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Mechanism-based structure-activity relationship investigation
on hydrolysis kinetics of atmospheric organic nitrates
Qiaojing Zhao1, Hong-Bin Xie 1✉, Fangfang Ma1, Wei Nie 2, Chao Yan 2, Dandan Huang3, Jonas Elm 4 and Jingwen Chen1

Organic nitrates are key components of atmospheric organic aerosols. Hydrolysis is one of their main transformation pathways,
affecting atmospheric nitrogen cycle and the properties of organic aerosols. Studying hydrolysis using experiments is hindered by
limited authentic chemical standards. To advance our understanding on the hydrolysis of organic nitrates, we apply quantum
chemistry methods here to establish a structure-activity relationship of the mechanisms and kinetics by selecting eight organic
nitrates as model compounds. The results indicate that an acid-catalyzed mechanism is dominant for the most considered organic
nitrates at pH corresponding to ambient organic aerosol (pH < 5). More importantly, a hydrolysis pathway driven by the shift of
hydrogen or methyl cation is unveiled. Based on the revealed mechanisms, quaternary C at the α-site, tertiary/quaternary C at the
β-site, and –C=C at the β/γ-site of the −ONO2 group are determined to be the key structural factors for the fast hydrolysis kinetics.
An important feature for the hydrolysis of organic nitrates with such structural factors is proceeding via a carbocation intermediate.
The formed carbocation could further mediate the organic aerosol chemistry, affecting the composition and properties of organic
aerosols. This study provides a basis to further develop predictive models for hydrolysis kinetics of organic nitrates.
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INTRODUCTION
Atmospheric organic aerosol are known to have an effect on the
global climate and human health1,2. Throughout the atmospheric
lifecycle of organic aerosol, complicated particle-phase reactions
can occur3–10, dramatically altering the composition and proper-
ties of the organic aerosol11–13. Therefore, studying the particle-
phase chemistry is essential for understanding the environmental
impact of organic aerosols. In recent years, particle-phase
chemistry of organic compounds has received increasing atten-
tion3–13. However, the studies are still very scarce compared to the
extensively studied gas-phase chemistry. Thus, more efforts
should be undertaken to establish a comprehensive under-
standing of atmospheric particle-phase chemistry.
Organic nitrates are key components of organic aerosol,

accounting for fractions ranging from 5 to 77% depending on
the location14–20. Recently, the ambient detection of particulate
organic nitrates has been carried out. For example, Lee et al.
detected 88 highly functionalized organic nitrates resulting from
oxidation of biogenic hydrocarbons in rural Alabama, America.
These organic nitrates demonstrate a high rate of loss21. Shi et al.
identified 78 organic nitrates, most of which originate from
anthropogenic hydrocarbons, in urban atmosphere of Beijing,
China during 2016–201822. Due to their high mass fraction, close
relevance to atmospheric nitrogen cycle and ozone budget, and
potential for high rates of loss21,23–26, understanding the chemistry
of organic nitrates becomes increasingly important. Hydrolysis has
been identified as a critical transformation pathway for particulate
organic nitrates13,27–41. Different from the direct photolysis or
degradation via oxidation reactions, hydrolysis transforms the
−ONO2 functional group to HNO3, thereby acting as a permanent
sink of NOx25,30,41,42. More importantly, it was found that
implementing the hydrolysis pathway of even a single isoprene

hydroxyl-nitrate in an atmospheric model could substantially
reduce the simulated concentrations of NO and O3

