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ABSTRACT: Alkyl nitrates (ANs) are both sinks and sources of nitrogen oxide radicals (NOx = NO 

+ NO2) in the atmosphere. Their reactions affect both the nitrogen cycle and ozone formation, and 

therefore air quality and climate. ANs can be emitted to the atmosphere or produced in the gas phase. 

In either case, they can partition into aqueous aerosols, where they might undergo hydrolysis, 

producing highly soluble nitrate products, and act as a permanent sink for NOx. The kinetics of AN 

hydrolysis partly determines the extent of AN contribution to the nitrogen cycle. However, kinetics 

of many ANs in various aerosols is unknown, and there are conflicting arguments about the effect of 

acidity and basicity on the hydrolysis process. Using computational methods, this study proposes a 

mechanism for the reactions of methyl, ethyl, propyl and butyl nitrates with OH- (hydroxyl ion; basic 

hydrolysis), water (neutral hydrolysis) and H3O
+ (hydronium ion; acidic hydrolysis). Using quantum 

chemical data and transition state theory, we follow the effect of pH on the contribution of the basic, 

neutral and acidic hydrolysis channels, and the rate coefficients of AN hydrolysis over a wide range 

of pH. Our results show that basic hydrolysis (i.e. AN reaction with OH-) is the most kinetically and 

thermodynamically favorable reaction among our evaluated reaction schemes. Furthermore, 

comparison of our kinetics results with experimental data suggests that there is an as yet unknown 

acidic mechanism responsible for acidic catalysis of AN hydrolysis.  

Keywords: Alkyl nitrate, reaction kinetics, acidic hydrolysis, basic hydrolysis, rate coefficient. 

 

  



3 
 

INTRODUCTION 

The nitrogen cycle is one of the most important chemical cycles in the atmosphere, and plays a key 

role in regional air quality, human health and climate.1 The atmospheric component of this cycle starts 

with nitrogen oxide radicals (NOx = NO + NO2) that catalyze the generation of tropospheric ozone.2,3 

NOx can be transformed into a diverse set of nitrogen-containing chemical compounds including, but 

not limited to, nitric acid (HNO3), nitrous acid (HNO2), peroxynitric acid (HOONO2), dissolved or 

solid nitrate (NO3
-) salts in aerosols, and alkyl nitrates (ANs; RONO2, R= CxHyOz).

4  

The main day-time route of AN production from NOx involves oxidation of a parent volatile organic 

compound (VOC) to form an organic peroxy radical (RO2), which upon reaction with NO forms 

either an alkoxy radical (RO) and NO2 or an alkyl nitrate (RONO2) (see reactions R1-R3b).4 

Generally, the yield and branching ratios of R3a and R3b depend on the nature of the alkyl group, 

temperature and pressure. The branching ratio of R3b varies from one to tens of percent, scaling with 

the number of carbons (and other heavy atoms) in the RO2.
5 Other, usually minor, channels for AN 

production also exist. For example, in very polluted conditions, reactions of alkoxy radicals (RO) 

with NO2 (R4) can principally lead to AN. However, the yield of this reaction is limited by the 

extremely short atmospheric lifetime of RO.6,7     

RH + OH → R + H2O   (R1)             

R + O2 → RO2   (R2)             

RO2 + NO → RO + NO2   (R3a)             

                  → RONO2   (R3b)   

RO + NO2 + M → RONO2 + M (R4)  

At night, when the concentration of atmospheric OH radical is low, RONO2 is produced through  

ozone-based oxidation of NO2 into NO3 (R5)8 and the reaction of NO3 with tropospheric VOCs (R6).9 

The AN production mechanism typically involves NO3 addition to a C=C double bond, followed by 

O2 addition to generate nitrooxyperoxy radical. Finally, reactions of the nitrooxyperoxy radicals with 

either HO2, RO2, NO or NO3 can produce ANs with various substitutions.5 This night-time process 

can result in RONO2 branching ratios as high as 80%.10 However, it loses its effectiveness during 

daytime because of fast NO3 photolysis (R7) and the reaction of NO3 with NO (R8).8,11        

NO2 + O3 → NO3 + O2  (R5)             

NO3 + VOC → RONO2  (R6)             

NO3 + hν → NO2 + O   (R7a) 

                → NO + O2   (R7b) 

NO3 + NO → 2 NO2   (R8)               

In addition to the outlined methods of AN production, some atmospheric ANs might be directly 

emitted to the atmosphere from marine sources.12,13 Particularly, the main source of methyl (Me; 

CH3ONO2) and ethyl (Et; C2H5ONO2) nitrates is marine emissions.14,15 In contrast, most ANs with 

larger alkyl groups are produced via reactions R1-R7.15,16 Finally, anthropogenic activities, such as 
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biomass burning,17 and application of nitrogen-rich and AN explosives,14 can also load the 

atmospheric nitrogen cycle with additional ANs.4       

The ANs can be removed from the atmosphere via several processes including dry deposition (e.g., 

to forests)4,8 and uptake of gas-phase ANs by plants.18 Another removal method is gas-phase 

oxidation (e.g. R9), which releases NOx back into the atmosphere. Since ANs have relatively long 

atmospheric lifetimes, they can act as a reservoir and transport NOx to remote regions,1,19 thus 

influencing the NOx-O3-HOx cycle also away from polluted areas.4 Beside oxidation, ANs can 

undergo gas-phase photolysis (R11), which recycles NOx, and generally has effects similar to 

oxidation.12,20     

The removal of ANs is not limited to the gas phase as they can partition into atmospheric aerosols,21,22 

where they can photolyse into the RO and NO2 radicals (similar to reaction R10a) or undergo  

hydrolysis (e.g. R11-R13).23-25 Hydrolysis of ANs in the aqueous phase of aerosols alters the 

chemistry of organic aerosols.26 It also plays a role in the nitrogen cycle by converting ANs to alcohols 

and other products.27 Specifically, while some hydrolysis products, such as alcohols and olefins with 

high saturation concentration,28 tend to partition back to the gas phase,23 some other products, e.g. 

NO3
- and HNO3, can completely or partially remain in the aqueous phase.1,25 In this way, AN 

hydrolysis perturbs the gas/condensed phase partitioning, and potentially increases AN uptake 

according to the Le Chatelier’s principle.29,30 Simultaneously, the hydrolysis reaction decreases the 

mass of organic aerosols by consuming their organic nitrate content, and producing smaller (more 

volatile) products.23,31 While many studies claim that AN hydrolysis mainly matters under humid 

conditions, e.g. refs 25, 30, 32 and 33, other studies have asserted that the degree of AN partitioning 

from gas phase to particles and also their particle-phase hydrolysis can be high even at low relative 

humidity.29       

RONO2 + OH → ROH + NO3 (R9) 

RONO2 + hν → RO + NO2 (R10a) 

RONO2 + hν → R + NO3  (R10b) 

RONO2 + H2O → ROH + HNO3 (R11, aqueous) 

RONO2 + OH- → ROH + NO3
-  (R12, aqueous) 

RONO2 + H3O
+ → ROH2

+ + HNO3 (R13, aqueous) 

