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Abstract

The presence of alcohol, organonitrate, and organosulfate species related to the
gaseous precursor isoprene in ambient secondary organic aerosol (SOA) has stim-
ulated investigations of the nature of SOA-phase chemical processing. Recent work
has suggested that certain isoprene-derived organonitrates are able to efficiently con-5

vert to organosulfates and alcohols on ambient SOA. In order to better understand the
structure activity relationships previously observed for the isoprene-derived organoni-
trates and organosulfates, the hydrolysis reactions of a number of monofunctional and
difunctional organonitrates and organosulfates with varying carbon substitution proper-
ties were investigated. Nuclear magnetic resonance techniques were used to study the10

bulk phase aqueous reactions of these organonitrates and organosulfates in order to
determine hydrolysis reaction rate and, in some cases, thermodynamics information.
Electronic structure calculations were also carried out to determine the enthalpy of
hydrolysis for these species, and for the previously studied isoprene-derived species.
The results suggest that while organonitrates and organosulfates are thermodynami-15

cally unstable with respect to the corresponding alcohols at standard state, only the ter-
tiary organonitrates (and perhaps some tertiary organosulfates) are able to efficiently
hydrolyze on SOA timescales and acidities.

1 Introduction

Isoprene (Guenther et al., 2006) plays an important role in the formation of secondary20

organic aerosol (SOA), (Carlton et al., 2009) which is a key component of air pollution
(Pope III and Dockery, 2006) and an important driver of climate change (Hallquist et
al., 2009). Seven different chemically distinct compounds based on the isoprene car-
bon backbone, containing epoxy, alcohol, nitrate, and/or sulfate functional groups, have
now been identified in ambient SOA (Chan et al., 2010; Claeys et al., 2004; Wang et25

al., 2005; Surratt et al., 2007; Altieri et al., 2009; Gómez-González et al., 2008; Surratt
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et al., 2008; Froyd et al., 2010). Some of these compounds are undoubtedly formed
from gas phase processing (Perring et al., 2009a, b; Lockwood et al., 2010; Ng et al.,
2008), of isoprene, while other compounds (such as organosulfates) clearly indicate
that additional chemical processing is occurring on ambient SOA particles themselves
(Cole-Filipiak et al., 2010; Paulot et al., 2009; Surratt et al., 2010; Chan et al., 2010;5

Minerath et al., 2008, 2009; Eddingsaas et al., 2010; Szmigielski et al., 2010; Nozière
et al., 2010; Rudzinski et al., 2009) We recently investigated some of the potential
SOA-phase chemistry for isoprene-related compounds, and proposed an overall mech-
anism (shown in Fig. 1) that can rationalize the existence of five of the seven observed
isoprene-derived SOA components (Darer et al., 2011). In particular, our study showed10

that tertiary organonitrates are unstable under typical SOA conditions (for typical acidi-
ties and atmospheric lifetimes), and can undergo nucleophilic substitution reactions
with water and sulfate to form alcohols and organosulfates:

RONO2+H2O→ROH+HNO3 (R1)

RONO2+H2SO4 →ROSO3H+HNO3 (R2)15

On the other hand, the isoprene-derived tertiary organosulfates were found to undergo
efficient hydrolysis only under conditions of strong acid catalysis (pH<0),

ROSO3H+H2O H+

→ROH+H2SO4 (R3)

and all primary organosulfates and organonitrates were found to be stable against
hydrolysis for pH>0. These findings are incorporated in Fig. 1, as tertiary sulfate func-20

tional groups and all primary and secondary nitrate and sulfate functional groups are
assumed to be unreactive on SOA, while tertiary nitrate groups may be converted to al-
cohol or sulfate functionality. Recently, field (Day et al., 2010) and laboratory (Nguyen
et al., 2011) studies have invoked efficient organonitrate hydrolysis as a process by
which organonitrates are removed from aerosols, thus highlighting the potential signif-25

icance of this chemistry in the atmosphere.
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In the present study, we sought to explore whether these findings were specific to
the isoprene-derived species, or were more generally applicable. Additionally, we were
interested in determining whether the stability of primary and secondary organosul-
fates and organonitrates is dictated by the thermodynamics of the hydrolysis reactions,
or by very slow hydrolysis rates. We were also motivated to investigate how the pres-5

ence of neighboring functional groups affects the thermodynamics and kinetics of the
hydrolysis reactions. Therefore, we chose to study a number of monofunctional and
difunctional organonitrates and organosulfates with varying carbon substitution proper-
ties in order to supplement the structure-activity relationships that were revealed in our
previous study of the isoprene-derived species (Darer et al., 2011). Nuclear magnetic10

resonance (NMR) techniques were used to study the bulk phase aqueous reactions
of these organonitrates and organosulfates in order to determine hydrolysis reaction
rate and, in some cases, thermodynamics information. Electronic structure calcula-
tions were also carried out to determine the enthalpy of hydrolysis for these species,
and for the previously studied isoprene-derived species. These results allow for a bet-15

ter understanding of the thermodynamics and kinetics of the chemical processing of
organonitrates and organosulfates on SOA.

