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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Hydrolysis in previous experiments was 
underestimated by 80 % in the pH 4–8.

• IPN and NPN lifetimes were under
estimated by five orders of magnitude at 
pH 8.

• Light absorption by aerosols in oceanic 
and desert regions should be considered.
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A B S T R A C T

Organic nitrates (ONs) are crucial constituents of secondary organic aerosols (SOAs). The liquid-phase degra
dation of ONs alters the light-absorbing properties of aerosols, thereby influencing the direct radiative effect 
(DRE) and climate dynamics. Alkyl nitrates (ANs) contribute most of ONs. Previous studies have shown that 
hydrolysis and •OH-initiated oxidation are two competing degradation pathways for ANs, with oxidation being 
the dominant mechanism under weakly acidic or weakly alkaline conditions. However, experimental •OH 
concentrations (ppm) are ten orders of magnitude higher than actual, likely underestimating hydrolysis’s 
contribution. Using propyl nitrate isomers as proxies, we combined liquid chromatography-mass spectrometry 
and quantum calculations to re-explore AN’s degradation at pH 1–8. Our results show that hydrolysis dominates 
at realistic •OH levels. Specifically, compared to previous experimental results, hydrolysis is underestimated by 
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80 % under pH 4–8, resulting in underrating AN’s lifetime by 5 orders. Consequently, the resulting light- 
absorbing attenuation of aerosol will be disregarded, possibly leading to inaccurate DRE and climate effect as
sessments in oceanic/desert regions where aerosols at pH 4–8 predominates. Our research emphasizes the need 
to re-evaluate the role of hydrolysis in predicting the fate of ANs and the light-absorbing properties of aerosols.

1. Introduction

Particulate organic nitrates (ONs) constitute 5–44 % of the mass of 
secondary organic aerosols (SOA) (Fisher et al., 2016; Li et al., 2022; 
Yang et al., 2024). Previous studies have shown that alkyl nitrates (ANs) 
play a crucial role in the composition of particulate ONs (Aruffo et al., 
2022; Lee et al., 2015; Perring et al., 2013; Song et al., 2018; Zhang 
et al., 2019). Hydrolysis reactions and liquid-phase oxidation reactions 
are the primary degradation pathways for particulate ANs (Takeuchi 
and Ng, 2019; Hansen et al., 2023; Zare et al., 2019). The relevant 
degradation products will change the light-absorbing property of aero
sols (Li et al., 2021; Zhang et al., 2024), which furthermore causes direct 
radiative effect (DRE) of aerosols. Therefore, investigating the degra
dation mechanisms of particulate ANs is essential for accurately 
assessing their climatic impacts.

However, the liquid-phase degradation mechanism of ANs remains 
poorly understood. In the aerosol liquid phase, the hydrolysis reaction is 
one of the degradation pathways of ANs, and the degradation products 
are alcohol and nitric acid (Baker and Easty, 1952; Liu et al., 2012; Wang 
et al., 2021). Prior studies have confirmed that ANs can undergo hy
drolysis reactions with H2O, H3O+, and OH− in aerosols (Keshavarz 
et al., 2021; Xi et al., 2023; Zhao et al., 2023). For different molecular 
structures of ANs, the rate constants of hydrolysis reactions with H3O+

are higher than those of hydrolysis reactions initiated by H2O and OH−

by 4–13 and 8–15 orders of magnitude, respectively (Zhao et al., 2023). 
The main hydrolysis reaction is determined by aerosol pH (Rindelaub 
et al., 2015). Generally, the aerosol pH fluctuates within the range of 
4–6, showing weak acidity (Karydis et al., 2021). However, in some 
special environments, the aerosol pH may decrease or increase, thus 
showing strong acidity or weak alkalinity. For example, during the 
deliquescence of aerosols containing sulfates and nitrates, the pH range 
is 1–3, and the aerosol is strongly acidic (Morales et al., 2021). In 
addition, the concentration of alkaline ions in aerosols in desert and 
ocean regions is relatively high, making the aerosols weakly alkaline 
with a pH = 7–8 (Karydis et al., 2021). These observational data indicate 
that the aerosol pH range is within 1–8 (Herrmann et al., 2015; Shi et al., 
2017). Theoretical studies have shown that within the realistic aerosol 
pH range, ANs mainly undergoes hydrolysis reactions with H3O+, and 
the hydrolysis rate of ANs will increase with the enhancement of aerosol 
acidity (Morales et al., 2021; Rindelaub et al., 2016; Vesto et al., 2022).