A large number of studies have investigated AN hydrolysis, or they have invoked AN uptake and 

hydrolysis to explain their observations. However, a detailed molecular-level general mechanism for 

the hydrolysis reaction of AN in different conditions is still missing. Instead, most studies have 

assumed AN hydrolysis leads to the production of alcohols and nitric acid. Some studies have also 

considered that ANs can undergo nucleophilic substitution or hydrogen elimination by hydroxyl 

anions (OH-), e.g. in refs 23,34-38. Rindelaub et al.23 proposed a reaction mechanism for “acid-

catalyzed hydrolysis” of several ANs derived from α-pinene by combining experimental evidences 

and computational methods. Their developed mechanism supported the production of alcohols, 

alkenes and nitric acid.  
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To date, there is a limited number of kinetics studies on AN hydrolysis. One of the best examples of 

systematic kinetics studies on AN hydrolysis is that of Hu et al.27, who studied acidic hydrolysis of a 

set of mono-and di-functional organosulfates and organonitrates. One deficiency of most kinetics 

studies to date is that they are typically condition-specific, and performed for a limited range of pH, 

mainly highly acidic or basic conditions. Moreover, there is no agreement about the effect of acidity 

on AN hydrolysis. Lucas and Hammett28 concluded that hydroxyl ion (basicity) increases the rate of 

AN hydrolysis, whereas “acids have no effect”. Also, Gaffney et al.39 stated that methyl nitrate 

hydrolysis is negligible in moderately acidic solutions. In contrast, Boschan et al.36 outlined in their 

review on the chemistry of ANs that acids can slightly enhance AN hydrolysis, while Hu et al.27 found 

that ANs are unstable under the acidic conditions typical of atmospheric aerosols because of 

hydrolysis and reaction with sulfuric acid. However, they also reported that extremely acidic 

conditions are necessary to catalyze the reaction and observe efficient hydrolysis of primary and 

secondary ANs. Rindelaub et al.1 stated that ANs can readily hydrolyze with rate constants that are 

positively correlated with acidity, but they also declared that the effect of acidity on hydrolysis of 

ANs is unknown. In their later studies, they confirmed that the mechanism of AN hydrolysis is “acid-

catalyzed”, but the exact mechanism is uncertain.23,29 The conflict between studies claiming acid 

catalysis and studies finding no evidence for it is also described by Zare et al.25.  

To shed light into the controversial matter, this study focuses on a series of straight chain ANs 

including methyl (Me), ethyl (Et), propyl (Pr) and butyl (Bu) nitrates, with 1-200 pptv4,12,13 

concentration in the atmosphere (equivalent to 1.95 × 10-12 to 3.90 × 10-10 mol L-1 in aqueous aerosols 

considering the Henry’s law coefficients (H) of HMe = 2.64 mol L-1 atm-1; HEt = 2.18 mol L-1 atm-1; 

HPr =1.55 mol L-1 atm-1; and HBu = 1.44 mol L-1 atm-1)40. In the first step, the mechanism of AN 

reaction with water, OH- and H3O
+ is studied to represent neutral, basic and acidic AN hydrolysis, 

respectively. We also model the protonation of ANs and the hydrolysis of their protonated form. In 

the next step, a computational framework is devised to calculate the rate coefficient of AN hydrolysis 

at a specific pH. Next, our reaction profiles are introduced into the devised framework to calculate 

the pseudo-first order and bimolecular rate coefficients of AN hydrolysis over a wide pH range, 

covering all potential tropospheric conditions. Also, the related half-lives are estimated. Finally, the 

kinetics results are discussed and compared to the available experimental data.    

 

COMPUTATIONAL DETAILS 

Quantum mechanical calculations were performed using Gaussian 16 revision A.0341. The ωB97X-

D density functional was selected as the main method of calculation because it can precisely describe 

non-covalent interactions, includes long-range exchange-correlation correction and gives accurate 

chemical kinetics and thermodynamics results.42-44 Also, the cost-effective triple-valence-zeta def2-

TZVP45,46 basis set was used to allow for relatively high accuracy while maintaining low 

computational cost.47 The choice of the ωB97X-D/def2-TZVP level of theory was validated by 

comparing the optimized geometries of Me and Et with the available experimental and high-level 

structures. Figure S1 in the supplementary information shows that the ωB97X-D/def2-TZVP level 

can reproduce experimental48-51 and CASPT2 level52,53 geometries at a high level of accuracy. Also, 

the experimentally determined dipole moments of Me (3.081 Debye49) and Et (3.39 Debye54) are 

available,50 and agree well with the values calculated at the ωB97X-D/def2-TZVP level (Me: 3.253 
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Debye and Et: 3.590 Debye). Therefore, ωB97X-D/def2-TZVP was considered adequate for the main 

quantum mechanical calculations.   

In the second step, the conformers reported for Me48 and Pr55 were considered and all plausible 

conformers for Et, Pr and Bu were generated. All conformers were optimized at the ωB97X-D/def2-

TZVP level, and their Gibbs free energies (G) at 298.15 K and 1 atm were evaluated with respect to 

the most stable conformer (with the lowest G). The standard rigid rotor and harmonic oscillator 

approximations were used to compute G. Most input conformer structures converged into specific 

stable conformers. The outcome was 1, 2, 5 and 7 unique conformers for the Me, Et, Pr and Bu ANs, 

respectively. To simplify further calculations, the most stable conformer was chosen, and all 

subsequent calculations were started from that structure. Later, conformational flexibility was 

introduced into the mechanism explorations to find all possible reaction products. All energies are 

reported relative to the most stable AN conformer.  

The hydrolysis reactions were studied in water because solvent is known to affect the kinetics of AN 

hydrolysis.23,38 To simulate an aqueous solution, the reacting water molecule was considered 

explicitly and the reacting species were immersed in an implicit solvent medium modeled using the 

SMD56 polarizable continuum model, which has been recently used in many studies.57-61 This model 

can accurately describe ion-molecule interactions62 without requiring solute cavity scaling.63 The 

SMD-based implicit solvent treatment has been shown to outperform explicit water treatment in some 

studies.64 Furthermore, application of this model is considered to be a highly accurate approach 

toward prediction of reaction free energy barriers.65,66      

In the next step, we performed systematic configurational sampling67 to explore the diverse set of 

pre-reaction complexes that the reactants could form. The ABCluster 1.4 program68,69, which is based 

on the artificial bee colony (ABC) algorithm, was used to create 500 initial pre-reaction complexes 

for each reactant set. Then, 200 structures were generated from each initially created complex to 

search for the local and global minima geometries using 4 scout bees. At each generation round, the 

energy of the generated pre-reaction complexes were calculated as the summation of Columbic and 

Lennard-Jones interactions. For Columbic interactions, atomic polar tensor (APT) charges were 

calculated at the ωB97X-D/def2-TZVP level using the optimized reactants. For Lennard-Jones 

interactions, the parameters were taken from the study of Beckstein et al.70. 200 local minima (LM) 

geometries per reactant set were finally produced. Next, the LM structures were optimized at the 

GFN-xTB71 semi-empirical level by the XTB 6.0.172 program. The optimized structures were then 

sorted based on their energy values and 50 of the structures with the lowest energies were re-

optimized at the ωB97X-D/def2-TZVP level using Gaussian 16. After that, the structure with the 

lowest G value was chosen to represent the global minima (GM). Finally, the GM and some of the 

low lying LM structures were selected for reaction coordinate scanning jobs to explore the plausible 

reaction paths.  