2 Methods

2.1 Syntheses of organonitrates and organosulfates

Isopropyl nitrate was obtained commercially (Sigma-Aldrich). Ethyl nitrate was pre-20

pared according to the procedure developed earlier in our lab (Ranschaert et al., 2000).
1-nitrato-2-butanol, 2-nitrato-1-butanol, 3-nitrato-2-butanol, and 2-methyl-2-nitrato-1-
butanol were prepared according to a previous procedure (Muthuramu et al., 1993).
All other organonitrates were prepared in situ in the reaction solutions by nucleophilic
attack of nitrate on epoxide precursors (Darer et al., 2011). For the thermodynam-25

ics experiments, the difunctional organosulfates were prepared in situ in the reaction
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solutions via alcohol esterification reactions with sulfuric acid (Minerath et al., 2008).
For the kinetics experiments, the difunctional and the isoprene-derived organosulfates
were prepared in situ in the reaction solutions by nucleophilic attack of sulfate on epox-
ide precursors. The monofunctional epoxide precursors were obtained commercially
(Sigma-Aldrich).5

2.2 Preparation of reaction solutions

All experiments were performed using deuterated acid/salt solutions for the purpose of
NMR field locking. The acid/salt solutions were custom prepared using commercially
available 96–98 wt% D2SO4 (Sigma-Aldrich), 70 wt% DNO3 (Sigma-Aldrich) , 99.9%
D2O (Cambridge Isotope Lab, Inc.), Na2SO4 (Sigma-Aldrich), and NaNO3 (Sigma-10

Aldrich). To each solution, 0.1 wt% sodium 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS, Cambridge Isotope Lab, Inc.) was added as an internal standard.

2.3 Temperature dependence measurements of the hydrolysis equilibrium
constant for difunctional butyl organosulfates

These measurements were carried out in a similar fashion described earlier (Minerath15

et al., 2008). To 2.5 mL of 65 wt% D2SO4/D2O, 25 µL of the precursor diol (either
1,2-butanediol or 2,3-butanediol; both obtained from Sigma-Aldrich) was added, and
the solution was vigorously stirred for 3 min. Some of this solution was transferred
to a 5 mm NMR tube, and the tube was placed in a constant temperature bath for a
period of 24 h (to insure the establishment of equilibrium). All 1H NMR spectra were20

collected on a Varian 400 MHz NMR Spectrometer. The variable temperature feature of
the NMR spectrometer was used to maintain a fixed temperature during the collection
of the spectrum. The relative amounts of diol and sulfate ol concentrations (needed
to calculate the equilibrium constant) were calculated by peak integration of unique
protons for each species, referenced to the 9 methyl protons at 0.00 ppm from DSS.25
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2.4 Hydrolysis kinetics measurements

For the separately prepared organonitrates (ethyl nitrate, isopropyl nitrate, 1-nitrato-2-
butanol, 2-nitrato-1-butanol, 3-nitrato-2-butanol, and 2-methyl-2-nitrato-1-butanol), the
reaction mixtures were prepared and subjected to NMR analysis at room temperature
(296±2 K) as follows. A 5.0 mL aliquot of the desired acid/salt solution was added to a5

25 mL Ehrlenmeyer flask and stirred. For the fast reacting tertiary organonitrates, the
acid content was varied from 0–1 M in the experiments, while the total sulfate or nitrate
concentrations were usually held constant at 1 M). For the slow reacting primary and
secondary organonitrates, highly concentrated sulfuric acid solutions were used (45–
65 wt% D2SO4). Next, 50 µL (∼0.10 M) of the organonitrate reactant was added and a10

timer was started. After approximately 1 min of stirring to ensure solution homogeneity,
an aliquot of the reaction mixture was loaded into an NMR tube and NMR spectral
collection was started. The reaction time was recorded as the ending time of each
30 s NMR data collection period. Depending on the rate of reaction for the various
species, the solutions were either monitored continuously for a total period of time of15

about one hour, or were monitored intermittently over a total period of time as long as
two weeks. The relative amounts of the various species present were calculated by
peak integration of unique protons for each species, referenced to the 9 methyl protons
at 0.00 ppm from DSS.

For the tertiary organonitrates and organosulfates prepared in situ from the nucle-20

ophilic attack of nitrate or sulfate on epoxides, the reaction mixtures were prepared and
subjected to NMR analysis as follows. A 2.5 mL aliquot of the acid/salt solution was
added to a 10 mL beaker and stirred. The DNO3 or D2SO4 content was varied from
0–4 M in these experiments. For experiments with acidity concentrations of less than
1 M, the total nitrate or sulfate concentrations were held constant at 1 M. Next, 25 µL25

(∼0.10 M) of the epoxide precursor was added and a timer was started. After approxi-
mately 1 min of stirring to ensure solution homogeneity, an aliquot of the reaction mix-
ture was loaded into an NMR tube and NMR spectral collection was started. Typically,
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the epoxide precursors reacted away within minutes, and the resulting organonitrate
or organosulfate products were subsequently monitored for periods as long as a few
days. The relative amounts of the various species present were calculated by peak
integration of unique protons for each species, referenced to the 9 methyl protons at
0.00 ppm from DSS.5

2.5 FTIR analysis of gas evolution from the reaction of 3-nitrato-2-butanol in
55 wt% D2SO4

Because it was observed that many of the organonitrate reactions in concentrated
sulfuric acid generated a gaseous product, a separate experiment was performed in
which the gas product was quantitatively trapped and analyzed. 50 ml of a 55 wt%10

D2SO4/D2O solution was added to a 500 mL round bottomed flask equipped with a stir
bar. Next, 800 µL of 3-nitrato-2-butanol was added and the flask was quickly attached
to a vacuum manifold (V∼100 mL) with an FTIR gas cell (V∼200 mL) attached. The
entire system was evacuated and then closed so that all of the evolved gas was col-
lected in the ∼750 mL available volume of the whole system. The gaseous product of15

the reaction was collected for two hours (a little more than one lifetime for the hydrolysis
of 3-nitrato-2-butanol at this acid concentration). The FTIR gas cell was then detached
from the system, and the FTIR spectrum was collected.