In the atmosphere, •OH is prone to undergo oxidation reactions with 
particulate ANs through interactions with the aerosol surface or diffu
sion (George and Abbatt, 2010). Under high liquid water content (0.35 
g M− 3), the •OH-initiated oxidation reaction is the main liquid-phase 
oxidation pathway of soluble ONs, including ANs, and the degradation 
products are ketones, aldehydes, secondary organic nitrates, etc 
(González-Sánchez et al., 2023; Romonosky et al., 2015; Takeuchi and 
Ng, 2019). Therefore, within the liquid-phase aerosol, the •OH-initiated 
oxidation reaction may compete with the hydrolysis reaction 
(Romonosky et al., 2017). Some experiments even have shown that 
•OH-initiated oxidation is the dominant degradation pathway of ANs 
(Gonzalez-Sanchez et al., 2021; González-Sánchez et al., 2023). In order 
to better compare with the bulk solution conditions in our experiment, 
we used the •OH concentration in cloud droplets to study the compe
tition between the •OH-initiated oxidation and the hydrolysis reaction. 
However, the concentration of •OH used in these experiments is at ppm 
level, while the concentration of •OH in the cloud droplets is 1.7 × 10− 11 

- 1.7 × 10− 8 ppm (Ault, 2020; Gonzalez-Sanchez et al., 2021; Li et al., 
2023; Tilgner et al., 2013). Consequently, we speculate that this may 

lead to an overestimation of the •OH-initiated oxidation when 
competing with hydrolysis reaction of particulate ANs.

To verify this hypothesis, this study systematically investigated the 
liquid-phase degradation mechanism of two ANs under different pH 
conditions. Consequently, isopropyl nitrate (IPN) and n-propyl nitrate 
(NPN) were selected as proxies in this study. Initially, quantum chemical 
calculations were carried out to elucidate the •OH-initiated oxidation 
and hydrolysis reactions of ANs, respectively. Simultaneously, the 
degradation products of ANs are identified using ultra-high- 
performance liquid chromatography coupled with quadrupole-orbitrap 
mass spectrometry (UHPLC - Q - Orbitrap - MS), which served to 
confirm the accuracy of the proposed degradation mechanism. Based on 
these findings, the competitive relationship between the •OH-initiated 
oxidation and hydrolysis reactions of ANs under different pH conditions 
is successfully revealed. Subsequently, the fates of ANs and the impact of 
their degradation products on the light-absorbing properties of aerosols 
are thoroughly discussed.

2. Materials and methods

2.1. Quantum chemical calculations

Quantum chemical calculations based on density functional theory 
(DFT) were used to explore the liquid-phase degradation mechanism of 
ANs. All DFT calculations were executed using the Gaussian 09 software 
package (Frisch et al., 2016). The continuum solvation model density 
(SMD) was used to account for water’s solvation effects (Marenich et al., 
2009). Geometric optimizations and vibrational frequency calculations 
of reactants (RCs), transition states (TSs), intermediates (IN), and 
products (PR) were done at the M06 - 2X/6–311+G(d,p) level (Liu et al., 
2023). The chosen functional has been widely and successfully used for 
estimating potential barriers in gas and condensed phases (Vereecken 
and Francisco, 2012; Ji et al., 2022). Reactants, intermediates, and 
products had no imaginary frequencies; TSs had exactly one. Intrinsic 
Reaction Coordinate (IRC) calculations verified TS - reactant - product 
connectivity. Single - point energy calculations were performed at the 
CCSD(T)/aug - cc - pVDZ level. Gibbs free energies (G) at 298.15 K were 
obtained by combining these with Gibbs correction energies from geo
metric optimization. Activation energy (ΔG∕=) was defined as GTS-GRC, 
and reaction heat (ΔGr) was calculated as GPR/IN-GRC.

The traditional transition - state theory (TST) was used to calculate 
the reaction rate constant (k) for barrier - involved reactions (Galano 
and Idaboy, 2009). For barrier - less bimolecular reactions, the diffusion 
- limited rate constant (kdiff) was calculated (Shoup et al., 1981).