31. Therefore, it
is important to investigate the hydrolysis mechanism and kinetics
of various atmospheric organic nitrates.
Currently, the authentic chemical standard for organic nitrates is

lacking, which makes it necessary for experimental studies on
hydrolysis kinetics to synthesize target organic nitrates first. To the
best of our knowledge, experimental hydrolysis kinetic data is only
available for about twenty organic nitrates, and most experimental
studies were conducted under different conditions such as
different pH values and buffer systems32,33,35,36. Two reaction
pathways, namely the bimolecular substitution (SN2) and the
unimolecular substitution (SN1) pathways, have been proposed for
the hydrolysis of organic nitrates35,36,39. Nonetheless, there is a
lack of detailed mechanistic insight into the effect of structural
factors on hydrolysis kinetics, except for the fact that organic
nitrates with quaternary C at the α-site of the −ONO2 group
exhibit fast reaction kinetics. The insufficiency of kinetic data and a
lack of deep mechanistic insight render it impossible to generalize
the results to other atmospherically relevant organic nitrates. To
advance the hydrolysis chemistry of organic nitrates and over-
come the difficulties in experimental studies, an alternative
strategy should be proposed to perform a mechanism-based
structure-activity relationship study on hydrolysis kinetics.
In this study, we utilized a quantum chemical method to

establish the structure-activity relationship for the hydrolysis
kinetics of organic nitrates by studying the reaction mechanism
and kinetics of eight organic nitrates including primary,
secondary and tertiary organic nitrates. Specifically, three primary
organic nitrates (ethyl nitrate (ETN), isobutyl nitrate (IBN), and [4-
(2-hydroxypropan-2-yl)cyclohexen-1-yl]methyl nitrate (BpON),
two secondary organic nitrates (isopropyl nitrate (IPN) and
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3-methyl-2-butanyl nitrate (3M2BN)), and three tertiary organic
nitrates (tert-butyl nitrate (TBN), (2-hydroxy-2-methylbut-3-enyl)
nitrate (ISO-ON1) and (1,4-dihydroxy-2-methylbutyl) nitrate (ISO-
ON2)) (Fig. 1) were studied by comprehensively considering
neutral, basic, and acid-catalyzed hydrolysis reactions. All selected
eight organic nitrates have been identified in the atmo-
sphere21,43–46. Another main consideration for selecting these
organic nitrates as model compounds is structural diversity of the
α and β-site of the −ONO2 group. The revealed mechanism-based
structure-activity relationship can be employed to judge the
possible hydrolysis chemistry of target organic nitrates and
embedded into atmospheric models to roughly estimate the
kinetics of other atmospheric organic nitrates.

RESULTS AND DISCUSSION
Three types of hydrolysis mechanism i.e., neutral, basic, and acid-
catalyzed hydrolysis were investigated for all eight organic
nitrates. The most favorable pathways determined for each
mechanism considered are presented in Figs. 3, 5 and 7, with
remaining pathways in Supplementary Figs. 1–24.

Neutral hydrolysis mechanism
Within the neutral hydrolysis mechanism, four kinds of reaction
pathways consisting of SN2, SN1, intramolecular substitution and
H2O addition were identified (Fig. 2). The SN2 pathway is a one-
step process via H2O attacking on the α-C-atom (Cα) of the −ONO2

group, leading to the formation of a protonated alcohol (ROH2
+)

and nitrate ion (NO3
−). While the SN1 reaction pathway proceeds

via two steps, starting with the rupture of the Cα−O(2) bond

connecting the Cα and the −ONO2 group to generate a
carbocation and NO3

−, followed by the combination of the
carbocation with H2O to produce ROH2

+. However, we cannot
successfully locate all transition states (TSs) of the SN1 pathway for
eight organic nitrates apart from the second step of ISO-ON1
although lots of attempts were performed. Since the first step is
endothermic and the second step is exothermic for the SN1
pathway, the relaxed scan method was only employed to
investigate the free-energy barrier for the first step of the SN1
pathway (see Supplementary Methods and Supplementary Figs.
25–27). The intramolecular substitution reaction pathway is driven
by the −OH group at the Cβ attacking the Cα of the −ONO2 group.
For the H2O addition pathway, the −H and −OH of H2O are added
to O(2) and N sites of the −ONO2 group, respectively, leading to
the formation of a neutral alcohol (ROH) and nitric acid (HNO3).
Amongst the studied eight compounds, the primary and