2.6 Modified computational G2MS method for the calculation of ∆Hhyd

Geometries and energies of the relevant reactants and products for each hydrolysis20

reaction system (which are simply species-specific versions of Reactions 1 and 3) were
calculated using a modified version of the G2MS compound method (MG2MS) (Froese
et al., 1997) a variation on G2 theory (Curtiss et al., 1997). The Polarizable Continuum
Model (PCM) method (Tomasi et al., 2005) was used to account for the effects of
aqueous solvation on the reactant and product properties. All calculations were carried25

out with the Gaussian 03 computational suite (Frisch, 2003). Each stationary point was
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confirmed as a potential energy minimum by inspection of the calculated frequencies.
The overall energy expression for the MG2MS scheme is defined in Eq. (1):

EG2MS =ECCSD(T )/6−31G(d )+EMP2/6−311+G(2df,2p)−EMP2/6−31G(d )+HLC (1)

where HLC is an empirically-defined correction term with HLC = Anα + Bnβ where nα
and nβ are the number of α- and β-electrons, respectively, and the constants A and5

B are 6.06 and 0.19 mH, respectively. Our previous MG2MS results for atmospher-
ically relevant systems (including radicals and ions) indicate that the MG2MS calcu-
lated thermodynamic properties (enthalpies of reaction) are typically accurate to within
2.5 kcal mol−1 for systems similar to those under study here (Cappa and Elrod, 2001).

3 Results10

3.1 Experimental determination of thermodynamics parameters for the
hydrolysis of organosulfates

The temperature dependent equilibrium constants for the hydrolysis of sulfates (Reac-
tion R3) were calculated from the following expression:

K =
aROHaH2SO4

aROSO3HaH2O
(2)15

As discussed in the experimental section, the relative concentrations (activities) for
the organosulfate and alcohol species were obtained directly from the NMR spectra.
The activities for H2SO4 (aH2SO4

= a−HSO4
+aSO2−

4
) and H2O were calculated from the

Aerosol Inorganics Model (AIM) (Wexler and Clegg, 2002) for each of the solutions.
For the 65 wt% D2SO4 solutions used in the present experiments, aH2SO4

= 67.7 and20

aH2O = 0.591. The temperature dependent equilibrium constants were then analyzed
according to the van’t Hoff equation,

−RTlnK =∆Ghyd =∆Hhyd−T∆Shyd (3)
14390
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in order to determine the ∆Hhyd and −T∆Shyd contributions to the free energy of hydrol-
ysis, ∆Ghyd, for standard state conditions (i.e., unity activities). The monofunctional pri-
mary organosulfate hydrolysis thermodynamics parameters were previously reported
for the methyl (Wolfenden and Yuan, 2007), the ethyl (Clark and Williams, 1957) and
the 1-butyl (Minerath et al., 2008) systems were reanalyzed in terms of this more rig-5

orous definition of the equilibrium constant, and the thermodynamic parameters for
these systems are reported in Table 1. The thermodynamic parameters obtained for
the difunctional primary or secondary butyl organosulfate systems in the present work
are reported in Table 2. Since ∆Ghyd is negative for all systems at standard state, it
is clear that the alcohol species are thermodynamically favored over the organosul-10

fate species for these systems. Furthermore, since no tertiary organosulfate species
could be detected (NMR sensitivity considerations indicate that these species were
present at <1 % of the corresponding alcohol concentration) at equilibrium for similarly
concentrated sulfuric acid solutions in the present work, ∆Ghyd must be even more neg-

ative (∆Ghyd <−2 kcal mol−1) for these systems than it is for the primary and secondary15

organosulfate systems. No organonitrate species could be detected at equilibrium in
any of the experiments. Because much lower DNO3 concentrations (<1 M) had to be
used in the corresponding organonitrate hydrolysis experiments (due to the presence
of the strongly oxidizing nitronium ion at high DNO3 concentrations), a similar analysis
yields a more positive upper limit for the free energy of hydrolysis for organonitrates at20

standard state : ∆Ghyd <−0.2 kcal mol−1. However, it is clear that alcohol species are
thermodynamically favored at standard state over all of the organosulfate and organon-
itrates considered in this study.
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3.2 Computational determination of ∆Hhyd for the hydrolysis of organonitrates
and organosulfates

While it would be preferable to obtain computational estimates for ∆Ghyd, the ab initio
calculation of the −T∆Shyd contribution to the free energy change for reactions in aque-
ous solutions is not straightforward (Kua et al., 2008). Therefore, we report only com-5

putational ∆Hhyd values in Tables 1–3 for the various species under study in the present
work. However, since the experimental results for the hydrolysis of organosulfates sug-
gest that −T∆Shyd for the hydrolysis of the primary organosulfates is confined to a

relatively narrow range, −2.8 to −4.3 kcal mol−1, a hybrid computational/experimental
∆Ghyd value can be estimated from the computational ∆Hhyd values. For the systems10

for which experimental ∆Hhyd values are available, it is clear that the accuracy of the

computational ∆Hhyd method (≤2 kcal mol−1) is within the expected overall energy ac-
curacy of the MG2MS method.