To scan the reaction paths, several scenarios were considered. For the reaction of ANs with a single 

water molecule, water was treated mainly as a nucleophilic agent36,37 that might cleave into OH and 

H upon reaction. Also, the inhibitory/catalytic role of water in auto-cleavage/intramolecular 

rearrangement of ANs was studied as a possible alternative. For AN reaction with OH-, nucleophilic 

substitution and hydrogen elimination were considered, as these two types of reactions have been 

proposed and confirmed in basic AN hydrolysis studies.35,36,38,39 For acidic hydrolysis, more scenarios 
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were investigated. First, the reaction of ANs with H3O
+ was studied by focusing on the attack of H3O

+ 

and the possibility of its intervention in intermolecular rearrangement/cleavage of ANs. In another 

scenario, the nucleophilic reaction of H2O with protonated ANs was evaluated (see Figure 1 for 

geometries of the protonated ANs and the protonation G values, which will be addressed in the 

“Results and discussion” section). Finally, unimolecular dissociation of the protonated ANs into 

HNO3 and R+ cations followed by nucleophilic addition of H2O was studied, as this has been 

suggested as a plausible reaction scheme in acidic conditions by Rindelaub et al.23. In either scenario, 

any identified TS was subjected to further investigation.   

     

Me: -429.1 (+77.5)     Et: -432.6 (+74.0)        Pr: -432.7 (+73.9)           Bu: -430.4 (+76.2)  

Figure 1. The most stable geometry of the protonated methyl (Me), ethyl (Et), propyl (Pr) and butyl 

(Bu) nitrates. The values under each structure refer to their Gibbs free energy of protonation (298.15 

K and 1atm; in kJ mol-1) calculated at the CCSD(T)/cc-pVDZ//ωB97X-D/def2-TZVP level for the 

reactions of H+ (aq) + RONO2 (aq) → RONO(OH)+ (aq) and H3O
+ (aq) + RONO2 (aq) → H2O + 

RONO(OH)+ (aq) (in parenthesis).   

When the scanning approach failed to give plausible product formation paths, the configuration of 

the reacting species and the conformation of the ANs were manually changed to generate a guess 

transition state (TS) structure. Regardless of whether the TSs were identified using reaction 

coordinate scanning or by manual guesses, their harmonic frequencies were checked. After 

observation of a reasonable imaginary frequency for each TS candidate, intrinsic reaction coordinate 

(IRC)73,74 analysis was performed to connect the TS to its corresponding pre- and post-reaction 

complexes. The pre- and post-reaction complexes were optimized and their nature was confirmed by 

the lack of imaginary frequencies. When the pre- and post-reaction complexes gave imaginary 

frequencies, the TS was assumed to yield the related reactants or products directly. Meanwhile, the 

reaction paths with no explicit TS, particularly the unimolecular dissociation paths, were confirmed 

using step-wise path scanning. In the end, the obtained reaction profiles were refined by performing 

single-point energy calculations at the CCSD(T)/cc-pVDZ level75-77 (SMD solvent) on top of the 

geometries optimized at the ωB97X-D/def2-TZVP level to improve the accuracy of the energy 

values. Notably, in our initial assessment on two relatively identical reaction paths of methyl nitrate 

+ water, CCSD(T)/cc-pVDZ was proved to give the lowest error in barrier height prediction relative 

to the CCSD(T)/aug-cc-pVTZ level (2.13% as compared to 3.92% for CCSD(T)/cc-pVTZ with the 

SMD model and 4.52% for DLPNO-CCSD(T)/aug-cc-pVTZ with the CPCMC solvent model 

performed using Orca 4.1.178). The approximate CPU times for the TSs’ single point energy 

calculations at the CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, DLPNO-CCSD(T)/aug-cc-pVTZ and 

CCSD(T)/aug-cc-pVTZ levels were respectively 0.5, 22, 0.4 and 671.5 h.       
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RESULTS AND DISCUSSION 

Reaction mechanism. We investigated the reaction of four AN species, i.e. methyl (Me), ethyl 

(Et), propyl (Pr) and butyl (Bu) nitrates with H2O, OH- and H3O
+, relevant to neutral, basic and acidic 

conditions, respectively. In this way, a total of 12 potential energy surfaces (PESs) were obtained for 

the hydrolysis of the four ANs. Each PES contained a large number of different reaction pathways. 

To simplify the visualization of PESs, reaction paths with similar TSs, products and energy profiles 

are illustrated by just one representative reaction path. Also, to enhance the visual efficiency of the 

PESs, the reaction paths are divided into two categories of high and low barrier height. The reaction 

paths with the lowest barrier heights are shown in the main PES figures (Figures 2-5), while the 

neutral, basic and acidic reaction paths with zero-point energy (ZPE)-corrected barrier heights above 

300, 150 and 200 kJ mol-1 (at 0 K), respectively, are reported in the Supporting Information (see 

Figures S2-S5). Also, the reaction paths with the lowest TS for the 12 reaction sets are displayed in 

Figure S6. Furthermore, to distinguish between the reaction species/paths, each TS and pre- (RC) and 

post-reaction (PC) complex are named after the corresponding AN and reaction condition. For 

instance, the species related to neutral, basic and acidic hydrolysis of propyl nitrate (abbreviated as P 

(not Pr) in the naming of the PES species) were named using a combination of their nature (TS, RC 

or PC) and PN (neutral Pr hydrolysis), PB (basic Pr hydrolysis) or PA (acidic Pr hydrolysis), 

respectively. In addition, the reaction paths of each PES were distinguished using a numerical 

identifier. Thus, the TS with the lowest barrier height, for example, for basic hydrolysis of butyl 

nitrate (BB) was called TSBB1, and the same numerical order was used for its connecting RC and 

PC complexes. In other words, all reaction paths were sorted and numbered according to their 

ascending barrier heights. We also note that for the acidic hydrolysis PESs, two general sets of 

reactants were considered; AN + H3O
+ and protonated AN + H2O (species’ relative energies for the 

latter are reported relative to both AN + H3O
+ (out of parenthesis) and protonated AN + H2O (in 

parenthesis) throughout the figures and the text). Because of the large number of reactions and 

reaction paths, only the general and the most important features of the reaction mechanisms are 

discussed here (see the Supporting Information for the full computational data).   
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Figure 2. The ZPE-corrected PES of methyl nitrate (Me) reaction with H2O (neutral hydrolysis), OH- 

(basic hydrolysis) and H3O
+ (acidic hydrolysis) (at 0 K). The reaction paths of neutral, basic and 

acidic Me hydrolysis with barrier heights above 300, 150 and 200 kJ mol-1, respectively, are shown 

in Figure S2. The red, blue, grey and white spheres represent the oxygen, nitrogen, carbon and 

hydrogen atoms, respectively.  
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Figure 3. The ZPE-corrected PES of methyl nitrate (Et) reaction with H2O (neutral hydrolysis), OH- 

(basic hydrolysis) and H3O
+ (acidic hydrolysis) (at 0 K). The reaction paths of neutral, basic and 

acidic Et hydrolysis with barrier heights above 300, 150 and 200 kJ mol-1, respectively, are shown in 

Figure S3. The red, blue, grey and white spheres represent the oxygen, nitrogen, carbon and hydrogen 

atoms, respectively. 
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Figure 4. The ZPE-corrected PES of propyl nitrate (Pr) reaction with H2O (neutral hydrolysis), OH- 

(basic hydrolysis) and H3O
+ (acidic hydrolysis) (at 0 K). The reaction paths of neutral, basic and 

acidic Pr hydrolysis with barrier heights above 300, 150 and 200 kJ mol-1, respectively, are shown in 

Figure S4. The red, blue, grey and white spheres represent the oxygen, nitrogen, carbon and hydrogen 

atoms, respectively. 
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Figure 5. The ZPE-corrected PES of butyl nitrate (Bu) reaction with H2O (neutral hydrolysis), OH- 

(basic hydrolysis) and H3O
+ (acidic hydrolysis) (at 0 K). The reaction paths of neutral, basic and 

acidic Bu hydrolysis with barrier heights above 300, 150 and 200 kJ mol-1, respectively, are shown 

in Figure S5. The red, blue, grey and white spheres represent the oxygen, nitrogen, carbon and 

hydrogen atoms, respectively. 