secondary organic nitrates hydrolyze via SN2, SN1 and H2O
addition reaction pathways and the tertiary ones via SN1 and
H2O addition reaction pathways. Moreover, the ISO-ON2 also can
hydrolyze via the intramolecular substitution pathway. By
comparing the free-energy barriers of all possible reaction
pathways for each organic nitrate, it was found that the SN2
pathway is dominant for ETN, SN1 pathway for BpON, TBN, ISO-
ON1 and ISO-ON2, and the SN2 and SN1 pathways are competitive
for IBN, IPN and 3M2BN. Figure 3 shows the dominant pathways
and Supplementary Fig. 28 gives the calculated structures and key
bond distances of the transition states involved in neutral
hydrolysis of organic nitrates. We found that all the neutral
reaction pathways have to at least overcome a free-energy barrier
of 26.95 kcal mol−1. Therefore, the contribution of the neutral
mechanism to the hydrolysis of organic nitrates is negligible. It

Fig. 1 Molecular structures of the selected eight organic nitrates.

Fig. 2 Schematic diagram of neutral hydrolysis pathways. A–D represent SN2, SN1, H2O addition and intramolecular substitution reaction
pathways.
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should be noted that previous study reported that there may be
errors in the calculation of the entropy effect using the relaxed
scan method and therefore the error for calculated free-energy
barrier value for feasible SN1 pathway could become greater47.
Due to the very high free-energy barrier, the error in calculated
free-energy barrier of SN1 pathway should not change qualitative
conclusion.

Basic hydrolysis mechanism
For the basic hydrolysis mechanism, four different pathways
including two-step reaction initiated by the addition of the
hydroxide ion (simply called OH− addition in the whole text), SN2,
bimolecular elimination (E2) reaction and proton-abstraction
pathway (illustrated in Fig. 4) were considered for all studied
organic nitrates. The two-step pathway is initiated by OH−

addition on the N site to form an intermediate, followed by the
concerted shift of the hydrogen cation (simply called H-shift in the
whole text) and the O(2)–N bond rupture to form a ROH and NO3

−.
It deserves mentioning that the formation of the intermediate
proceeds via a pre-reactive complex. As shown in Supplementary
Figs. 29 and 30, the key O(3)–N bond distance varies greatly from
the pre-reactive complex to the intermediates (from 2.90 Å to
1.50 Å). The SN2 pathway is similar to that of neutral hydrolysis,
with OH− attacking the Cα to form a ROH and NO3

−. The E2
pathway is the concerted one with OH− abstracting a proton from

the Cβ and the Cα–O(2) bond rupturing to form an olefin, NO3
− and

H2O. Alternatively, OH− abstracts a proton from the Cα and the
O(2)–N bond rupture to form a ketone, NO2

− and H2O. The proton-
abstraction pathway leads to the formation of carbanion and H2O.
As can be seen in Fig. 5, the two-step reaction pathway initiated

by OH− addition is most favorable for all of the studied organic
nitrates except the three tertiary ones. The first step is the rate-
determining one since the second-step is barrier-less for the two-
step hydrolysis pathway. Three exceptions are observed for the
tertiary organic nitrates TBN, ISO-ON1, and ISO-ON2, which follow
the E2 pathway to form the corresponding olefins, NO3

− and H2O.
Therefore, the general trend is that the primary and secondary
organic nitrates prefer to the two-step reaction pathway, while
tertiary organic nitrates prefer to E2 pathway. Differing from the
neutral hydrolysis, all the identified basic hydrolysis pathways are
significantly exothermic and have a much lower free-energy
barrier (15.36–18.18 kcal mol−1). In addition, the difference in the
free-energy barrier for the most favorable basic hydrolysis
pathway of the eight organic nitrates is small (<3 kcal mol−1),
implying that structural factors have a slight effect on the basic
hydrolysis mechanism.