There are several trends apparent in the calculated ∆Hhyd values. In almost every
case, ∆Hhyd is calculated to be more positive for the hydrolysis of the organonitrate15

(ranging from 0.3 to 3.0 kcal mol−1 more positive than the corresponding organosul-
fate) to the corresponding alcohol. Therefore, the computational results suggest that
the organonitrates are somewhat enthalpically more stable than are the organosul-
fates with respect to the corresponding alcohols, although the differences are of-
ten less than the accuracy of the MG2MS approach. Since there is no experimen-20

tal estimate for the −T∆Shyd contribution to ∆Ghyd for the hydrolysis of organoni-
trates (because K is immeasurably large), a direct isoergic (free energy) compari-
son between organonitrates and organosulfates cannot be made. Nonetheless, since
∆Ghyd < −0.2 kcal mol−1 was experimentally determined to be the most positive up-
per limit for the hydrolysis of organonitrates and the computed ∆Hhyd values are as25

large as +2.9 kcal mol−1 for the systems for which the ∆Ghyd upper limit was mea-
sured, it does appear that the −T∆Shyd contribution for the hydrolysis of organonitrates
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is on the same order (∼ −3 kcal mol−1) or more negative than the corresponding
−T∆Shyd contribution for the hydrolysis of organosulfates. In any case, the exist-
ing computational and experimental data suggest that the free energies of hydrol-
ysis for organonitrates and organosulfates are probably quite similar. The results
also suggest that tertiary organonitrates and organosulfates are enthalpically less sta-5

ble with respect to the corresponding alcohols than are the primary and secondary
species. Finally, the presence of neighboring OH groups also seems to decrease
the enthalpic stability of organonitrates and organosulfates with respect to the alco-
hols. All three of these trends are illustrated by comparing particular ∆Hhyd values

(from Tables 1–3): CH3CH2CH2CH2ONO2 (primary nitrate, ∆Hhyd =+2.4 kcal mol−1),10

CH3CH2CH2CH2OSO3H (primary sulfate, ∆Hhyd = +1.2 kcal mol−1), (CH3)3COSO3H

(tertiary sulfate, ∆Hhyd = −0.7 kcal mol−1), (CH3)2(CH2OH)COSO3H (tertiary sulfate,

1 neighboring OH group, ∆Hhyd = −2.4 kcal mol−1), and 2-methyl-2-sulfato-1,3,4-

butanetriol (tertiary sulfate, 2 neighboring OH groups, ∆Hhyd =−5.6 kcal mol−1).

3.3 Kinetics of hydrolysis of tertiary organonitrates and organosulfates15

In our previous study of isoprene-derived tertiary organonitrates, we found that the
kinetics of hydrolysis was not acid-dependent for solutions ranging from 0–1 M DNO3.
Therefore a simple first order rate law was used to analyze the hydrolysis kinetics,

−
d [RONO2]

dt
=kN

n [RONO2] (4)

where kN
n is the first order neutral mechanism organonitrate hydrolysis rate constant.20

Similarly, the kinetics of hydrolysis of the tertiary organonitrates investigated in the
present work were also found to obey this simple rate law for acid concentrations up to
1 M DNO3 and 2 M D2SO4. Figure 2 shows the raw kinetics data for the hydrolysis of
2-methyl-2-nitrato-1-propanol carried out in 2 M D2SO4 (in which 2-methyl-2-sulfato-1-
propanol is observed as an intermediate in the hydrolysis process – an aspect that will25
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be discussed in a later section). Figure 3 shows the first order kinetics analysis of the
organonitrate data from Fig. 2 that is used to determine kN

n . Table 2 contains the life-
times (τhyd =

1
kN

n
) for hydrolysis of the tertiary organonitrates studied in the present work,

and Table 3 includes the hydrolysis lifetime for the isoprene-derived tertiary organoni-
trate studied in our previous work (Darer et al., 2011).5

Again paralleling our findings for the isoprene-derived tertiary organosulfates, it was
found that a neutral hydrolysis mechanism was operative for acid concentrations less
than about 0.1 M, while an acid-dependent mechanism was dominant at higher acid
concentrations for the tertiary organosulfates investigated in the present study. In order
to explore the acid catalysis in more detail, D2SO4 concentrations as high as 4 M were10

used. Due to the use of these highly concentrated solutions, AIM (Wexler and Clegg,
2002) was used to calculate proton activities (aH+ in molal units) for use in the kinetics
analysis. Therefore, the tertiary organosulfate hydrolysis kinetics data was analyzed
according to a two term rate law

−
d [ROSO3H]

dt
=kS

n [ROSO3H]+kS
H+aH+ [ROSO3H] (5)15

where kS
n is the first order neutral mechanism organo sulfate hydrolysis rate constant

and kS
H+ is the second order acid-dependent mechanism organo sulfate hydrolysis rate

constant. The integrated raw law for Eq. (5) is

− ln
[ROSO3H]

[ROSO3H]o
=kS

n t+kS
H+aH+t (6)

When the acid-dependent term is dominant, the integrated rate law can be written as20

− ln
[ROSO3H]

[ROSO3H]o
=kS

H+aH+t=kS
efft (7)

where kS
eff =kS

H+aH+ .
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Therefore, a plot of kS
eff vs. aH+ yields the value of kS

H+ . Figure 3 shows one of
the pseudo first order kinetics plots for the hydrolysis of 2-methyl-2-sulfato-1-propanol
(using the raw data from Fig. 2) that was used to determine one of the kS

eff values

needed to derive kS
H+ . Formal acid dependent measurements were carried out for

2-methyl-2-sulfato-1-propanol, and kS
H+ was determined to be 2.8×10−4 m−1 s−1 (the5

statistical uncertainty in this value is on the order of 20 %). The presence of an acid-
dependent mechanism for tertiary organosulfate hydrolysis was previously attributed
to the fact that a sulfate group will be a more efficient leaving group for hydrolysis
if the organosulfate speices has an overall neutral charge (singly protonated sulfate
group) (Darer et al., 2011). Table 2 contains the neutral mechanism lifetimes (τhyd =

1
kS

n

)10

for the tertiary organosulfates under study in the present work, and Table 3 includes
the hydrolysis lifetime for the isoprene-derived tertiary organosulfate studied in our
previous work (Darer et al., 2011).