The light absorption intensity levels were described using the molar 
absorption coefficient (ε). Upon the reactants and products as previously 
described, this study combined the time - dependent density functional 
theory (TD - DFT) (Adamo and Jacquemin, 2013; Zeng et al., 2018) to 
calculate ε of each substance at the PBE1PBE/6–311+G (nstates = 10) 
theoretical level. Based on ε values, the light absorption intensity levels 
are classified as follows: ε > 104 represents strong absorption, 103 < ε <
104 indicates relatively strong absorption, 102 < ε < 103 denotes rela
tively weak absorption, and ε < 102 signifies weak absorption (Zhang 
et al., 2020).

2.2. Experiments

Samples of ANs. IPN (98 %, details in Table S2) and NPN (95 %, 
details in Table S2) are commercially purchased. The purity of IPN and 
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NPN was identified by gas chromatography-flame ionization detector 
(GC - FID) and nuclear magnetic resonance spectroscopy (NMR).

pH effect on degration products of ANs in bulk solution. In 
polluted or urban cloud droplets, the •OH concentration is typically 1.7 
× 10− 10 ppm (Ault, 2020; Gonzalez-Sanchez et al., 2021; Li et al., 2023; 
Tilgner et al., 2013), the water concentration ranges from 1.20 × 10− 6 to 
8.99 × 10− 5 ppm (Jin et al., 2020; Xu et al., 2022), which is 3–5 orders of 
magnitude higher than the •OH concentration in cloud droplets. To 
simulate these environmental conditions while accounting for the in
strument’s detection limit, we used 4.05 ppm of H2O2 and 9.00 × 105 

ppm of water (Table S1). We conducted liquid-phase degradation ex
periments on IPN and NPN at pH values of 3, 5, 7 and 9. The degradation 
products and their relative abundances were analyzed using UHPLC - Q - 
Orbitrap - MS. We analyzed LC - MS data using Xcalibur 4.1.31 software 
(Thermo Scientific). Chemicals used were 30 % H2O2, 36–38 % 
high-purity hydrochloric acid, 98 % sodium hydroxide, PBS buffer (pH 
7.2–7.4), and HPLC - grade methanol. Preparation steps were: (1) 
Dissolve organic nitrates in methanol to 250 ppm. (2) Adjust PBS buffer 
pH to 3, 5, 7, 9 using acid and base. (3) Dilute H2O2 to 30 ppm. For the 
reaction, in a 2 mL screw cap vial, add 100 μL of 250 ppm IPN or NPN, 

765 μL of pH adjusted buffer, and 135 μL of 30 ppm H2O2 to make 1 mL 
of reaction solution. This configuration ensures the concentrations of 
various substances in the reaction solution are fully consistent with the 
concentration requirements for subsequent instrument use.

Analysis by UHPLC - Q - Orbitrap - MS. We used a high - perfor
mance LC - MS/MS system (Thermo Scientific Ultimate 3000 LC + Q 
Exactive Orbitrap MS + ESI source) for qualitative analysis of the pre
pared reaction solutions, with a pure methanol solution as the blank. 
Chromatographic separation was performed on a Hypersil Gold C18 
column (100 × 2.1 mm, 1.9 μm). The mobile phase (Table S3) was water 
(eluent A) and methanol (eluent B). The flow rate was 0.25 mL min− 1, 
and the injection volume was 5 μL. The gradient elution program: 0–2 
min, eluent B from 5 % to 20 %; 2–8 min, to 95 % and hold for 8 min; 
16–20 min, back to 5 %. Mass signals were acquired in both positive and 
negative ESI modes at +4.0 kV and − 3.0 kV (Table S4). The sheath, 
auxiliary, and sweep gas flow rates were set at 35, 10, and 0 (arbitrary 
units). The capillary and auxiliary gas heater temperatures were 320 ◦C 
and 350 ◦C. The instrument automatically switched between ion modes, 
using full MS - dd MS2 scan mode. The first MS was acquired at 70000 
FWHM, and the target MS/MS resolution was 175000 FWHM with an 

Fig. 1. The •OH-initiated oxidation reaction for isopropyl nitrate (IPN). (a) PES results. (b) Key structures along PES. (c) The •OH-initiated oxidation reaction 
schematic. The unit of the Gibbs free energy of activation (ΔG∕=) is kcal/mol. For the bimolecular reaction rate constant (k), the unit is M− 1 s− 1, while for the 
unimolecular reaction k, it is s− 1.
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isolation width of 0.4 m/z. The m/z scanning range was 50–750.