The most obvious feature of Figures 2 to 5 and S2 to S5 is that all reaction paths can be considered 

single-step, in that they involve only a single TS. Another main feature is that the potential energy 

surfaces contain many RC complexes with different energies and configurations that connect to TSs 

with widely varying barrier heights, and lead to a large variety of PC complexes. For some reaction 

paths, the RC and/or PC complexes are missing, e.g. see the reaction path of TSEA2 in Figure 3, and 

we assume that in these cases the TS connects directly to the separated reactants and/or products.   

Another notable feature is that the most stable reactant complex does not necessarily connect to the 

lowest-energy TS, or even to any TS at all. This is especially pronounced for the acidic reactions. In 

the case of neutral Me hydrolysis (the MN reaction), the energy of the lowest-energy RC complex 

(RC(MN3): -9.1 kJ mol-1) connected to a TS is very close to that of the global minimum (GM) reactant 

complex GM-MN (-9.3 kJ mol-1), but the actual structures of the two complexes are quite different 

(see Figure 2). For basic hydrolysis of Me, Et, Pr and Bu, neutral hydrolysis of Et, Pr and Bu, and 

also acidic hydrolysis of Pr, the lowest-energy RC complexes are the GMs. However, a large energy 

gap and configuration dissimilarity can be observed for acidic Me, Et and Bu hydrolysis: GM-MA: -

27.8 kJ mol-1 vs. RC(MA2): -20.7 kJ mol-1 (see Figure 2); GM-EA: -28.1 kJ mol-1 vs. RC(EA7): -8.4 

kJ mol-1 (see Figures 3 and S3); and GM-BA: -28.7 kJ mol-1 vs. RC(BA6): -11.2 kJ mol-1 (see Figures 

5 and S5).   

The third feature is the relation between the kinetics and thermodynamics of the AN hydrolysis 

channels. The lowest-energy reaction paths do not necessarily give the most thermodynamically 

stable product sets. For instance, in acidic Et hydrolysis, the lowest barrier (TSEA1: 107.6 (36.9) kJ 

mol-1) leads to a relatively stable product set (C2H5OH2
+ + HNO3: 25.1 (-45.6) kJ mol-1), but the most 
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stable reaction product (CH3CHO + HONO + H3O
+: -113.7 (-184.3) kJ mol-1) refers to TSEA4 (233.1 

(162.4) kJ mol-1) and TSEA7 (227.5 kJ mol-1).  

Two main factors affect kinetics of the reactions: ring strain in the TSs and higher nucleophilicity of 

the N site. For example, in the AN + H2O → alcohol + HNO3 reaction outlined in many studies,23,36-

38 the H2O molecule can attack both carbon and nitrogen sites, but the barrier height related to the 

attack on the N site is lower than that of the alkyl carbons because the negative partial charge of the 

bridging oxygen in C-O-NO2 is more than that of the dangling oxygen atoms. Therefore, it is easier 

for the bridging oxygen to form hydrogen bonds with the water molecule and permit the nucleophilic 

attack of water oxygen on the positively charged nitrogen atom. Moreover, this interaction mode 

causes less ring strain in the TS structure compared to nucleophilic attack on the alkyl carbon. Ring 

strain is a significant factor in AN hydrolysis because most TS structures of acidic and neutral 

hydrolysis involve 4-membered ring structures, which need high energies to overcome, and result in 

high reaction barriers. For basic hydrolysis of Me, Et, Pr and Bu, the main reaction trends are 

hydrogen abstraction and nucleophilic substitution. Therefore, there is no ring strain to hinder most 

reaction paths of basic hydrolysis.  

As an outcome of ring strain and nucleophilicity, the lowest barrier for neutral hydrolysis of methyl 

nitrate (TSMN1, see Figure 2) is 194.5 kJ mol-1, and corresponds to nucleophilic attack on the nitrate 

site. TSMN3 (244.2 kJ mol-1) and TSMN4 (253.0 kJ mol-1) target the alkyl site, and are above 50 kJ 

mol-1 higher in energy. These three paths lead to the same product, i.e. CH3OH + HNO3: 25.9 kJ mol-

1. It should be noted that TSMN2 cannot be considered as a hydrolysis TS. For neutral hydrolysis of 

ethyl nitrate, we can see that the lowest TS (TSEN1: 177.0 kJ mol-1) is a hydrogen abstraction reaction 

path leading to highly unstable products because of producing ion pairs (C2H4 + H3O
+ + NO3

-: 147.8 

kJ mol-1) while TSEN2 (193.0 kJ mol-1) with a higher barrier height gives a more stable product set 

(C2H5OH + HNO3: 25.4 kJ mol-1). The prompt recombination of ion pairs in the reaction path 

corresponding to TSEN2 is prevented by the fact that the formed product ions are on opposite sides 

of the C2H4 moiety. The endothermicity of the reaction path is thus likely real, and not just a 

simulation artefact. TSEN4 and TSEN5 are both more than 400 kJ mol-1 above the reactants, and they 

respectively lead to CH4 + CH2O + HNO3 (74.3 kJ mol-1) and CH3OH + CH3ONO2 (82.5 kJ mol-1) 

(Figure S3). Similar to TSMN2, TSEN3 cannot be considered as a hydrolysis TS.   

Similar to the EN reaction set, TSPN1 (156.7 kJ mol-1) is a hydrogen abstraction reaction giving an 

alkyl product (C3H5 + H3O
+ + NO3

-: 135.8 kJ mol-1) while the next TSs (TSPN2: 170.2 kJ mol-1 and 

TSPN3: 190.5 kJ mol-1) respectively lead to the CH(CH3)2OH (+ HNO3: 7.4 kJ mol-1) and C3H7OH 

(+ HNO3: 26.5 kJ mol-1) alcohols. For neutral Bu hydrolysis (BN), the only “hydrolysis” TS below 

the 300 kJ mol-1 barrier threshold is TSBN2 (191.7 kJ mol-1), which gives C4H9OH + HNO3 (28.7 kJ 

mol-1). For BN, another noteworthy reaction path is the barrierless but endothermal unimolecular 

dissociation of Bu into C4H9
+ + NO3

- (192.8 kJ mol-1), in the presence of water. Though the other 

ANs can also undergo endothermic unimolecular dissociation, unimolecular dissociation with the 

help of water at neutral conditions was just identified for Bu because of the higher potential of butyl 

chain for accepting positive charge relative to shorter alkyl groups.        

In basic hydrolysis, most reaction products are stable relative to the reactants and there exist several 

very low reaction barriers. For the four ANs, the most kinetically affordable reaction paths are those 

leading to alkoxy anions and nitric acid. For the MB, EB, PB and BB reaction sets, the OH- anion can 
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target the N-site in the reaction channels corresponding to TSMB1 (-7.6 kJ mol-1), TSEB1 (-7.5 kJ 

mol-1), TSPB2 (-11.5 kJ mol-1) and TSBB2 (-11.5 kJ mol-1) to give an associative product which can 

later dissociate into HNO3 and CH3O
- (-12.4 kJ mol-1), C2H5O

- (-16.1 kJ mol-1), C3H7O
- (-22.0 kJ 

mol-1) and C4H9O
- (-17.2 kJ mol-1), respectively. In the case of TSPB2, the associative product 

produced an imaginary frequency, indicating that the molecule resulting from OH- addition to the 

nitrate group of Pr is unstable, and should dissociate immediately into nitric acid and C3H7O
-. It 

should be added that for the PB and BB reaction sets, the lowest reaction barriers are related to the 

elimination of hydrogen from the Cα atoms (the first carbon atoms connected to the nitrate site) in 

TSPB1 (-17.8 kJ mol-1) and TSBB1 (-16.5 kJ mol-1), respectively, giving the very stable H2O + NO2
- 

products along with the C2H5CHO (-293.2 kJ mol-1) and C3H7CHO (-286.0 kJ mol-1) carbonyls. The 

basic hydrolysis reactions have many TSs that are lower in energy relative to their neutral and acidic 

counterparts, and give much more stable products. However, they are not individually discussed here.  