The neutral hydrolysis mechanism lifetimes for the tertiary organonitrates under
study here (all with one neighboring OH group) were found to be very short, be-15

tween 0.019 and 0.030 hr, which are slightly shorter than the hydrolysis lifetimes
previously determined for isoprene-derived organonitrates with one neighboring OH
group (τhyd = 0.061–0.12 h) (Darer et al., 2011). However, the particular isoprene-
derived organonitrate believed to be relevant in atmospheric chemistry (2-methyl-2-
nitrato-1,3,4-butanetriol) has two neighboring OH groups and was previously found to20

have a significantly longer hydrolysis lifetime (τhyd =0.67 h).
The neutral hydrolysis mechanism lifetimes for the tertiary organosulfates under

study here (all with one neighboring OH group) were found to be significantly longer
than was found for the corresponding organonitrates: between 2.5 and 31 h. These
lifetimes were more or less similar to the hydrolysis lifetimes previously determined25

for isoprene-derived organosulfates with one neighboring OH group (τhyd = 20−62 h)
(Darer et al., 2011). The particular isoprene-derived organosulfate believed to
be relevant in atmospheric chemistry (2-methyl-2-sulfato-1,3,4-butanetriol) has two
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neighboring OH groups and was found to have a significantly longer hydrolysis lifetime
(τhyd =460 h). However, the acid-dependent rate constants, kS

H+ , for 2-methyl-2-sulfato-
1-propanol and 2-methyl-2-sulfato-1,3,4-butanetriol were found to be similar, 2.8 and
2.3×10−4 m−1 s−1, respectively (note that we are taking the opportunity here to correct
a typo for the 2-methyl-2-sulfato-1,3,4-butanetriol rate constant previously reported,5

Darer et al., 2011).
Previously, we reported that the hydrolysis of 1,2-epoxy isoprene (methyl vinyl oxi-

rane) was rapid at neutral pH (whereas all other epoxides studied to date require acid
catalysis in order to achieve measureable hydrolysis rates), and that no sulfate products
were detected even when the hydrolysis was performed at high sulfate concentrations10

(Minerath et al., 2009). The facile hydrolysis of 1,2-epoxy isoprene is likely related to
the unusual stability of the allylically stabilized tertiary carbocation intermediate. As we
pointed out in our previous work on the hydrolysis of isoprene-derived organosulfates
(Darer et al., 2011), there appears to be a strong correlation between the values of
epoxide hydrolysis rate constants (Cole-Filipiak et al., 2010; Minerath and Elrod, 2009;15

Minerath et al., 2009) and the values of organosulfate and organonitrate hydrolysis
rate constants for species with identical carbon backbones. The present work pro-
vides further support for existence of this correlation. Since 1,2-epoxy isoprene has
an unusually large hydrolysis rate constant, we now attribute the lack of an observed
organosulfate product from the reaction of 1,2-epoxy isoprene to the (fleeting) exis-20

tence of a very short-lived (τhyd < 0.05 h) tertiary organosulfate product. Therefore,
for the special case where hydrolysis leads to allylically stabilized tertiary carbocation
intermediates, the kinetics of organosulfate hydrolysis can be very efficient indeed.

Supporting our previous supposition based on the kinetics of hydrolysis of isoprene-
derived species, the new results suggest that a more general hypothesis concerning25

the greater kinetic efficiency of hydrolysis of tertiary organonitrates as compared to
tertiary organosulfates is warranted. It also appears to generally be the case that the
number of neighboring OH groups is inversely proportional to the hydrolysis rates for
both tertiary organonitrates and organosulfates.
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In our previous work concerning the hydrolysis of isoprene-derived organonitrates,
we reported that that these species could be (temporarily) transformed to organosul-
fates if the organonitrate hydrolysis was carried out in the presence of sulfate (Darer et
al., 2011). Therefore, in order to explore the generality of this finding, we performed ex-
periments in which 2-methyl-2-nitrato-1-propanol was added to D2SO4 solutions. The5

NMR spectra from these experiments (the kinetics results for a 2 M D2SO4 experiment
are shown in Fig. 2) clearly showed the presence of 2-methyl-2-sulfato-1-propanol as
an intermediate in this reaction system. In order to test whether organosulfate inter-
mediates would also form in the presence of significant nitrate levels, we performed
an additional experiment in which 2-methyl-2-nitrato-1-propanol was added to a 0.01 M10

D2SO4/1 M Na2SO4/1 M NaNO3 solution. Once again, 2-methyl-2-sulfato-1-propanol
was observed as an intermediate, indicating that organonitrate to organosulfate con-
version can occur even when inorganic nitrate and sulfate concentrations are similar.

3.4 Kinetics of hydrolysis of primary and secondary organonitrates

As we found in our previous study of the hydrolysis of primary organosulfates (Min-15

erath et al., 2008), extremely high sulfuric acid concentrations were required to cat-
alyze the hydrolysis of the primary and secondary organonitrates under study in the
present work. Tables 1 and 2 report the hydrolysis lifetimes (τhyd =

1
kS

n

) previously de-

termined for primary organosulfates as well as the new hydrolysis lifetimes (τhyd =
1
kN

n
)

determined for the primary and secondary organonitrates in the present work for reac-20

tions in 55 wt% D2SO4 solutions. For these highly concentrated acid solutions, kS
eff and

kN
eff are best interpreted through the excess acidity framework (Cox and Yates, 1978),

rather than Eq. (6). We have successfully applied the excess acidity method in the
past to acid-catalyzed aldol condensation reactions (Casale et al., 2007) and to the
acid-catalyzed hydrolysis of primary organosulfates (Minerath et al., 2008). The follow-25

ing linear equation was found to fit the observed acid-dependence of the rate constants
for the kinetics of hydrolysis of primary organosulfates:
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(logkphenom− logCH+ − logaw)=mX +b (8)

