from
Kao unit cell along (001) direction and expanded to the size of
2x1. A vacuum zone of 15A is added onto Kao surface to elim-
inate the interaction of each layer. VOC molecule is separately
added above Kao surface. The adsorption energy of VOC by
Kao surface (AE,;) equals Eyc x,o—FEvoc—Fx.o The related
structures and AE,  results are summarized in Figure SIA-D.
Negative AE, ;. values indicate VOC adsorption on Kao surface
is feasible at ambient condition.

The geometry, frequency, and single point energy of each reac-
tant (RC), intermediate (IM), product (Pro) and transition state
(TS) are determined via density function theory calculations,
which are carried out with the Vienna Ab Initio Simulation
Package [28]. Thereinto, TS is searched via the climbing image
nudged elastic band [32] and identified with only one imaginary
mode. Along the potential energy surface (PES), the energy bar-
rier (AE?) is E g—Egc, and the reaction energy (AE)) is Ep  ;\—
Eyc. Accordingly, rate constants (k) are described as follows [33]:

kT _ar
k=ox—2—e i o)
h
kT [ kgT\ _aef
k=m<BT<I§;O>e-W @

where Equation (1) is for the first-order reaction constants and
Equation (2) is for the second-order rate constants, respectively.
o is reaction path degeneracy, «x is the Eckart tunneling coeffi-
cient, kj is the Boltzmann constant, T is the temperature, h is
Planck’s constant, and P, is standard atmospheric pressure. All
the AE# and k for each reaction step are displayed in Table S1.

In this study, the oxidation state (OS) was employed to charac-
terize the oxidative status of DMS/DME/TMP/TEA-Kao mixed
particles. For typical hydrocarbons (e.g., alkanes or aromatic hy-
drocarbons), the oxidation state is defined as OS=n._,-n._;,
where n._, and n._, represent the number of formed C—O
bonds and total C—H bonds, respectively [34]. This formulation
remains applicable to saturated alkanes with central atoms of N,
O, P, and S. Notably, the OS values remain constant during the
oxidation phase from RO,+ to ROOOH in DMS/TEA-Kao mixed
particles. This phenomenon arises because the oxidation pro-
cess from RO, to ROOOH formation does not involve changes
in the number of C—0 and C—H bonds. Distinct oxidation stages
are therefore differentiated using the suffixes a, b or c, d to de-
note specific transition phases.

To describe light scattering of VOC-Kao particles, refrac-
tive index (n) and extinction coefficient (p) of each VOC-Kao
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particle are calculated from complex dielectric function [35] and
Kramers-Kronig relation [36, 37].

3 | Results and Discussion

3.1 | VOC Adsorption on Kao Competing With Gas
Oxidation

The adsorption configurations were optimized using DFT. As
depicted in Figure 1, each VOC is combined with the Kao sur-
face with 1-2 hydrogen bonds. Each hydrogen bond is formed
between centered atoms of VOC and the hydrogen atom of Kao's
surface. The differential charge density difference (CDD) results
display negative charge distributions on these centered atoms
of VOCs and positive charge distributions on the hydrogen
atoms of Kao's surface. The stability of these hydrogen bonds
is contributed to by the coulomb interaction. Resultingly, neg-
ative adsorption energy values (AE, ;) of VOCs are determined.
Specifically, AE,,, is —12.56kcal/mol for DMS, —14.20kcal/
mol for DME, —13.18 kcal/mol for TMP, and —17.51 kcal/mol for
TEA, respectively. Therefore, each VOCs is chemically adsorbed
to Kao's surface, which supports the following heterogeneous
autoxidation reactions.