In acidic hydrolysis, there are two types of pathways. The pathways associated with the protonated 

AN + H2O reaction are mainly the lowest-lying reaction paths. On the other hand, the high-barrier 

reaction paths related to the reaction of AN + H3O
+ resemble the neutral hydrolysis pathways to some 

extent. For instance, the lowest TS associated with the reaction of methyl nitrate with H3O
+ (TSMA4: 

201.9 kJ mol-1; note that TSMA1 to TSMA3 refer to protonated methyl nitrate reaction with water) 

produces nitric acid and methanol (CH3OH2
+ + HNO3: 23.2 kJ mol-1; like neutral hydrolysis). 

However, the produced methanol molecule is protonated and the product set is a result of nucleophilic 

attack of H3O
+ on the methyl group and donation of a hydrogen atom by H3O

+ to the nitrate site. For 

the reactions of Et, Pr and Bu with H3O
+, the lowest hydrolysis TSs are respectively TSEA6 (216.5 

kJ mol-1), TSPA5 (286.6 kJ mol-1) and TSBA7 (293.1 kJ mol-1) and give the CH4 + CH2O + NO2
+ + 

H2O (114.8 kJ mol-1), CH3OH2
+ + C2H5ONO2 (64.6 kJ mol-1) and C3H7ONO2 + CH3OH2

+ (66.4 kJ 

mol-1) products. Importantly, the NO2
+ product observed for acidic hydrolysis of ethyl nitrate has 

been detected by spectroscopy and cryoscopy of AN hydrolysis in concentrated sulfuric acid 

solutions.36   

The reaction of H2O with protonated ANs was also considered even though the protonation of ANs 

by H3O
+ is not thermodynamically spontaneous, and the G values of AN protonation by H3O

+ are 

above 70 kJ mol-1 for Me, Et, Pr and Bu (see Figure 1). It should be added that though the G values 

of AN protonation by free H+ are all below -400 kJ mol-1, free H+ does not exist in aqueous solutions 

and H+ is always found attached to H2O molecules or other solution-phase species. Therefore, 

protonation of AN by free H+ is not possible. Anyway, in the protonated AN + H2O reaction scenario, 

there are indeed some reaction paths with relatively low barrier heights. TSMA1, TSEA1, TSPA1 

and TSBA1, with reaction barriers that are 109.5 (34.7), 107.6 (36.9), 104.2 (34.5) and 103.4 (30.9) 

kJ mol-1 high relative to their corresponding AN + H3O
+ (protonated AN + H2O) energy level, all 

represent type 2 nucleophilic substitution reactions, in which the nucleophilic attack of H2O on Cα of 

the alkyl chains produces the CH3OH2
+ (23.2 (-51.6) kJ mol-1), C2H5OH2

+ (25.1 (-45.6) kJ mol-1), 

C3H7OH2
+ (25.5 (-44.2) kJ mol-1) and C4H9OH2

+ (26.9 (-45.6) kJ mol-1) protonated alcohols along 

with HNO3. Similarly, TSBA2 (116.4 (43.9) kJ mol-1) gives a protonated alcohol and nitric acid, but 

the nucleophilic substitution reaction is mixed with tautomerization (hydrogen transfer from Cβ to 

Cα; see Figure 5) ending up with a secondary form of alcohol, i.e. sec-C4H9OH2
+: 17.9 (-54.6) kJ mol-

1. In contrast to neutral hydrolysis, these reactions involve nucleophilic attack on alkyl carbon not the 

N-site. The reason is that here one of the dangling nitrate oxygen atoms is protonated, which causes 

charge redistribution and makes the C-O-NO(OH) bond more susceptible for cleavage.  
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Another type of reaction path in acidic hydrolysis is unimolecular dissociation of the protonated ANs. 

As it can be seen in Figures 2-5, the dissociation products are less stable than the reactants, but the 

stability of the produced alkyl cations increases with chain length because longer chains can stabilize 

the positive charge better. Specifically, larger alkyls can undergo intramolecular changes to produce 

a more stable form of alkyl cation, which can easily donate its proton to a water molecule for larger 

protonated alkenes (Et, Pr and Bu) or undergo water addition and protonated alcohol production in 

the case of CH3
+. In any case, it should be recalled that both unimolecular dissociation and AN 

protonation by H3O
+ are thermodynamically unfavorable. Therefore, these reaction paths should be 

treated cautiously in kinetics of acidic AN hydrolysis.   

The fourth reaction scenario in acidic hydrolysis and also the second AN + H2O reaction scenario, 

refer to dissociation of the ANs into carbonyls and nitrous acid (HONO) in the presence of H2O or 

H3O
+; see TSMN2, TSMA6, TSEN3, TSEA7, TSPN4, TSPA4, TSBN3 and TSBA6. In the structure 

of these TSs, H2O or H3O
+ act as a bridge for transferring a H atom from Cα to the O atom of nitrate 

by abstracting the hydrogen atom from Cα and donating one of the H2O/H3O
+ hydrogen atoms to one 

of the dangling O atoms of the nitrate group. The question is: do H2O and/or H3O
+ catalyze the 

degradation reaction? According to Figure 6, the barrier heights related to intramolecular degradation 

of ANs into carbonyls and HONO in aqueous mediums are about 160-180 kJ mol-1. However, when 

an adjacent water molecule intervenes in the H-transfer process and the break-down of the ANs, the 

barrier heights increase to 190-210 kJ mol-1. The presence of H3O
+ increases the barrier heights 

further (220-235 kJ mol-1) and makes the degradation process less kinetically favorable. Therefore, 

H2O and particularly H3O
+ inhibit degradation of the ANs into carbonyls and HONO even though the 

PESs in Figures 2-5 and Figures S2-S5 clearly show that these products are highly stable compared 

to the reactants. This finding might seem in conflict with the results of Rindelaub et al.1 and Hu et 

al.27, who stated that acidity increases AN hydrolysis. However, we note that the degradation pathway 

studied here is just one possible AN elimination route, and the overall hydrolysis process may involve 

mechanisms missing from this study.   
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Figure 6. The TS structures and barrier heights (in kJ mol-1) of AN degradation into nitrous acid and 

carbonyl in the absence (black panels) and presence of water (grey panels) and hydronium ion (dark 

red panels) for methyl (Me), ethyl (Et), propyl (Pr) and butyl (Bu) nitrate.  

In addition to the discussed mechanistic details, the effect of alkyl chain length, the impact of acidity 

and basicity, and missing products should be addressed. In general, the diversity of products increases 

with alkyl chain length because more reaction paths are probable with increasing the number of C 

atoms. However, if we look at similar products, e.g. alcohols + HNO3, we can see that the relative 

energy of the associated TSs and products does not change significantly with chain length because 

the alkyl chains of the ANs do not change along the reaction paths. On the other hand, the products 

and energy profiles change significantly with the reaction conditions, i.e. the reacting partner (OH-, 

H2O or H3O
+). Basic hydrolysis (i.e. the reaction of ANs with OH-) provides many low barrier 

reaction paths that give thermodynamically stable reaction products, while most acidic hydrolysis 

routes involve either unstable products or high barriers resulted from low nucleophilicity of the 

attacked center and/or ring strain depending on the corresponding TS. The lowest barrier heights for 

the AN + H3O
+ reactions are higher than those of neutral hydrolysis (TSMA4: 201.9 kJ mol-1 vs. 