3. Results and discussion

3.1. •OH-initiated oxidation reaction

First, we compared the •OH-initiated oxidation reaction of these two 
ANs. For IPN, the corresponding potential energy surface (PES) (Fig. 1a) 
and key structures (Fig. 1b) are shown in Figures. The hydrogen 
abstraction occurs at the C1 and C2 positions, leading to two oxidation 
pathways, namely C1IPN and C2IPN (Fig. 1c). Along the C1IPN pathway, 
IPN undergoes a series of elementary reactions, including •OH-initiated 
hydrogen abstraction (Liu et al., 2023; Ng et al., 2017), O2 addition, and 
intramolecular hydrogen abstraction (Aschmann et al., 2011, 2012; 
Deka et al., 2018; Wen et al., 2022), ultimately leading to the formation 
of the secondary ON (C1-ONIPN, CH2=C(ONO2)CH3). The energy scan 
results indicate that the O2 addition step is barrierless (Fig. S1). The ΔG∕=

for the intramolecular hydrogen abstraction step is 37.30 kcal/mol, 
which is the rate-determining step among the three elementary re
actions. This step determines the k of the C1IPN pathway to be 2 × 10− 15 

s− 1, suggesting that the formation of C1-ONIPN is extremely slow.
Conversely, along the C2IPN pathway, IPN first experiences •OH- 

initiated hydrogen abstraction, followed by a decomposition reaction, 
finally resulting in the production of acetone. The rate - determining step 
is the •OH-initiated hydrogen abstraction, with a ΔG∕= of 9.09 kcal/mol, 
which determines the k of this pathway to be 1.32 × 109 M− 1 s− 1. 
Meanwhile, energy scan results (Fig. S2) show that the decomposition 
reaction occurs without an energy barrier. During the reaction of IPN, 
the concentration of [•OH] can be regarded as constant. Given an [•OH] 
of 1.7 × 10− 10 ppm appearing in cloud droplets, the pseudo-first-order 
rate constant (kapp) of the C2IPN pathway is 1.32 × 10− 5 s− 1, which is 
10 orders of magnitude higher than the k of the C1IPN pathway (2 ×
10− 15 s− 1). This clearly demonstrates that acetone is formed far more 
rapidly than C1-ONIPN.

Moreover, since the rate constants of the first elementary reactions of 
C1IPN and C2IPN are 4.66 × 107 and 1.32 × 109 M− 1 s− 1, respectively, 
these findings are in good agreement with those reported by González- 
Sánchez et al. (Gonzalez-Sanchez et al., 2021; González-Sánchez et al., 
2023). This determines that the proportions of C1-ONIPN and acetone in 
the initial oxidation of IPN are 3.41 % and 96.59 %. These results further 
confirm that the C2IPN pathway is the predominant pathway for the 
•OH-initiated oxidation of IPN, and acetone is the major oxidation 
product. Therefore, for IPN, greater attention should be directed to
wards the environmental impacts caused by acetone.

Unlike IPN, hydrogen abstraction in NPN occurs at the C1, C2, and 
C3 positions, giving rise to three distinct oxidation pathways: C1NPN, 
C2NPN, and C3NPN (Fig. S3). The PES results and key structures are 
presented in Figs. S4 and S5. In the C1NPN pathway, propanal is pro
duced through a reaction process similar to that of acetone formation 
from IPN. The C2NPN pathway leads to the generation of the secondary 
ON (C2-ONNPN, CH2=CHCH2ONO2). Similar to the formation of C1- 
ONIPN from IPN, the O2 addition step in this pathway is barrierless 
(Fig. S6). In the C3NPN pathway, C2-ONNPN is also formed, but the O2 
addition step requires overcoming an energy barrier of 23.33 kcal/mol. 
The remaining reaction steps are identical to those in the formation of 
C1-ONIPN from IPN. Here, we emphasize the differences between the 
oxidation reactions of NPN and IPN. Along the C1NPN pathway, the k for 
the formation of propanal is determined by the initial hydrogen 
abstraction step, which is 5.23 × 108 M− 1 s− 1. This implies that propanal 
can be rapidly formed under actual atmospheric reaction conditions. 
Regarding C2-ONNPN, which is produced via both the C2NPN and C3NPN 
pathways, the rate constants of these two pathways are determined by 
their respective intramolecular hydrogen abstraction steps, with values 
of 3.11 × 10− 11 and 5.09 × 10− 11 M− 1 s− 1, respectively. Thus, the 
overall k for the formation of C2-ONNPN is 8.2 × 10− 11 M− 1 s− 1. This 
indicates that the formation rate of C2-ONNPN is significantly slower 