Acid-catalyzed hydrolysis mechanism
Generally, the protonated process of the −ONO2 group for
organic nitrates is thermodynamically controlled. Therefore, in the

Fig. 3 Calculated schematic free-energy surfaces for the most favorable neutral hydrolysis pathway of studied organic nitrates (RONO2)
at the PCM_UFF/CBS-QB3//M06-2X/6-31+G(d,p) level. a Neutral SN2 pathway. b Neutral SN1 pathway. The free energies of RONO2+H2O and
RONO2 are set to zero (reference state). RCN, TSN-m (m= 1, 2, 3), PCN, IMN, and PN represent pre-reactive complexes, transition states, post-
reactive complexes, intermediates, and products, respectively; where m denotes different transition states. TSN-2FIT denotes the fitted
transition state using the relaxed scan method for the SN1 pathway of BpON.
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acid-catalyzed hydrolysis of organic nitrates, the R-ONO2 and
H3O+ were selected as the starting reactants for the free energy
calculation and mechanism discussion starting from the proto-
nated organic nitrates. We considered three types of acid-
catalyzed hydrolysis pathways including SN2, SN1 and H-shift
between the Cα and the Cβ of the −ONO2H group for the selected
organic nitrates (Fig. 6). The SN2 pathway is similar to that of
neutral and basic hydrolysis, with H2O attacking the Cα of the

−ONO2H group to form a ROH2
+ and HNO3. Similar to the neutral

hydrolysis, the SN1 reaction pathway proceeds in two steps via a
carbocation to generate ROH2

+ and HNO3. The H-shift pathway
has two outcomes: one is the reaction initiated by the Cα–O(2)

bond rupture to form a carbocation and HNO3, followed by the
carbocation combining with H2O to produce a ROH2

+, while the
other is a concerted reaction with the migration of the −ONO2H
group, leading to an exchange of an H atom at the Cβ with the

Fig. 4 Schematic diagram of basic hydrolysis pathways. A–D represent OH− addition, SN2, E2 and proton-abstraction pathways.

Fig. 5 Calculated schematic free-energy surfaces for the most favorable basic hydrolysis pathway of studied organic nitrates (RONO2) at
the PCM_UFF/CBS-QB3//M06-2X/6-31+G(d,p) level. a Basic two-step reaction. b Basic E2 reaction. The free energies of RONO2+OH− are set
to zero (reference state). RCB, TSB-m (m= 1, 2, 3), PCB, IMB, and PB represent pre-reactive complexes, transition states, post-reactive
complexes, intermediates, and products, respectively, where m denotes different transition states.
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−ONO2H group. It should be noted that not all three pathways
were identified for each of the studied organic nitrates, and the
available acid-catalyzed hydrolysis pathway is highly dependent
on the specific structure of the organic nitrates. As shown in
Supplementary Figs. 17–24, the SN2 pathway was identified for
the primary organic nitrates except BpON, the H-shift pathways
for the primary and secondary organic nitrates (if there is an
H-atom at the Cβ) and the SN1 pathway for all organic nitrates
except primary organic nitrates ETN and IBN.
As shown in Fig. 7, the SN2 pathway is most favorable for the

primary organic nitrate ETN and the SN1 or H-shift pathway is most
favorable for the remaining organic nitrates. Here, we confirmed
the H-shift-assisted hydrolysis pathway is feasible except the SN2
and SN1 pathways. The structures and key bond distances for the
TSs of the rate-determining step for these pathways are presented
in Supplementary Fig. 31. It deserves mentioning that the free-
energy barrier in the first step of the SN1 pathway for IPN was
obtained by the relaxed scan method similar to the neutral case
(Supplementary Figs. 32 and 33).
Almost all precursors that follow the SN1 or H-shift pathway are

either tertiary organic nitrates or primary and secondary organic
nitrates with a tertiary C and –C=C at the β-site of the −ONO2H
group except for the IPN with greater uncertainty. All favorable
SN1 or H-shift pathways proceed via two steps with the
carbocation as the reaction intermediate. Interestingly, only two
types of carbocations i.e., a tertiary one and a delocalized primary
one (there is a double bond at α-site of the carbocation) were
formed in regardless of SN1 or H-shift reaction pathway. From an
electronic structure perspective, the tertiary and delocalized
carbocations should be much more stable than the simple
primary and secondary carbocation48–50. Therefore, the formation
of the stable carbocations should be the reason why these
precursors follow the SN1 or H-shift pathway.