As X , the excess acidity parameter, is analogous to log[H+], this analysis is essen-
tially a more sophisticated version of the “log-log” plotting exercise often used to de-
termine reaction rate orders, but that is instead applied here to find the effective H+

rate order (the slope, m, in Eq. 8) for the acid-catalyzed process. The intercept, b,5

in Eq. 8 represents the value of log kphenom at infinite dilution (X = 0). In order to
analyze the present results in terms of the excess acidity framework, the pseudo first-
order rate constants must be converted to the appropriate second order rate constants
(i.e., kphenom =kS

eff/[H2O]), where [H2O] is the formal molality of water for the acid solu-
tions used. Parameterized values for X , log CH+ , and log aw as a function of sulfuric10

acid weight percent are given in our previous work (Minerath et al., 2008). For methyl
sulfate, the regression parameters were found to be m= 1.152 and b=−10.33, indi-
cating that the hydrolysis kinetics are acid-catalyzed with a rate order of nearly one,
as expected. A similar analysis for the acid-dependent (over the range 45–65 wt%
D2SO4) hydrolysis of ethyl nitrate investigated in this work yielded values of m= 1.9415

and b=−11.3. While this result appears to indicate that the acid-dependence of hy-
drolysis is approximately second order for organonitrates, we believe that it is more
likely that the HNO3 hydrolysis coproduct is leading to the observation of a larger than
expected acid-dependence. It has been previously demonstrated that the concentra-
tion of the nitronium ion (NO+

2 ) exponentially increases over this range of sulfuric acid20

concentrations (Iraci et al., 2007). It is also possible that the nitrosyl ion (NO+), which is
also known to be present in sulfuric acid solutions (Burley and Johnston, 1992), plays
a role (Shen and Ruest, 1980). In any case, it is likely that either NO+- and NO+

2 -
driven reactions are enhancing the loss of ethyl nitrate beyond the simple first order
acid-catalyzed expectation. As we discuss in a subsequent section, our observation25

of more highly oxidized reaction products from the primary and secondary organoni-
trate reaction systems, but not in the reactions of organosulfates, is strong evidence
for the participation of NO+- or NO+

2 -driven chemistry at these very high sulfuric acid
concentrations.
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For hydrolysis reactions carried out in 55 wt% D2SO4, the primary organosulfate
hydrolysis lifetimes were previously determined (Minerath et al., 2008) to range from
71 to 260 h, while the primary and secondary organonitrate hydrolysis lifetimes deter-
mined in the present work ranged from 1.5 to 2.5 h. Similar to the tertiary hydrolysis
results, these results indicate that hydrolysis of primary and secondary organonitrates5

is significantly more kinetically efficient than is the hydrolysis of primary and secondary
organosulfates. However, unlike the tertiary hydrolysis results, neighboring OH groups
appear to make little difference in the hydrolysis lifetimes. This is likely due to the dif-
ferences in interaction of OH groups with the active site of the transition states for the
acid-catalyzed mechanism (the transition state is most likely protonated) as compared10

to the neutral mechanism (the transition state is most likely unprotonated).
Previously, the hydrolysis kinetics of methyl, ethyl, isopropyl, and tert-butyl nitrates

in water/alcohol mixtures had been investigated at elevated temperatures (Baker and
Easty, 1952). If the water content of the water/alcohol solutions and the activation
energies reported in the Baker and Easty work are used to derive effective room tem-15

perature first order aqueous solution rate constants (so as to be comparable to the
rate constants determined in the present study), the lifetimes for the neutral hydrol-
ysis of methyl, ethyl, isopropyl and tert-butyl nitrates are found to be 13000, 26000,
5300 and 0.087 h, respectively. While the extrapolation of the Baker and Easty data
is quite approximate, there is good order of magnitude agreement between the neu-20

tral hydrolysis lifetime of the tertiary organonitrate in that work (tert-butyl nitrate) with
the tertiary hydroxy organonitrates studied in the present work (τhyd =0.019−0.030 h).
The extremely long neutral hydrolysis lifetimes for the primary and secondary organoni-
trates measured by Baker and Easty are also consistent with the neutral hydrolysis rate
constant lower limits we previously determined for several primary isoprene-derived25

organonitrates (τhyd >2500 h) (Darer et al., 2011).
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3.5 Identification of reaction products

For most of the organosulfate experiments, the alcohols formed by hydrolysis were
the only other species observed. However, at very high sulfuric acid concentrations
(65 wt% D2SO4), the tertiary diol 2-methyl-1,2-propanediol was observed to undergo a
pinacol dehydration rearrangement to 2-methyl-propanal (Loudon, 1984). For the re-5

actions of primary and secondary organonitrates, which were studied only at very high
sulfuric acid concentrations, several species in addition to alcohols were observed. In
particular, we carefully investigated the products formed from the reaction of 3-nitrato-
2-butanol (present at an initial concentration of about 0.10 M) in 50 wt% D2SO4. At early
times in the reactive loss of 3-nitrato-2-butanol, the hydrolysis product, 2,3-butanediol,10

was the only reaction product observed. However, at later times, 3-hydroxy-2-butanone
and acetic acid were also observed (see Fig. 4; the identity of these species was con-
firmed by reference to standards). As the reaction continued towards complete loss
of 3-nitrato-2-butanol, the concentration of 3-hydroxy-2-butanone was observed to de-
crease somewhat, while the concentration of acetic acid continued to rise. After all15

of the 3-nitrato-2-butanol had been consumed, the products consisted of about 75 %
2,3-butanediol, 15 % 3-hydroxy-2-butanone, and 10 % acetic acid. Unlike the tertiary
organonitrates, no organosulfates were observed to form from primary and secondary
organonitrates at these very high sulfuric acid conditions. The observed product distri-
bution is consistent with the following mechanism:20