The competitive relationship between the heterogeneous au-
toxidation of each and their gas-phase oxidation by OH is de-
termined by r,/r,, where r; and r, represent the adsorption rate
and the initial step of the gas-phase oxidation, respectively.
r, is obtained by k [Kao][VOC], and r, is obtained by k,[-OH]
[VOC], where k, and k, represent the rate constants for the
adsorption of VOC and the initial step of their gas-phase oxi-
dation. Therefore, r/r, equals (k [Kao])/(k,[<OH]). Based
on present adsorption energy values of each VOC (Figure 1)
and Equation (2), k, is 4.15x10*’cm*molec's™ for DMS,
6.63x10°cm®molec~'s™! for DME, 1.18x10°cm®molec~ts~!
for TMP, and 1.77x105cm*molec™'s™! for TEA, respectively. k,
for DMS and DME is 5.9x107'3 and 1.1 x107'2cm3molec™'s,
respectively [38], and for TMP and TEA is 1.4x107!! and
6.84x1072cm3molec~'s7!, respectively [39]. Besides, [Kao]
is approximately 6.1x10*'moleccm™, and [+OH] in the

AE

2= -12.56 kecal/mol  AE

= -14.20 kcal/mol

ads’

atmosphere is about 2.4 x 10°moleccm™ [40, 41]. Accordingly,
r,/r, is calculated to be 1.79 x10°° for DMS, 1.53x 10! for DME,
2.14x10%° for TMP, and 6.57 x 1032 for TEA, respectively. These
results indicate that the adsorption of VOCs occurs prior to their
initial step of gas-phase oxidation, proving that their heteroge-
neous autoxidation will compete with their gas-phase oxidation
reactions.

3.2 | Two Heterogeneous Autoxidation Paths

Based on the corresponding PES (Figure 2), DMSDME/TMP/
TEA initially undergo heterogeneous H-abstraction reactions
with «OH on the Kao surface. Corresponding structures can be
found in Figure S1A-D. Consequently, «R for each VOC is formed
separately through exothermic reactions under ambient condi-
tions. For DMS, DME, and TMP, their «R formation processes are
completely the same, namely that the H-abstraction merely occurs
on their —CH, groups (Figure 2a). For DME, its AE?#is calculated
as 8.3kcal/mol, and the resulting k is 9.41 X 1073s ' molec! cm?3.
By contrast, for DMS and TMP, their AE7 values are negative,
which are —3.8 and —1.6kcal/mol, respectively. The resulting
k values are 9.59x10~* and 2.18x10~>s~'molec™'cm? respec-
tively, which represent an increase of 9 and 8 orders of magni-
tude compared to that of DME. Considering the k values of the
above three VOCs, their «R is easily formed on the Kao surface.
As for TEA, Figure 2b shows that H-abstraction could occur on
its a-site or B-site of its —CH,CH, substitution. As the AE* for
a-site is 14.8kcal/mol lower than that for -site, the former is
the dominant H-abstraction path of TEA. The related k of TEA's
H-abstraction is 5.71x10's~!molec~' cm?, implying it proceeds
easily under ambient conditions. Therefore, like the other three
VOCs, R of TEA is also formed on the terminal carbon. In sum-
mary, the conversion from each VOC to the related «R is the same
under ambient conditions, which is not related to their alkane or
ether structure at this stage.

Each <R continues to react with O, through no-barrier and
exothermic steps, spontaneously converting into RO, under
ambient conditions. RO,s is CH,—S—CH,OO. for DMS,
CH,—0—CH,00. for DME, (CH,),~P—CH,00+ for TMP,

(d)

AE, ;= -13.18 kcal/mol AE, 4= -17.51kcal/mol

ads

FIGURE1 | The differential charge densities of four VOCs on the Kao surface and their corresponding adsorption energies. (a) DMS, (b) DME, (c)
TMP, and (d) TEA. Blue bubbles represent negative charge distributions, and yellow bubbles represent positive charge distributions.
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FIGURE3 | Uncompleted autoxidation reactions of RO, along pathl. (a) PES of the key intermediate formations from DMS and TEA, (b) PES of

HOMs yields for DMS and TEA.
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FIGURE4 | Completed autoxidation reactions of RO, along path2.
The PESs describe the key intermediate and HOMs formations for DMS
and TMP.