TSMN1: 194.5; TSEA6: 216.5 kJ mol-1 vs. TSEN1: 177.0 kJ mol-1; TSPA5: 286.6 kJ mol-1 vs. 

TSPN1: 156.7 kJ mol-1; and TSBA7: 293.1 kJ mol-1 vs. TSBN1: 191.7 kJ mol-1). Also, an important 

similarity between neutral and basic hydrolysis is that their most kinetically feasible reaction paths 

are associated with nucleophilic substitution toward alcohol/alkoxy ion + HNO3/NO3
-. This finding 

is in line with the study of Boschan et al.36.  

In the case of some reaction sets, many attempts were made to find reaction paths leading to the 

plausible products that could be guessed based on the structure of the ANs or similar reactions. 

Unfortunately, we were not able to find paths leading to some plausible product sets including: 

CH3OH + NO(OH)2
+ and CH3OH + CH3NO2(OH)+ for acidic Et hydrolysis, CH4 + HOC2H4ONO2 

and C2H4 + H2CO + H3O
+ for basic Pr hydrolysis, CH3O

- + C2H5ONO2 for neutral Et hydrolysis, 

CH3OH2
+ + C2H4 + HNO3 for acidic Pr hydrolysis, C2H5OH + C2H4 + HNO3 and C2H5OH + 

C2H5ONO2 for neutral Bu hydrolysis, C2H5OH + C2H4 + NO3
- and C2H5O

- + C2H5ONO2 for basic 

Bu hydrolysis, and CH3OH + C3H7ONO(OH)+ for acidic Bu hydrolysis. For the C2H4 containing 

product sets, the problem was that the tail hydrogen atom in the C2H5 moiety would move toward the 

C=C double bond to form a σ-π bond. In some other cases, the guess TS structures were highly 

unstable and strained, breaking down into the proposed products immediately. 

Reaction rate coefficients. The obtained PESs were transformed into rate coefficients (k), using 

transition state theory (TST) as this method has been adopted by many recent aqueous-phase studies, 

such as refs 79-83. Among the available TST formulations, the tunneling-corrected bimolecular TST 

formulation (eq 1) was applied to all individual reaction paths.  

𝑘𝑏𝑖,𝑟 = 𝜅𝑟 ×
𝑘𝛽𝑇

ℎ
(

𝑅𝑇

𝑝°
)𝑒

−∆𝑟
#𝐺

𝑅𝑇
⁄

    (1) 

In eq 1, kbi,r is the bimolecular rate coefficient for reaction path r, T is the temperature (298.15 K), 

the h, kB and R parameters are respectively the Plank’s, Boltzmann’s and universal gas constants, κr 

is the tunneling coefficient for reaction path r, p° is the reference pressure/concentration (=1 atm; 

RT/p° = 24.48 L mol-1), and ∆𝑟
#𝐺 is the Gibbs free energy of reaction along path r at 298.15 K and 1 

atm. The reaction paths were described as one-dimensional unsymmetrical Eckart barriers84 

according to the formulation suggested by Shavitt85 to obtain the κr values. ∆𝑟
#𝐺 was calculated as the 
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difference between the G value of the TSs (GTS) and the G value of their corresponding reactants 

(Greactants) (eq 2). The individual G values were computed by adding the thermal corrections (entropy 

and enthalpy contributions) from the ωB97X-D/def2-TZVP level (𝐺𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝐷𝐹𝑇 ) to the electronic energy 

values at the CCSD(T)/cc-pVDZ//ωB97X-D/def2-TZVP level (ECCSD) (eq 3). For the protonated AN 

+ H2O reaction paths, ∆𝑟
#𝐺 of the reaction was summed up with the associated protonation Gibbs free 

energies (reported in Figure 1) to account for the energy cost of AN protonation by H3O
+.  

∆𝑟
#𝐺 = 𝐺𝑇𝑆 − 𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠     (2)  

GTS or reactants = ECCSD + 𝐺𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝐷𝐹𝑇     (3) 

By application of eq 2, the effects of the RC and PC complexes were ignored by assuming equilibrium 

between the reactants and RC complexes and feasible interconversion of the RC complexes into each 

other. When using this assumption, the exact energies of the RC complexes would not affect the kbi,r 

results.86 Moreover, consideration of the interconversion of the RC and PC complexes and the use of 

steady state approximation would neutralize the impact of the RC and PC complexes on the final rate 

coefficients87. Also, in the kinetic analysis, we treated all reaction paths as irreversible reactions, i.e. 

reverse reactions were neglected. This assumption is likely valid at least for the paths leading to more 

than two products,88 or the paths with a highly volatile product that prefers diffusing to the gas phase.  

In the next step, the total bimolecular rate coefficient related to the reaction of each AN with any of 

the OH-, H3O
+ or H2O species (𝑘𝑏𝑖,𝑖

 ) was obtained by summing the 𝑘𝑏𝑖,𝑟
  values related to that specific 

reaction set (see eq 4). Tables S1-S4 report the imaginary frequencies used for calculation of the 

tunneling coefficients, the applied ∆𝑟
#𝐺 values, and the final 𝑘𝑏𝑖,𝑟

  results for the four ANs. 

𝑘𝑏𝑖,𝑖
 = ∑ 𝑘𝑏𝑖,𝑟

 
𝑟      (4) 

The obtained rate coefficients were corrected for the effects of solvent’s degrees of freedom and 

restriction of the reaction by solvent dynamics (i.e. diffusion).82 The impact of the solvent’s degrees 

of freedom can appear as changes in the energy profiles. Therefore, the ∆𝑟
#𝐺 values were extracted 

from quantum mechanical calculations in implicit water solvent using the SMD model. This treatment 

neglected the effect of other aqueous aerosol components on the energy profiles but captured the main 

feature of aqueous aerosol systems, i.e. the presence of the water solvent. The influence of diffusion 

can limit the rate of fast chemical reactions by slowing down the diffusion of the reactants towards 

each other. To consider diffusion effect, the rate coefficient of diffusion (kdiff) was calculated based 

on the Stokes-Einstein law89,90 formulated in the simple form of eq 591. In this equation, η is dynamic 

viscosity of the solution (pure water here) adopted from International Steam Tables92. After 

calculating kdiff (= 7.43 × 109 L mol-1 s-1 at 298.15 K), the kbi,i results (of the fast basic hydrolysis 

reactions) were modified for diffusion effects through eq 6 and the total diffusion-modified 

bimolecular rate coefficients of each reaction set i (𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑) were obtained. An important point is that 

cage effect on the rate coefficients93 was excluded because the main focus of this study is hydrolysis 

and the cages are made of the H2O reactant.    