than that of propanal under the same conditions. The rate constants of 
the initial hydrogen abstraction steps in the C1NPN, C2NPN, and C3NPN 
pathways are 5.23 × 108, 1.21 × 109, and 2.78 × 108 M− 1 s− 1, 
respectively. These values determine the proportions of the three path
ways be 23.78 %, 55.03 %, and 21.19 % in order. Consequently, the 
proportions of propanal and C2-ONNPN are determined to be 23.78 % 
and 76.22 %, respectively. Although the formation rate of C2-ONNPN is 
19 orders of magnitude slower than that of propanal, the final yield of 
the former is 3.2 times that of the latter. This suggests that in the NPN 
degradation reaction dominated by oxidation, the aerosols optical 
properties caused by propanal should be considered in the initial stage, 
while the impact of C2-ONNPN should be given more attention in the 
long - term. In contrast, the oxidation of IPN produces only acetone, so 
the influence of the IPN oxidation reaction on aerosol properties is solely 
attributed to acetone.

3.2. Hydrolysis reactions under various pH

ANs may concurrently engage in reactions with H2O, H3O+, and 
OH− . Initially, the reaction of IPN with H2O unfolds through three 
distinct reaction pathways: unimolecular substitution (SN1IPN), bimo
lecular substitution (SN2IPN), and H2O addition (H2O-adIPN) (Fig. 2a). 
The PESs corresponding to each pathway are presented in Fig. S7, while 
the key structures are depicted in Figs. S8–S10. Along the SN1IPN 
pathway, a decomposition reaction with a ΔG∕= of 28.51 kcal/mol is 
followed by a barrier - less H2O addition reaction (Fig. S11), ultimately 
leading to the formation of protonated isopropyl alcohol (IPA). The 
decomposition reaction serves as the rate-determining step, dictating 
the k of the SN1IPN pathway to be 6.37 × 10− 9 M− 1 s− 1. Conversely, the 
SN2IPN pathway consists of a single elementary reaction. The associated 
ΔG∕= is 33.61 kcal/mol, with a k of 2.08 × 10− 9 M− 1 s− 1. Distinct from 
the products of the first two pathways, the H2O-adIPN pathway results in 
the production of isopropyl alcohol. Nevertheless, the ΔG∕= surges to 
57.05 kcal/mol, causing the k to plummet to 1.11 × 10− 26 M− 1 s− 1. 
Under realistic environmental conditions, this pathway can be deemed 
negligible. Consequently, the principal product of the reaction between 
IPN and H2O is protonated isopropyl alcohol, and the corresponding 
formation k is 8.45 × 10− 9 M− 1 s− 1. In the present experiment, the 
concentration of H2O, denoted as [H2O], is 9 × 105 ppm. As a result, the 
pseudo - first - order rate constant (kapp) of the reaction between IPN and 
H2O is 4.23 × 10− 7 s− 1. This finding suggests that this reaction pro
gresses at a sluggish pace under actual atmospheric conditions.

Secondly, the reaction of IPN with H3O+ exclusively proceeds via the 
SN1IPN pathway (Fig. 2b). Along this pathway, a sequence of elementary 
reactions takes place, including protonation, decomposition, and H2O 
addition, ultimately culminating in the formation of protonated iso
propyl alcohol. Both the protonation reaction and the H2O addition 
reaction (Figs. S11–S12) are endothermic processes devoid of an energy 
barrier, findings that are in accordance with prior reports (Zhao et al., 
2023). The decomposition reaction, characterized by ΔG∕= of 5.97 
kcal/mol, acts as the rate - determining step of this pathway. This as
certains that the k for the generation of protonated isopropyl alcohol in 
this reaction is 2.5 × 108 s− 1, a value 15 orders of magnitude greater 
than the kapp of the reaction between IPN and H2O. This implies that this 
reaction pathway can occur within the atmospheric environment.