and (CH,CH,),~N—CH,OO0OCH, for TEA, respectively.
Corresponding structures can be found in Figure S1A-D. RO,
is produced for the oxidation of alkane-type and ether-type
VOCs and also generates unique HOMs through two distinct
autoxidation pathways. As depicted in Figure 3, DMS and TEA
generate HOMs of (ROOH),—X—ROOOH (X=S or N) via in-
complete autoxidation (path 1): their RO, radicals initially
undergo a sequence of hydrogen shifts and oxygen addition
steps, culminating in the addition of «OH [42]. For DMS, it only
proceeds with one step of O,-addition (black line in Figure 3a),
producing (ROOH)—S—ROOOH (black line in Figure 3b).
Similarly, TEA proceeds with two steps of O,-addition (orange
line in Figure 3a), producing (ROOH),—N—ROOOH (orange

line in Figure 3b). Therefore, the OS of HOMs for TEA is two
larger than that for DMS. Different from DMS and TEA, DME
and TMP carry out completed autoxidation and produce HOMs
of (ROOH),—X—RO (X=0 or P) (path2). Corresponding struc-
tures can be found in Figure S1A-D. Yet, like TEA versus
DMS, (ROOH),—P—RO generated from TMP exhibits higher
OS than (ROOH)—O0—RO produced from DME (Figure 4). This
is because the former carries out one more O,-addition step.
Therefore, the OS levels of HOM products are directly deter-
mined by molecular structures of initial VOCs. Specifically,
alkane-type VOC produces HOMs with higher OS levels than
ether-type VOCs. Based on the above analysis, this is chemi-
cally determined by the number of oxygen addition steps. The
alkane structure has one more methyl group than the ether
structure, providing more H-shift sites.

Moreover, the thermodynamic and kinetic feasibility of the
rate-limiting hydrogen-shift (H-shift) step governs the initia-
tion barrier for subsequent O,-addition reactions. Along pathl,
the lowest k for DMS and TEA are separately 3.64x 10712 and
2.26x10722571 (R5 of DMS and R7 of TEA, Table S1). This in-
dicates their last H-shift steps would be difficult under ambient
conditions and be replaced by the OH-addition step. Therefore,
DMS and TEA carry out an incomplete path, resulting in higher
OS of HOMs products. Comparatively, along path2, the lowest k
for DME is 1.04x 10's™! (R6 of DME, Table S1) and for TMP is
2.72%1073s71 (R3 of TMP, Table S1), respectively, implying their
rate-limiting H-shift steps quickly proceed under the same con-
ditions. Accordingly, DME and TMP proceed with a completed
autoxidation path.

40f 8

Journal of Computational Chemistry, 2025

85U0|7 SUOWIWOD) 3AIIER1D) B|geal|dde 8y Aq pauA0B afe S3[o I O ‘9SN JO'S3INJ 10 AReiq1 8UIUQ AB]1/ UO (SUO I} IPLIOD-PUR-SWBH WD A8 | 1M ARIq 1 U1 [UO//:SANY) SUORIPUOD pUe SWB | 8U} 88S [5202/80/20] Uo ARiqiauluo AB|im ‘ABojouyos 1 JO Aiseaiun Buopbuens Aq G6TOL901/200T OT/I0p/Wo0" A3 1M AReiq 1[ouluo//SaRY WOy papeojumod ‘02 ‘SZ0Z ‘X.86960T



DMS , DME , TMP, TEA
(Aos=1)l «OH

Re
(AOS=1)1 0,
RO,
pathl path2

!
ROOH-S-ROO¢ (AOS=2)  ROOH-O-ROO+(AOS=2)

Key IMs
(ROOH),-N-ROO+(AOS=4)  R,-P-ROO+(AOS=0)

4
HOMs | (ROOH),-X-ROOOH |
| (X=S, A0S=0 and X=N , AOS=0) |

___________________________________________________

HR
Q
Q
qu——
7
=
=

FIGURE 5 | Heterogeneous oxidation mechanism of DMS/DME/
TMP/TEA on Kao surface. X=S, 0, P,or N, and n=1 or 2.

Based on present results, the heterogeneous autoxidation mech-
anisms of DMS, TEA, DME, and TMP on Kao surface are sum-
marized in Figure 5. The four VOCs are converted into <R, RO, ¢,
key intermediates of H-shift steps in order, leading to two types
of HOM s yields of variable OS on Kao surface. Firstly, negative
adsorption energy values of reactants, key intermediates, and
products imply that they are chemically adsorbed by Kao sur-
face. Moreover, their atomic structures illustrate that they are
bonded through stable hydrogen bonds formed between central
atoms of the four VOCs and exposed hydrogen atoms of Kao
surface (Figure S1). Therefore, the heterogeneous autoxida-
tion of the four VOCs is confirmed to proceed on Kao surfaces,
potentially affecting the light scattering property of VOC-Kao
particles.