Kinetics of organic nitrates hydrolysis
Based on the most favorable reaction pathway, we calculated the
neutral (k′N), basic (k′B), acid-catalyzed (k′A), and total (kT) pseudo-
first-order hydrolysis rate constants (Supplementary Table 1) for all
eight organic nitrates. The logarithmic values of the calculated
pseudo-first-order hydrolysis rate constants were then plotted
against pH in Fig. 8, alongside available experimental data. We can
see that the logarithmic values of k′A are higher than those of the
corresponding k′N and k′B for all considered organic nitrates
except ETN and IBN under pH < 5, suggesting that acid-catalyzed
hydrolysis is the dominant mechanism for most organic nitrates,

given that the pH of atmospheric aerosol particles is typically
below 56,51. For the exception ETN and IBN, acid-catalyzed
hydrolysis is dominant under pH < 3, with basic hydrolysis being
the more dominant mechanism otherwise.
The logarithmic values of kT for TBN, ISO-ON1, ISO-ON2, BpON,

and 3M2BN are much higher than those of ETN, IBN, and IPN. A
common feature for the organic nitrates with large kT values is
that they all follow either an SN1 or H-shift reaction pathway that
proceeds via a stable carbocation, highlighting the key role of
stable carbocations in facilitating hydrolysis. Such role of
carbocation is further supported by comparing the logarithmic
values of kT for two organic nitrates of the same type, one
following the SN2 pathway or the SN1 pathway via a secondary
carbocation and the other proceeding via a two-step reaction
pathway initiated by H-shift with the stable tertiary carbocations
as intermediates, e.g., ETN and IBN, or IPN and 3M2BN.
Comparing the calculated kT values with the experimental ones,

the deviation between them is about 0-2 orders of magnitude
except for IPN and BpON at low pH values. As we mentioned in
the neutral hydrolysis mechanism part, the possible errors in the
calculation of the entropy effect using the relaxed scan method
should be the reason for the larger deviation for IPN. In addition,
by comparing energetic information for the most favorable
pathways of BpON with that of other studied systems, it was
found that the hydrolysis of BpON was slightly endothermic,
which can make inverse reaction proceed fast. The reversible
hydrolysis reaction of BpON was also suggested in the experi-
mental study35. Therefore, these could be the reasons for the
exception for IPN and BpON.
Based on the calculated kT values, the lifetime of the studied

eight organic nitrates against hydrolysis was calculated at three
selected pH values, 3.8, 2.3, and 0.9, corresponding to typical pH
values of ambient aerosol particles in Inland regions, China52–56,
Coastal regions, China57, and Southeastern United States58,
respectively, which are presented in Table 1. It can be found that
3M2BN, TBN, ISO-ON1, ISO-ON2, and BpON have a very short
lifetime (in mere minutes or less) and IPN has a lifetime of less
than 2.5 h under all three scenarios. Therefore, we concluded that
these six organic nitrates can effectively hydrolyze during the
lifetime of aerosol particles, which is ~2 weeks59. The lifetime of
IBN varies from 7 days to 4805 days in three scenarios, indicating
that the transformation of IBN is highly dependent on local
environmental conditions. However, ETN has a remarkably long
lifetime, exceeding 416 days, suggesting that its transformation
due to hydrolysis is negligible in the lifecycle of aerosol particles.