CH3CH(OH)CH(ONO2)CH3+H2O H+

→H+CH3CH(OH)CH(OH)CH3+HNO3 (R4)

CH3CH(OH)CH(OH)CH3+HNO3 →CH3C(=O)CH(OH)CH3+HONO+H2O (R5)

CH3C(=O)CH(OH)CH3+2HNO3 →2CH3C(=O)OH+2HONO (R6)

The industrial process for adipic acid (one of intermediates used in the manufacture
of nylon and polyurethane) (Shimizu et al., 2000) involves the nitric acid induced oxi-25

dation of cyclohexanol, and is believed to follow a similar mechanism (van Asselt and
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van Krevelen, 1963). In order to test this hypothesis, a 0.10 M 2,3-butanediol/0.10 M
DNO3/50 wt% D2SO4 solution was prepared in a separate experiment and monitored.
The identity and the concentration of the observed products were very similar to those
obtained in the 3-nitrato-2-butanol experiment, thus confirming the role of nitric acid in
the formation of the more highly oxidized organic species. To further test the role of5

nitric acid in the formation of oxidized organic species, a 0.10 M 2,3-butanediol/0.20 M
DNO3 solution was prepared in a separate experiment and monitored. In this case
no appreciable reaction was observed, even though the nitric acid concentration was
higher than in the experiments which included high concentrations of sulfuric acid.
Therefore, since both highly concentrated sulfuric acid and nitric acid were found to10

be necessary to produce the oxidized species, we surmise that either the nitronium or
nitrosyl ion is the actual reactive species in these systems (Iraci et al., 2007). Similarly,
ethyl and isopropyl nitrate were found to produce, in addition to the expected hydrolysis
alcohol products, formic and acetic acid in strong sulfuric acid solutions.

As was mentioned in the experimental section, it was noticed that gas was also15

evolved from the organonitrate systems in strong sulfuric acid solutions, and the gas
evolution from the reaction of 3-nitrato-2-butanol in a 55 wt% D2SO4 was quantitatively
investigated. The FTIR spectrum of the collected gas indicated that the vast majority
of the sample consisted of N2O (confirmed by comparison to a reference spectrum).
Using the infrared cross section determined from the reference spectrum, the observed20

IR absorbance of the sample, the gas volume of the sampling system, and the initial
amount of 3-nitrato-2-butanol, it was determined that, within the error of the measure-
ment (∼30 %), all of the nitrogen content originally present as 3-nitrato-2-butanol had
been converted to N2O. Previously, N2O evolution from sulfuric acid solutions was ra-
tionalized via a nitrosyl ion-based mechanism (Wiesen et al., 1995):25

2HONO+2H2SO4 →2NO+HSO−
4 +2H2O (R7)

2NO+HSO−
4 +2HONO+2H2O→ (HNO)2+NO+2HNO3+2H2SO4 (R8)

(HNO)2 →N2O+H2O (R9)
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Since we showed that the nitric acid induced oxidation of alcohols also likely produces
HONO, it seems probable that the N2O observed in our experiments is produced ac-
cording to the mechanism proposed by Wiesen et al. (1995). It is also worth noting
that the industrial process for adipic acid also produces large quantities of N2O, likely
via the same process as outlined above. Before N2O abatement strategies were imple-5

mented at adipic acid plants during the 1990s, adipic acid production was estimated to
be the largest global industrial N2O source (Shimizu et al., 2000).

4 Atmospheric implications

In our previous work on isoprene-derived organonitrates and organosulfates, we used
kinetics arguments to contend that only the tertiary organonitrate species were likely10

to undergo hydrolysis under typical SOA conditions (pH>0) and lifetimes (∼2 days)
(Darer et al., 2011). The present work indicates that the standard state free energies
of hydrolysis are negative for all studied organonitrates and organosulfates, including
all potential isoprene-derived organonitrate and organosulfate isomers. Therefore, the
thermodynamics results suggest that all possible isoprene-derived organosulfates and15

primary organonitrates are metastable species with respect to the corresponding alco-
hols and provide further support for the contention that kinetic barriers are responsible
for the observation of isoprene-derived organosulfates and organonitrates in SOA. A
caveat: for SOA with very low water content and very high nitrate or sulfate content –
conditions very different than standard state – it may be possible for organonitrates and20

organosulfates to be thermodynamically stable; however, without accurate −T∆Shyd
values for the isoprene-derived species, it is not possible to quantitatively predict the
conditions required for such stability.

The more general results presented in this work largely validate the results previ-
ously obtained for isoprene-derived organonitrates and organosulfates. Specifically,25

the primary and secondary organonitrates and organosulfates were found to only un-
dergo efficient hydrolysis at acidities much greater than typically found on SOA. For
example, if the hydrolysis lifetime for ethyl nitrate measured at 55 wt% D2SO4 in the
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present work is extrapolated to the lowest pH typically observed in SOA (Zhang et
al., 2007) (pH=0; which corresponds to a 14 wt% D2SO4 aqueous solution) using
a first order excess acidity model, a value of about 500 hours is obtained, which is
roughly 10 times longer than typical SOA lifetimes. Therefore, while the present ther-
modynamic results indicate that these species are likely only metastable with respect5

to the corresponding alcohols, the kinetic barriers are too great for these species to
transform efficiently to alcohols on SOA. The hydrolysis of tertiary organonitrates was
again found to be highly efficient even at neutral conditions. Thus, it is likely that all
tertiary organonitrates are unstable on SOA and this result rationalizes previous obser-
vations of efficient organonitrate hydrolysis on aerosols (Nguyen et al., 2011; Day et10

al., 2010) The observation in the present work that 2-nitrato-1-propanol can undergo a
nucleophilic substitution reaction with sulfate to form 2-sulfato-1-propanol provides fur-
ther support for our previous hypothesis that such reactions on SOA might explain why
organosulfates are more commonly observed than are organonitrates. The new results
for tertiary organosulfates indicate that, unlike the isoprene-derived tertiary organosul-15

fate case, some tertiary organosulfates might be unstable on SOA. In particular, all
three tertiary organosulfates under study in the present work were found to have neu-
tral hydrolysis lifetimes that are less than the typical SOA lifetime. Therefore, it is
possible that organosulfates formed from methacrolein, a major first generation gas
phase isoprene oxidation product with a tertiary carbon center, might not be stable on20