Next, from initial VOCs to their RO, ¢, the related AOS level is the
same. Note, RO, of DMS and TEA continues to proceed with
an uncompleted autoxidation path (pathl), and the other two
RO, carry out a completed path (path2), generating two types
of HOMs yields with different AOS. It is interesting that DMS (or
TEA) and DME (or TMP) are both ether-type (or alkane-type)
VOCs but proceed with different heterogeneous autoxidation
paths. To reveal why this occurs, the reactivity of key interme-
diates of the rate-limiting H-shift step is analyzed by combin-
ing Bader charge calculation and H-shift distances (Figure S2).
Along pathl, two key intermediates are ROOH—S—ROO- for
DMS and (ROOH),—N—ROO- for TEA, and along path2, they
are ROOH—O—ROO- for DME and R,—P—ROO- for TMP. By
comparing the results of ether-type key intermediates, the Bader
charge of 040 in ROOH—S—ROO- (the target oxygen atom that
hydrogen is shifted to) is 0.22 e~, which is 0.03 e~ more than that
in ROOH—O—ROO.. Larger Bader charge implies the target
oxygen atom has a smaller capacity to accept a hydrogen atom;
thus, ROOH—S—ROOe- is less attractive to a hydrogen atom.
Additionally, the H-shift distance is 2.74A in ROOH—S—ROOs,
which is longer than that (2.59A) in ROOH—0—ROO-. This
also adds difficulty for H-shift steps to occur. The above reasons
attribute to why DMS and DME share similar ether structures
but carry out different autoxidation paths. The same explana-
tion is also appropriate for TEA and TMP. The above conclusion
inspires us to further explore specific influences of the two au-
toxidation paths on cooling RFE of related VOC-Kao particles.

Our present results show that the heterogeneous autoxidation
of the four VOCs is accelerated at different levels on the Kao
surface, which is proven by a larger k of rate-limiting H-shift

steps occurring on the Kao surface (Table S2). Specifically, the
k of heterogeneous autoxidation is 4 orders higher for DME [43]
than that of homogeneous autoxidation, and for DMS [43] and
TEA, their k of heterogeneous autoxidation is separately 3 and
2 orders higher.

3.3 | Strengthened Light Scattering

Refractive index (n) and extinction coefficient (p) together de-
termine light scattering of particles. Under visible wavelengths
(500-700nm), we first compare the changes in the two optical
parameters with the increase in OS for each VOC-Kao particle
(Figure S3). Results show, along any autoxidation pathway, the
extinction coefficient (p) values for VOC-Kao exhibited slight
fluctuations within the range of 0.001-0.002 as the oxidation
state (OS) increased. The extinction coefficient (p) values exhib-
ited only a transient increase, reaching levels between 0.001 and
0.010, which was attributed to the formation of Re radicals (blue
lines in Figure S3). This indicates that neither VOC uptake nor
autoxidation significantly affects the extinction of Kao particles.
Additionally, given the small magnitude of p, its contribution to
light scattering evaluations can be considered negligible. By con-
trast, during the progression along either autoxidation path, the
n values of the resulting species were significantly higher than
those of the initial Kao and VOC-Kao at every oxidation state
(OS) (Figure S4). Our calculations suggest that the refractive
index of Kao particles increases as a result of interactions with
the four VOCs, encompassing both their uptake and associated
autoxidation processes. Furthermore, throughout the oxidation
states (OS) examined on both autoxidation pathways, the value
of n consistently exceeded that of p by roughly three to four
orders of magnitude. Accordingly, VOC-Kao predominantly
exhibits strong refraction throughout the entire autoxidation
process. This is consistent with the experimental observations
of Flores et al. [44], He et al. [17], and He et al. [45].