𝑘𝑑𝑖𝑓𝑓 =
8 𝑘𝛽𝑇

3𝜂
      (5) 

𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑 =

𝑘𝑏𝑖,𝑖 × 𝑘𝑑𝑖𝑓𝑓 

𝑘𝑏𝑖,𝑖+ 𝑘𝑑𝑖𝑓𝑓
     (6) 
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Using eq 6, the 𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑 values were calculated for the MN, MB, MA, EM, EB, EA, PM, PB, PA, BN, 

BB and BA reaction sets and reported in Table 1. These values directly reflect the energy profiles of 

Figures 2-5 (and S2-S5). The low barrier heights observed for AN reaction with OH- have caused 

large 𝑘𝑏𝑖,𝑀𝐵
𝑚𝑜𝑑 , 𝑘𝑏𝑖,𝐸𝐵

𝑚𝑜𝑑 , 𝑘𝑏𝑖,𝑃𝐵
𝑚𝑜𝑑  and 𝑘𝑏𝑖,𝐵𝐵

𝑚𝑜𝑑  values and the high neutral reaction barriers have resulted in 

𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑 values lower than 10-17 L mol-1 s-1. In addition, the 𝑘𝑏𝑖,𝑖

𝑚𝑜𝑑 results indicate that the kinetics of Et 

hydrolysis is similar to that of Me and the kinetics of Bu and Pr hydrolysis are similar.    

Table 1. The Total Diffusion-Modified (𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑) and the Total (Diffusion-Unmodified) (𝑘𝑏𝑖,𝑖

 ) 

Bimolecular Rate Coefficients (L mol-1 s-1) of Methyl (Me), Ethyl (Et), Propyl (Pr) and Butyl (Bu) 

Nitrate Reaction in Neutral (Reaction with H2O), Basic (Reaction with OH-) and Acidic (Reaction 

with H3O
+) Conditions.  

Condition Me Et Pr Bu 

 𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑

 

Neutral 6.93 × 10-27 4.51 × 10-22 6.82 × 10-18 7.46 × 10-22 

Basic 1.15 × 109 1.18 × 109 7.36 × 109 7.31 × 109 

Acidic 2.80 × 10-12 3.22 × 10-11 2.74 × 10-11 5.30 × 10-11 

 𝑘𝑏𝑖,𝑖
 

 

Neutral 6.93 × 10-27 4.51 × 10-22 6.82 × 10-18 7.46 × 10-22 

Basic 1.37 × 109 1.41 × 109 7.85 × 1011 4.47 × 1011 

Acidic 2.80 × 10-12 3.22 × 10-11 2.74 × 10-11 5.30 × 10-11 

  

To study the effect of pH, and enable comparison of the hydrolysis process with first order AN 

removal methods, the 𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑 values were converted into pseudo-first order rate coefficients by 

multiplying by the concentration/activity of the OH-, H3O
+ and H2O reactants, computed at each pH. 

The equilibrium concentrations of the OH-, H3O
+ and H2O species (Ci) were considered equal to their 

activities to simplify the calculations. For H2O concentration in aqueous aerosols (𝐶𝐻2𝑂), the 

concentration range of 46.1-55.5 mol L-1 has been reported.94 After applying the 46.1 and 55.5 mol 

L-1 values and observing insignificant changes in the final results, the average value of 50.8 mol L-1 

was used for 𝐶𝐻2𝑂. For 𝐶𝐻3𝑂+  and 𝐶𝑂𝐻−, eqs 7 and 8 were used, respectively. The pH was varied from 

-1 (highly acidic aerosols) to 10 (highly basic atmospheric aerosols)95 and the pH-specific pseudo-

first order rate coefficients (𝑘𝑢𝑛𝑖
𝑡𝑜𝑡 ) were obtained using eq 9. In the end, the half-life (τ) of the ANs at 

each pH was calculated according to the pseudo-first order results (eq 10). 

𝐶𝐻3𝑂+ = 10−𝑝𝐻 mol/L     (7)  

𝐶𝑂𝐻− = 10𝑝𝐻−14mol/L      (8) 

𝑘𝑢𝑛𝑖
𝑡𝑜𝑡 = ∑ (𝑘𝑏𝑖,𝑖

𝑚𝑜𝑑
𝑖 × 𝐶𝑖)     (9) 

𝜏 = ln (2) 𝑘𝑢𝑛𝑖
𝑡𝑜𝑡⁄      (10) 

Figure 7 displays the pH-specific pseudo-first order rate coefficients of Me, Et, Pr and Bu hydrolysis, 

in addition to the obtained half-lives, and Table S5 summarizes the kinetics results in a numerical 

format. As it is evident in Figure 7a, the obtained pseudo-first order rate coefficients of AN hydrolysis 

are quite pH sensitive, as perceived in all experimental studies. However, in conflict with some earlier 

studies on acid-catalyzed hydrolysis, our predicted rate coefficients all increase sharply from about 
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10-6 s-1 to 105 s-1 with increasing pH from -1 to 10. The general belief in recent papers on AN 

hydrolysis is that highly acidic conditions enhance the rate of AN hydrolysis.23,25,27,29,36 However, 

Figure 7 implies that acidity suppresses AN hydrolysis through limitation of basic hydrolysis even 

though the 𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑 values of Me, Et, Pr and Bu acidic reaction sets are respectively 15, 11, 7 and 11 

orders of magnitude higher than their neutral values. In fact, Figure 7 implies that OH- availability is 

the main determinant of the hydrolysis extent. This is why we observe similar pH-dependency trends 

for the four ANs, and, based on the results, we expect the products of AN reaction with OH- (mainly 

alcohols, alkoxy ions, nitric acid and NO3
-) to be the major AN hydrolysis products over the whole 

evaluated pH range. Our results also imply that increased basicity prompts conversion of the ANs 

into the basic hydrolysis products, in agreement with the finding of Lucas and Hammett28.  
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Figure 7. pH dependency of the pseudo-first order total rate coefficients of methyl (Me), ethyl (Et), 

propyl (Pr) and butyl (Bu) nitrate hydrolysis at 298.15 K and 1 atm (a), along with the corresponding 

half-lives (Bu). See Table S5 for the corresponding values.  

Figure 7a also displays a sudden shift in the 𝑘𝑢𝑛𝑖
𝑡𝑜𝑡  values causing similar kinetics for the Et and Me 

ANs on one hand, and for Pr and Bu on the other. This follows directly from the characteristics of the 

PESs shown in Figures 2-5 and S2-S5. The MB and EB reaction sets include just one path with zero 

apparent activation energy (at 0 K), while the PB and BB reaction sets contain 2 such paths. Though 

these paths are noticeably faster than the other reaction paths, there are several paths that have reaction 

barriers low enough to contribute to basic AN hydrolysis. The difference in the activation energies of 

these paths causes a slight change in the 𝑘𝑏𝑖,𝑖
𝑚𝑜𝑑 and  𝑘𝑢𝑛𝑖

𝑡𝑜𝑡  values from Et to Me and from Pr to Bu.    

Furthermore, Figure 7b indicates that the increase of acidity prolongs AN lifetime in aqueous aerosols 

while the increase of basicity prompts AN removal through hydrolysis reactions. The effect of pH on 

half-life of the ANs is so intense that τ decreases from 1.67 × 102 h (for Me) to 2.64 × 10-10 h (for Bu) 

by increasing the pH from -1 to 10. At neutral pH, the τ values of Me, Et, Pr and Bu respectively 

equal to 1.67 × 10-6, 1.63 × 10-6, 2.62 × 10-7, and 2.63 × 10-7 h. These values imply that the studied 

ANs should be hydrolyzed in less than a millisecond and, therefore, they should not be measurable 

in neutral water. This is clearly invalid as methyl nitrate is detectable in neutral water.96 Therefore, 

the calculated half-lives are not reliable based on experimental evidences though they directly follow 

from the PESs. Many of the lowest-barrier basic hydrolysis pathways have reaction free energies 
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close to zero, and could thus be thermodynamically rather than kinetically limited. (In other words, 

our assumption of irreversible reactions may be wrong especially for these pathways.) However, for 

each AN, there exists at least one basic hydrolysis pathway with a barrier lower than 10 kJ mol-1, and 

a reaction free energy lower than -100 kJ mol-1. Thermodynamic limitations on basic hydrolysis can 

thus not explain most of the discrepancy between our results and experiments.  