Fig. 6 Schematic diagram of acid-catalyzed hydrolysis pathways. A–C represent SN2, SN1, and H-shift reaction pathways.
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Structural factors affecting the acid-catalyzed hydrolysis
As discussed above, the acid-catalyzed hydrolysis mechanism is
the dominant one for the most considered organic nitrates under
typical pH condition in ambient aerosol particles. This is consistent
with shorter hydrolysis lifetime of organic nitrates observed at
lower pH levels32,33,39. Here, we further explored potential
structural factors that influence the acid-catalyzed hydrolysis
chemistry. By comparing the hydrolysis rates of simple primary,
secondary and tertiary organic nitrates (ETN, IPN, and TBN)
without additional group, we found that tertiary organic nitrates
have the fastest hydrolysis rate, followed by secondary and
primary organic nitrates. In addition, other tertiary organic nitrates
also exhibited very fast hydrolysis rates, consistent with previous
findings31,34,36. Therefore, a quaternary C at the α-site is an

important structural factor for fast hydrolysis kinetics. Moreover,
we found that the hydrolysis rates of primary and secondary
organic nitrates containing tertiary C and –C=C at the β-site of the
−ONO2 group were significantly faster than those of correspond-
ing primary and secondary organic nitrates without the additional
functional groups. The introduction of these functional groups can
even make hydrolysis kinetic of primary and secondary organic
nitrates (e.g., 3M2BN and BpON) comparable to tertiary organic
nitrates. Thus, a tertiary C and –C=C at the β-site of the −ONO2

group is another structural factor for fast hydrolysis kinetics.
Combined with the discussion in the hydrolysis kinetics section,
the formation of stable carbocation is the intrinsic reason for these
three structural factors including the quaternary C at the α-site,
tertiary C and –C=C at the β-site of the −ONO2 group. Such a key
role of the tertiary C and –C=C at the β-site of the −ONO2 group

Fig. 7 Calculated schematic free-energy surfaces for the most favorable acid-catalyzed hydrolysis pathway of the studied organic
nitrates (RONO2) at the PCM_UFF/CBS-QB3//M06-2X/6-31+G(d,p) level. a Acid-catalyzed SN2 reaction. b Acid-catalyzed SN1 reaction. c Acid-
catalyzed H-shift reaction. The free energies of RONO2+ H3O

+ are set to zero (reference state). RCA, TSA-m (m= 1, 2, 3, 4, 5), PCA, IMA, and PA
represent pre-reactive complexes, transition states, post-reactive complexes, intermediates, and products, where m denotes different
transition states. TSA-2FIT denotes the fitted transition state using the relaxed scan method for the SN1 pathway of IPN.
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for fast hydrolysis kinetics proposed here is also supported by the
previous experimental studies, i.e., IBN and BpON indeed have
faster hydrolysis kinetics than simple primary organic nitrates
without additional functional groups35,37.
It is interesting to investigate the possible extrapolation of the

revealed important structural factors i.e., tertiary C or –C=C at the
β-site of the −ONO2 group. The possible extrapolation of the
position of tertiary C or –C=C, from the β-site to the δ-site, and the
types of Cβ, from tertiary C to quaternary C, were considered. Our
results demonstrated that once the position of the tertiary C was
changed from the β-site to the γ-site and the δ-site or the position
of –C=C from the β-site to the δ-site of the –ONO2 group, the
tertiary C and –C=C features no longer played a facilitating role in
the hydrolysis of organic nitrates. However, when the position of
–C=C was changed from the β-site to the γ-site of the –ONO2

group, it still exhibits a facilitating role while through a cyclization
reaction pathway (Supplementary Figs. 34–36). In addition, the
quaternary C at the β-site of the –ONO2 group was also found to
facilitate the hydrolysis via a two-step reaction pathway initiated
by the shift of the methyl cation (Supplementary Figs. 37–40).
Therefore, our findings suggest that the facilitating role of tertiary

C at the β-site of the –ONO2 group in hydrolysis can be extended
to quaternary C, and the position of –C=C can be extrapolated
from the β-site to the γ-site of the –ONO2 group. More information
about the analysis of structural factors can be seen in
Supplementary Discussion.