We next put emphasis on n changes. Figure 6 compares the n
changes with OS along path1 and path2. Firstly, for each VOC-
Kao particle, the n exhibited a stepwise increase with increas-
ing oxidation state (OS). Specifically, along pathl, n for DMS
grows by from 1.245 to 1.267 (Figure 6a) and for TEA rises from
1.262 to 1.286 (Figure 6b); and, along path2, DME increases
from 1.231 to 1.241 (Figure 6¢) and for TMP grows from 1.256
to 1.282 (Figure 6d). These results indicate that n is positively
correlated with OS. Moreover, the largest An ranks in the order
of TEA (pathl)>DMS (pathl) and TMP (path2) > DME (path2).
Computational results suggest that, for a given autoxidation
pathway, the heterogeneous autoxidation of alkane-type VOCs
results in a greater enhancement of the » than that observed for
ether-type VOCs.

To reveal the intrinsic correlation between n and VOC types, we
analyze the relationship between molecular structure parameters
of VOCs and OS by using quantitative structure-property rela-
tionship (QSPR) method [46]. The molecular structure parame-
ters include unsaturation (u), polarizability (@), and molar mass
(M) of all oxidation products with different OS. Therein, a=1.51
#C)+0.17(#H) 4+ 0.57(#0) + 1.05(#N) +2.99(#S) + 2.48(#P) +0.32,
and u=#C+1)—0.5#H —#N or #P), where #atom represents the
number of specific atoms. The increments of these parameters are
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written as Au, Aa and AM, respectively. As displayed in Figure 7,
for each VOC, u almost keeps constant at 0.5 at variable OS values,
indicating no contributions to An. Comparatively, « and M show
significant increased trends with OS, and the trendline shapes are
similar to that of n to the same VOC-Kao particles. This explains
that o and M together determine An.

Next, the parameter M was analyzed along the two distinct au-
toxidation pathways. It was found that M for DMS and TEA dis-
played comparable trends of increase (pathl, Figure 7a,b). This
is because they share the same autoxidation pathl. However,
AM of TEA is larger than that of DMS, which is determined by
two more oxygen contents in the former's HOMs product. As
the increased trend of A« is identical with AM to the same VOC,
higher oxygen content also explains the larger Aa of TEA than
that of DMS. This rule also applies to DME's and TMP's results
(path2, Figure 7c,d). Accordingly, the n increment is dominantly
caused by oxygen content accumulations, which results from
0,-addition steps. As concluded above, along the same heteroge-
neous autoxidation path, alkane-type VOCs proceed with more
0,-addition steps than ether-type VOCs. Therefore, this finally
determines that the heterogeneous autoxidation of alkane-type
VOCs increases n more significantly than ether-type VOCs.

4 | Conclusions

This study establishes a hierarchical relationship: The molecu-
lar structure of VOCs (alkane vs. ether) dictates the autoxida-
tion pathways, characterized by differing extents of O,-addition.
This leads to the formation of HOMs with distinct oxidation
states, molar masses, and polarizabilities. Consequently, these
HOM properties drive variations in the light-scattering pa-
rameters (refractive index) of associated mineral particles.
Specifically, computations indicate that alkane-type VOCs yield
HOMs with higher oxygen content, facilitated by their struc-
tural propensity for H-shift and O,-addition reactions. This re-
sults in a calculated enhancement of light scattering (refractive
index) by 0.019-0.045 relative to HOMs derived from ether-type
VOCs, under visible light conditions. These findings underscore
the critical influence of the initial VOC structure on the optical
properties of aerosols and their climate-relevant radiative forc-
ing, thereby providing a mechanistic framework for predicting
changes in relative forward scattering efficiency (RFE) in pol-
luted, mineral-dominated atmospheres.

By combining QSPR modeling with heterogeneous autoxidation
mechanisms, this study established quantitative relationships
between the autoxidation process and refractive index. It was de-
termined that the refractive index primarily correlates with the
polarizability (@), degree of unsaturation (), and relative molec-
ular mass (M) of VOCs. As the oxidation degree of VOCs on min-
eral particle surfaces increases, significant increases in Aa and
AM of VOCs are observed. This leads to an increased refractive
index of the VOC-mineral particle mixture compared to the origi-
nal pristine mineral particles, suggesting that such heterogeneous
autoxidation processes enhance their light-scattering ability.
These findings not only enrich the understanding of heteroge-
neous oxidation mechanisms of VOCs but can also be extended
to predict the impact of other structurally similar VOCs on the re-
fractive index of mineral particles. Furthermore, the quantitative

structure-relationship provided by this study offers key parame-
ters for climate models to accurately assess their radiative effects.
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