To further evaluate the validity of the kinetics results, the calculated half-lives and 𝑘𝑢𝑛𝑖
𝑡𝑜𝑡  values were 

compared with the experimental data available for the studied ANs and any similar AN. The only 

kinetics data that fully accomplishes the considered pH and temperature conditions is the half-life of 

Et hydrolysis in 55 wt% D2SO4 solution at 296 ± 2 K, which is reported as 2.5 h (𝑘𝑢𝑛𝑖
𝑡𝑜𝑡 ≈ 9.97 × 102 s-

1) by Hu et al. 27. Roughly estimating, a 55 wt% D2SO4 solution should have a pH around -1. At pH -

1, the half-life of Et is calculated as 163 h and, at pH 0, τEt is 16.3 h. Hu et al.27 mentioned that their 

results might be biased by HNO3 hydrolysis giving a trend of AN hydrolysis kinetics faster than what 

can be expected. They also argued that the reactions driven by the aqueous-phase NOx ions should 

have enhanced the loss of ethyl nitrate beyond the expected hydrolysis trend. On the other hand, our 

theoretical results are based on many assumptions and the obtained energy profiles and barrier heights 

might be inaccurate by several to tens of kJ mol-1. Therefore, the true half-life of Et hydrolysis could 

be something in between the experimentally and theoretically observed values.  

McKinley-McKee and Moelwyn-Hughes96 reported the empirical relationship of log k (s-1) = 75.3243 

– 21.4319 log T – 9229.03/T for Me hydrolysis in pure water (pH 7) over the temperature range of 

343-414 K. They noted that the reaction is first order at their studied conditions. Supposing the 

relationship can be extended to the temperature of 298.15 K, this relationship gives the rate coefficient 

of 2.18 × 10-9 s-1 (τMe = 8.84 × 104 h), while we calculated the 𝑘𝑢𝑛𝑖
𝑡𝑜𝑡  value of 1.15 × 102 s-1 (τMe = 1.67 

× 10-6 h) for pH 7. In addition, McKinley-McKee and Moelwyn-Hughes observed non-negligible 

temperature dependency. In other words, their results suggested that there is a significant reaction 

barrier for the overall hydrolysis reaction. However, our kinetics results showed that the overall 

process is dominated by basic hydrolysis, which is mainly controlled by low-barrier reaction paths.  

Moreover, as mentioned, the kinetics of Me and Et hydrolysis are almost identical, and their pH 

dependency trend is similar to that of Pr and Bu. Therefore, the results of Hu et al.27 (𝑘𝑢𝑛𝑖
𝑡𝑜𝑡 ≈ 9.97 × 

102 s-1 at pH -1 for Et hydrolysis) and McKinley-McKee and Moelwyn-Hughes96 (𝑘𝑢𝑛𝑖
𝑡𝑜𝑡 = 2.18 × 10-9 

s-1 at pH 7) can be used to compare the experimental and theoretical trends of pH dependency. While 

the outlined experimental values suggest a sharp negative pH dependency for hydrolysis of the ANs 

over the pH range of -1 to 7, our theoretical results indicate sharp positive pH dependency. All these 

discrepancies point out that there probably exists an acidic hydrolysis mechanism missing from our 

study.   

Lastly, the kinetics of Pr and Bu hydrolysis (as straight-chain ANs) should be compared with the 

kinetics of isopropyl (IPr) and (IBu) isobutyl nitrates (as branched ANs). Rindelaub et al.23 observed 

that the rate coefficients of IP and IB hydrolysis are quite similar over the pH range of 0.25 to 4 and 

close to each other at pH 7. This finding is in line with our results suggesting that similar kinetics 

should be observed for similar ANs. Also, they reported that the average rate coefficient for IPr and 

IBu hydrolysis decreases from 1.1 × 10-5 to 1.23 × 10-7 s-1 by increasing pH from 0.25 to 6.9. 
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Therefore, they observed smooth negative pH dependency for IPr and IBu, contrarily to our 

theoretically predicted sharp positive pH dependency for Pr and Bu.  

In general, the observed conflicts suggest several scenarios to be evaluated in future studies: 1) cross-

reactions between OH- and the products of AN hydrolysis as such reactions can limit the OH- 

concentration available to basic hydrolysis; 2) reversibility of the low-barrier basic hydrolysis paths; 

and 3) the catalytic effect of additional (explicit) water molecules for both neutral and acidic 

hydrolysis. These scenarios might lead to the decrease of basic hydrolysis rate by limiting low-barrier 

basic hydrolysis paths, while introducing some new kinetically feasible acidic pathways. 

   

CONCLUSION  

As an important process participating in the nitrogen cycle and a permanent sink for NOx, kinetics of 

alkyl nitrate (AN) hydrolysis in aqueous aerosols was studied using quantum mechanical and 

chemical kinetics methods for methyl, ethyl, propyl and butyl nitrates. The overall hydrolysis process 

was described as a combination of basic, neutral and acidic hydrolysis. According to our results, basic 

hydrolysis is kinetically fast, and it gives thermodynamically stable products including alkenes, 

alcohols, alkoxy ions, highly water soluble NOx ions (such as NO3
-) and HNO3. The extent of neutral 

hydrolysis reaction is limited by high energy barriers and all neutral hydrolysis products (the alkenes, 

alkanes and NOx ions as minor products and alcohols and HNO3 as major products) are relatively 

unstable. Acidic hydrolysis follows a more complicated scheme, in which hydronium ion can react 

with the ANs or the ANs can be first protonated and then react with water. Though the reaction of 

protonated AN with water is kinetically more favorable than neutral hydrolysis and AN reaction with 

hydronium ion, both types of acidic pathways result in slow hydrolysis kinetics. In either case, acidic 

hydrolysis mainly gives protonated alcohols and HNO3. Both neutral and acidic processes were found 

to be incapable of promoting intramolecular degradation of the ANs. Further, calculation of the pH-

specific first order rate coefficients and comparison with the available experimental data indicated 

that an acidic hydrolysis mechanism is likely missing from our proposed reaction mechanism. The 

missing mechanism would be responsible for the “acidic-catalysis” addressed in many experimental 

studies. In addition, the reaction barriers and/or energies of our basic hydrolysis mechanisms may be 

too low, as the experimentally measured temperature dependence of hydrolysis rates indicates the 

existence of non-negligible energy barriers. Therefore, the reliability of our results for mechanistic 

description of AN hydrolysis varies with the pH of the aerosol in question. In acidic to neutral rain 

(pH: 3.5-6.5), marine/polluted cloud (pH: 3.6-6), remote cloud (pH: 4-6), continental cloud (pH: 3.9-

5.0), polluted cloud (pH: 2-5), polluted fog (pH: 2-7), continental fog (pH: 3.8-7.2), remote fog (pH: 

3.1-7.4), sea fog (pH: 4.8-6.1), marine aerosols (pH: -1-10), urban aerosol (pH: -2-5), continental 

aerosols (pH: -0.8-4.5) and haze (pH: -2.5-8),95 there might be some unexplored reaction mechanisms 

or cross-reactions responsible for improved hydrolysis of ANs. In basic marine and haze aerosols, 

our calculations might be to some extent biased  by the inevitably present error sources in the chosen 

level of theory. Also, the chemistry of aqueous aerosols (i.e. the presence of other species) can alter 

the reported energy profiles, and reduce or increase the extent of AN hydrolysis.  
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