Finally, the reaction of IPN with OH− encompasses four distinct 
pathways: OH− addition (OH− - adIPN), SN2IPN, hydrogen abstraction at 
the α - position (Hα-abstraction), and hydrogen abstraction at the β - 
position (Hβ-abstraction) (Fig. 2c). Isopropyl alcohol can be formed 
through the initial two pathways. Along OH− -adIPN pathway, the OH−

addition reaction serves as the rate - determining step, with a ΔG∕= of 
24.46 kcal/mol, which dictates the k to be 1.13 × 10− 2 M− 1 s− 1. For the 
SN2IPN pathway, the ΔG∕= is 24.61 kcal/mol, resulting in k of 8.76 ×
10− 3 M− 1 s− 1. Consequently, k for the formation of isopropyl alcohol in 
the reaction between IPN and OH− is 2.01 × 10− 2 M− 1 s− 1.

Additionally, the Hα-abstraction and Hβ-abstraction pathways lead to 
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the production of acetone and propylene, respectively. Nevertheless, the 
ΔG∕= values of these two pathways reach as high as 33.37 and 29.72 
kcal/mol, respectively, causing k to drop as low as 3.12 × 10− 1 and 1.52 
× 10− 6 M− 1 s− 1. Therefore, the k of the reaction between IPN and OH− is 
jointly determined by the OH− -adIPN and SN2IPN pathways, amounting 
to 2.01 × 10− 2 M− 1 s− 1. It is further established that the proportion of 
isopropyl alcohol generated in this reaction is 100 %, whereas the 
proportions of acetone and propylene are both 0 %.

The findings presented above substantiate that isopropyl alcohol is 
the principal product when IPN engages in hydrolysis reactions with 
H2O, H3O+, and OH− . Subsequently, we computed the variations of the 
overall hydrolysis rate of IPN and the relative proportions of the three 
distinct reaction types as a function of pH (Fig. 3a). The results reveal 
that within the pH range of 1–8, the reaction between IPN and H3O+

constitutes 100 % of the hydrolysis processes, thereby acting as the 
dominant hydrolysis pathway. Significantly, as the solution shifts from a 
weakly acidic condition (pH > 3) to a strongly acidic regime (pH < 3), 
the total hydrolysis rate of IPN undergoes a remarkable increase of up to 

seven orders of magnitude, rising from 2.81 × 10− 3 to 2.81 × 104 M s− 1.
The above conclusion is equally valid for the hydrolysis reaction of 

NPN (Fig. 3b). For a comprehensive and detailed discussion of this topic, 
please refer to Text S1 (Figs. S13–S17). A notable distinction between 
the two compounds is that the main hydrolysis product of NPN is propyl 
alcohol (NPA) rather than isopropyl alcohol. This difference can be 
attributed to the disparity in the positions of the -ONO2 groups in IPN 
and NPN. In summary, the current results indicate that as the acidity of 
the aerosol intensifies, the hydrolysis reactions of IPN and NPN accel
erate significantly. This phenomenon aligns well with the experimental 
findings reported in the existing literature (Rindelaub et al., 2016; Zhao 
et al., 2023).

3.3. Contribution of hydrolysis to an degradation

To validate the proposed oxidation and hydrolysis reaction mecha
nisms, we employed UHPLC - Q - Orbitrap - MS to precisely charac
terize the degradation products of IPN and NPN across a pH range of 

Fig. 2. The hydrolysis reaction pathways between IPN and (a) H2O, (b) H3O+, and (c) OH− . The unit of the Gibbs free energy of activation (ΔG∕=) is kcal/mol. For the 
bimolecular reaction rate constant (k), the unit is M− 1 s− 1, while for the unimolecular reaction k, it is s− 1.