Computational uncertainties analysis
It is known that a 1 kcal mol−1 difference in the activation free
energy for an elementary reaction step can lead to one order
difference in the calculated reaction rate constants. Therefore, the
kinetic calculations are extremely sensitive to the reaction free-
energy surface. For the study on the reactions in the aqueous
phase, the accuracy of reaction free-energy surface highly
depends on the selection of quantum chemical method and
solvent model. For the target reactions studied here, the
calculated kT values are consistent with available experimental
values at an acceptable level except IPN and BpON at low pH
values. Therefore, the selected quantum chemical method and
solvent model can be well employed to study target reactions. The
recent studies also found the explicit waters have slight effect on
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the basic hydrolysis of phthalate esters and parabens when the
appropriate quantum chemical method and implicit solvent
model were selected60,61. If reaction free-energy surface was
recalculated at a high level of theory such as CCSD(T) and explicit
waters accounting for the solvent effect, which would likely
improve the agreement with experiments. However, such high
level calculations greatly exceed our computational capabilities at
present. More importantly, it is expected that the intrinsic
mechanism revealed here cannot be changed even when such
calculations were performed in future.

Implications
Our findings in this study have identified important structural
factors that facilitate the hydrolysis of organic nitrates, including a
quaternary C at the α-site, tertiary C or quaternary C at the β-site of
the –ONO2 group and –C=C at β-site or γ-site of the –ONO2 group.
These findings provide useful guidelines for assessing the
feasibility of hydrolysis for other organic nitrates and serve as a
foundation for developing fragmentation-based predictive models
for the hydrolysis kinetics. However, it is worth noting that organic
nitrates present in ambient aerosol particles could contain other
functional groups, such as –OH, –OOH and –C=O21,43,62, which
can also affect hydrolysis chemistry. Our preliminary study found
that tertiary organic nitrates with –OH and –OOH at the β-site of
–ONO2 group still exhibit fast kinetics, although the introduction
of –OH and –OOH decreases the hydrolysis rate to a certain extent
(less than two orders of magnitude). However, introducing a
–C=O at the β-site of the –ONO2 group significantly decreases the
hydrolysis rate (up to nine orders of magnitude), making the
significance of hydrolysis highly depend on the pH of the aerosol
during the lifecycle of aerosol particles (Supplementary Figs.
41–43 and Supplementary Table 2). Therefore, further research is
warranted to investigate the impact of multiple functional groups
on hydrolysis chemistry to clearly understand the hydrolysis of
multi-functional organic nitrates.
This study has revealed that the formation of stable carboca-

tions is a common feature for the fast hydrolysis of organic
nitrates. It should be noted that there is a plethora of other
organics in ambient aerosol particles. Recent studies found that
the carbocations from methylglyoxal and glyoxal can react with
other compounds such as diols/tetrol and ammonia to produce
oligomers and N-heterocycles63–65, changing the composition and
properties of aerosol particles. Thus, it is highly possible that the
formed carbocations in the hydrolysis of organic nitrates also
interact with other compounds to form oligomers and
N-heterocycles. Therefore, further research is necessary to explore
the impact of hydrolysis chemistry of the organic nitrates on the
component and properties of aerosol particles.