Fig. 3. The proportions (Γ) of the three types of hydrolysis reactions and total hydrolysis reaction rate (v) for (a) IPN and (b) NPN across different pH values.
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3–9. In line with the detection constraints of the instrument, and 
consistent with other experimental studies, we utilized •OH at the ppm 
level. Under the experimental conditions, markedly different degra
dation products of IPN and NPN were detected at various pH values. For 
IPN (Fig. 4a), the identified degradation products include isopropyl 
alcohol (C3H8O), hydroxy acetone (C3H6O2), and secondary ON (CH2=C 
(ONO2)CH3). These products correspond precisely to the hydrolysis and 
oxidation products of IPN as found in the above quantum chemical 
calculations, thus confirming the accuracy of the two degradation re
action mechanisms of IPN obtained in this study. Likewise, for the NPN 
experiment (Fig. 4b), propanal (C3H6O2) and secondary ON 
(CH2=CHCH2ONO2) are identified, which match the degradation 
products of NPN predicted by the above theory. This finding attests to 
the reliability of the current NPN degradation mechanism.

Based on the present degradation mechanism, we furthermore 
calculate the proportions (Γ) of the hydrolysis reactions of IPN and NPN 
in their respective total degradation reactions (details in Tables S5–S6): 

Γ=
khydrolysis[H3O+][AN]

koxidation[⋅OH][AN]+khydrolysis[H3O+][AN]

=
khydrolysis10− pH

koxidation[⋅OH]+khydrolysis10− pH

(1) 

where [AN] represents the concentration of either IPN or NPN, [•OH] 
denotes the concentration dissolved in actual cloud droplets (1.7 ×
10− 10 ppm) or the concentration used in this experiment (8.1 ppm), and 
koxidation and khydrolysis are the overall rate constants of the •OH-initiated 
oxidation and hydrolysis, respectively. Meanwhile, the pH ranges from 1 
to 8, which corresponds to the pH range of atmospheric aerosols (Shi 
et al., 2017). Consequently, Fig. 5aandb illustrate the changing trends of 
Γ as the pH increases. The results show that under the experimental 
conditions with [•OH] = 8.1 ppm, the Γ values of the two ANs exceed 
50 % when pH < 3, indicating that the hydrolysis reaction predominates 
over the oxidation reaction. Conversely, when pH > 4, Γ < 20 %, sug
gesting a tendency for the oxidation reaction to be the primary degra
dation pathway. This result is consistent with the findings in the 
previous studies, which states that the oxidation reaction is the main 

degradation pathway for ANs (González-Sánchez et al., 2023). However, 
in the actual cloud droplets environment, the [•OH] is far below the ppm 
level. According to Equation (1), the •OH-initiated oxidation reactions 
of IPN and NPN are nearly negligible at real [•OH], while the hydrolysis 
reaction accounts for 100 %. Evidently, both the current experiment and 
the previous studies have significantly underestimated the proportion of 
the hydrolysis reaction in the liquid - phase degradation of ANs. For 
strongly acidic aerosols (pH < 3), Γ is underestimated by 0–50 %. 
Particularly for weakly acidic (pH = 4–6) and weakly alkaline (pH =
7–8) aerosols, Γ is underestimated by more than 80 %.

This finding will further result in an underestimation of the lifetimes 
of IPN and NPN within cloud droplets (Fig. 5c and d). To illustrate, we 
take IPN as a representative case (Fig. 5c). When the pH is less than 3, 
the lifetimes of IPN in both the experimental setup and the actual 
environment fall within the range of 1.17 × 10− 8 to 7.57 × 10− 7 s. 
Moreover, at a pH of 4, the actual lifetime of IPN in the cloud droplets 
should reach 1.17 × 10− 5 s, suggesting that the experimentally derived 
value is underestimated by one order of magnitude. Notably, when the 
pH further rises to 8, the underestimation of IPN’s lifetime becomes 
more pronounced, reaching up to five orders of magnitude. In summary, 
as aerosol acidity decreases, the predicted lifetimes of IPN and NPN 
exhibit greater deviations under the experimentally applied •OH con
centration compared to those under cloud droplet conditions.

4. Conclusions and implications

In this study, we selected IPN and NPN as representative alkane - 
type ONs. By integrating liquid chromatography - mass spectrometry 
(LC - MS) with theoretical chemical calculations, we conducted a sys
tematic investigation into their liquid - phase degradation mechanisms. 
Our findings reveal that the •OH-initiated oxidation reaction can only 
supersede the hydrolysis reaction as the primary sink for ANs when the 
•OH concentration reaches the ppm level. Nevertheless, in the actual 
atmospheric environment, the •OH concentration in cloud droplets is 
1.7 × 10− 11 -1.7 × 10− 8 ppm (Ault, 2020; Gonzalez-Sanchez et al., 2021; 
Tilgner et al., 2013), rendering the contribution of the oxidation 