METHODS
Electronic structure calculations
All the structure optimizations and energy calculations were
performed within the Gaussian 09 program package66. The
geometry optimization and frequency calculation of the reactants
(R), products (P), TS, pre-reactive complexes (RC), post-reactive
complexes (PC) and intermediates (IM) were carried out at the
M06-2X/6-31+ G(d,p) level of theory67. Intrinsic Reaction Coordi-
nate (IRC) calculations were implemented to confirm that each TSs
connect the specified reactants and products at the same
theoretical level as that of corresponding geometry optimiza-
tion68. For the reaction pathways we cannot successfully locate
the TSs, the free-energy surfaces were fitted using relaxed scan
method, which is described in detail in Supplementary Methods.
Single-point energy (SPE) calculations of all species were
performed at a higher-level calculation using the CBS-QB3
method69. The polarizable continuum model (PCM) with the
universal force field (UFF) radii was applied by comparing with the
solvation model based on density (SMD) for the geometry
optimization, frequency and SPE calculation (Supplementary
Tables 3 and 4)70,71. For simplicity, the employed methods are
denoted as the W/X//Y, i.e., PCM_UFF/CBS-QB3//M06-2X/6-
31+ G(d,p) level. The Gibbs free energy (G) values at 298.15 K
for each species were obtained by combining SPE and Gibbs
correction energy calculated at the theoretical level of geometry
optimization. Activation free energy (ΔG‡) and reaction free
energy (ΔrG) were obtained by calculating the G difference
between R and corresponding TS, and R and P, respectively. A
correction factor of 1.89 kcal mol−1 was applied in the calculation
of ΔG‡ and ΔrG values for reactions where the molecular number
decreases or increases by one from R to TS or from R to P to
explain the free energy change from the gas phase standard state
of 1 atm to the aqueous phase standard state of 1 mol L−1 72. In
addition, global minimum was chosen as the starting configura-
tion of reactants to study the target reactions. Details for global
minimum search were provided in Supplementary Methods.

Reaction rate constant calculation
The second-order reaction rate constant (k) of the elementary
reactions was calculated by the transition state theory61,73,74:

k ¼ κðc�Þ4n kb
h
exp �ΔGz

RT

� �
(1)

where c° is the standard-state concentration (1 mol L−1), Δn is the
change in the number of moles from R to TS, T is the temperature
(298.15 K), kb is Boltzmann constant (J K−1), h is the Planck
constant (J s), R is the gas constant (8.314 J mol−1 K−1), ΔG‡ is
activation free energy.
κ is the Winger transmission coefficient, which is 1 for all

reactions except H-abstraction and H-shift reaction. κ can be
calculated by Eq. 2 for H-abstraction and H-shift reaction75,76.

κ ¼ 1þ 1
24

hvzi
kbT

 !2

(2)

For the two and three step reaction pathways, the pseudo-first-
order rate constants were calculated by applying steady-state
approximations and the transition state theory (Supplementary Eqs.
4, 7, 11 and 14)74. By taking into account the neutral, basic, and
acid-catalyzed reactions, the total pseudo-first-order rate constants
(kT) can be calculated by Eq. 375, and the lifetime (τ) of organic
nitrates caused by the hydrolysis is expressed as the reciprocal of kT.

kT ¼ k0N þ k0B þ k0A (3)

where k′N, k′B, and k′A (s−1) are the neutral, basic and acid-
catalyzed pseudo-first-order hydrolysis rates, respectively. Exactly,

Table 1. Hydrolysis lifetime (τ) of the eight studied organic nitrates in
three selected scenarios (Inland regions, China (pH = 3.8); Coastal
regions, China (pH = 2.3); Southeastern United States (pH = 0.9)).

Compounds Inland regions,
China

Coastal regions,
China

Southeastern United
States

ETN 15,206 days 10,230 days 416 days

IBN 4805 days 169 days 7 days

IPN 2.5 h 5min 11 s

3M2BN 3min 6 s <1 s

TBN 3 s <1 s <1 s

ISO-ON1 44 s 1 s <1 s

ISO-ON2 54 s 2 s <1 s

BpON 59 s 2 s <1 s
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for the unimolecular pathway, the k′N, k′B, and k′A (s−1) are the
reaction rate constants calculated by the transition state theory;
for the bimolecular reaction pathway, the pseudo-first-order rate
constants were employed by considering the concentration of
another reacting partner.

DATA AVAILABILITY
All data were available in the main text or supplementary information. The other
relevant data are available upon request from the corresponding authors.
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