Fig. 4. Extracted ion chromatograms of degradation products of (a) IPN and (b) NPN under different pH conditions.
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reaction almost negligible. Consequently, we prove that hydrolysis 
stands as the exclusive degradation pathway for IPN and NPN. Crucially, 
within the typical pH range of aerosols (pH = 1–8), IPN and NPN pre
dominantly engage in hydrolysis reactions with H3O+. The reaction ki
netics accelerate as the aerosol acidity intensifies, a phenomenon 
consistent with previous experimental and theoretical investigations 
(Keshavarz et al., 2021; Zhao et al., 2023). Our results clearly 

demonstrate that the significance of hydrolysis reactions in the degra
dation of particulate ANs has been grossly underestimated. Specifically, 
for weakly acidic (pH = 4–6) and weakly alkaline (pH = 7–8) aerosols, 
the contribution of hydrolysis reactions to the degradation of IPN and 
NPN has been underestimated by at least 80 %, leading to an underes
timation of their lifetimes by up to five orders of magnitude. In ocean
ic/desert regions (Angle et al., 2021; Karydis et al., 2021), the aerosol 

Fig. 5. (a) and (b) the proportion (Γ) of hydrolysis reactions in the total degradation reactions and (c–d) half-lives of IPN (left panel) and NPN (right panel). “exp” 
means the [⋅OH] of bulk solution in under experimental conditions, namely 8.1 ppm. “real” means the [⋅OH] of real cloud droplets, namely 1.7 × 10− 10 ppm.

Fig. 6. The absorption spectra changes caused by hydrolysis (left panel) and •OH-initiated oxidation (right panel). The unit of the area A is L mol− 1.
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pH fluctuates between 4 and 8. Based on our results, hydrolysis emerges 
as the dominant degradation pathway for IPN and NPN, with isopropyl 
alcohol and propyl alcohol being the primary degradation products.

Analyses of the molar absorption coefficient (ε) and absorption peak 
area (A) indicate that hydrolysis reduces the light-absorbing capacity of 
IPN and NPN aerosols. Taking IPN as an example, the εmax of isopropyl 
alcohol is 2272 L mol− 1 cm− 1 lower than that of IPN, and the A decreases 
to half of that of IPN (Fig. 6a). In contrast, if the •OH-initiated oxidation 
were the predominant degradation pathway, as previously hypothe
sized, an increase in the light - absorbing capacity of IPN and NPN 
aerosols would be expected. For IPN, its oxidation products, acetone and 
second - generation organic nitrates, exhibit εmax values 10905 and 
11643 L mol− 1 cm− 1 higher than that of IPN, respectively, and their 
combined A is 3.1 times that of IPN (Fig. 6b). Similar trends are observed 
for NPN (Fig. 6c and d). In addition, the main absorption peaks of the 
hydrolysis products of IPN and NPN are located in the UVC band (≤290 
nm), where solar radiation flux is relatively low. However, the oxidation 
products of IPN and NPN exhibit notable red-shifted absorption features, 
with spectral tails extending into the UV–Vis transition range 290–400 
nm (UVB - UVA). This means that previous studies which regarded 
oxidation reactions as the main degradation pathway would over
estimate the contribution of ANs to light absorption. This may lead to 
inaccurate estimation on DRE from ANs (Grace et al., 2020; Heald et al., 
2014; Wei et al., 2024). Therefore, under the condition of pH 4–8, the 
oxidation reaction of ANs is overestimated, which means that the light 
absorption of aerosols in oceanic and desert environments will be 
overestimated.

However, present work has some limitations. For instance, other 
compounds in cloud droplets, such as sulfates, may react with ANs and 
affect their degradation rate and product distribution (Hu et al., 2011), 
which is not considered in the present work. In addition to pH factors, 
the influence of humidity and light intensity over oceans/deserts on the 
liquid-phase degradation mechanism of ANs should be further investi
gated. Moreover, quantum chemical calculations are used to reveal 
liquid-phase degradation mechanism of ANs. However, quantum 
chemical calculations are limited by scale and cannot fully simulate the 
environment in real cloud droplets. Therefore, smog chamber experi
ment and field measurement are necessary to be combined to verify the 
present work in the future.
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