SOA, while organosulfates formed from methyl vinyl ketone, another major first gener-
ation gas phase isoprene oxidation product with a secondary carbon center, would be
expected to be stable on SOA.

We also found that organonitrates that undergo hydrolysis under conditions of very
high sulfuric acid content can be oxidized further by the presence of the hydrolysis25

product, nitric acid. We also established that these conditions could lead to the reduc-
tion of nitrate to N2O, a potent greenhouse gas. However, it seems unlikely that SOA
acidities are ever high enough for these processes to be efficient and atmospherically
relevant.
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5 Conclusions

In general, the new results presented here confirmed a number of structure-activity
relationships that we had previously uncovered in our investigation of the hydrolysis
reactions of isoprene-derived organonitrates and organosulfates (Darer et al., 2011).
The new thermodynamics results suggest that organonitrates and organosulfates are5

generally thermodynamically unstable with respect to the corresponding alcohols at
standard state conditions. Therefore, the presence of these species in ambient SOA
is likely due to the presence of high kinetic barriers to hydrolysis for these particular
species. The presence of neighboring OH groups was found to generally reduce the
enthalpy of hydrolysis for all organonitrates and organosulfates (making these species10

less stable relative to the corresponding alcohols) and to decrease the rate of hydroly-
sis for tertiary organonitrates and organosulfates (making these species convert more
slowly to the corresponding alcohols). On the other hand, the presence of neighboring
OH groups had little effect on the acid-catalyzed hydrolysis of primary and secondary
organonitrates. Due to the extremely high acidity levels required for efficient hydrolysis,15

we assert that most, if not all, primary and secondary organonitrates and organosul-
fates are likely to be stable at relevant SOA acidities and lifetimes. The very efficient
neutral hydrolysis of tertiary organonitrates suggests that these species are highly un-
stable on ambient SOA, particularly at elevated relative humidities. While our previous
work indicated that isoprene-derived tertiary organosulfates are likely to be stable on20

SOA, the present work revealed that other atmospherically relevant tertiary organosul-
fates might undergo efficient hydrolysis on SOA.
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Table 1. Thermodynamic and kinetic parameters for the hydrolysis of monofunctional
organonitrates and organosulfates.

X =OSO3H X =ONO2

∆Hexp
hyd ∆Hcomp

hyd −T∆Sexp
hyd τa

hyd ∆Hcomp
hyd τa

hyd

(kcal mol−1) (kcal mol−1) (kcal mol−1) (h) (kcal mol−1) (h)

CH3X 0.0b 0.1 −2.1b 120c 2.5
CH3CH2X 0.4d −0.1 −3.4d 100c 2.9 2.5
CH3CH(X)CH3 0.4 2.5 2.2
CH3CH2CH2CH2X 1.6c 1.2 −4.3c 260c 2.4
CH3CH2CH(X )CH3 1.1 2.4
(CH3)3CX −0.7 0.0

a The acid-catalyzed mechanism hydrolysis lifetime (for 55 wt% D2SO4 solution) is given.
b Wolfenden and Yuan (2007).
c Consult reference Minerath et al. (2008) for full discussion of acid dependence of kinetics of hydrolysis.
d Clark and Williams (1957).
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Table 2. Thermodynamic and kinetic parameters for the hydrolysis of difunctional
organonitrates and organosulfates.

X =OSO3H X =ONO2

∆Hexp
hyd ∆Hcomp

hyd −T∆Sexp
hyd τa

hyd ∆Hcomp
hyd τa

hyd

(kcal mol−1) (kcal mol−1) (kcal mol−1) (h) (kcal mol−1) (h)

HOCH2CH2X −1.6 71b 0.0
CH3CH(OH)CH2X 0.0 0.1
CH3CH(X)CH2OH −2.3 −0.2
CH3CH2CH(OH)CH2X 0.0 0.1 −4.3 0.5 1.7
CH3CH2CH(X )CH2OH 0.0 −0.2 −3.9 2.0 1.9
CH3CH(OH)CH(X )CH3 −0.6 1.3 −2.8 2.1 1.5
(CH3)2(CH2OH)CX −2.4 2.5 −2.2 0.030
(CH3)2(CH2X )COH 0.2 0.5
(CH3)2C(X )CH(OH)CH3 −3.1 31 −1.7 0.028
(CH3)2C(OH)CH(X )CH3 0.4 0.8
(CH3)2CH(OH)CH(X )(CH3)2 −3.1 22 −2.5 0.019

a For tertiary systems, the neutral mechanism hydrolysis lifetime is given. For primary and secondary systems, the
acid-catalyzed mechanism hydrolysis lifetime (for 55 wt% D2SO4 solution) is given.
b Minerath et al. (2008).
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Table 3. Thermodynamic and kinetic parameters for the hydrolysis of isoprene-derived
organonitrates and organosulfates.

X =OSO3H X =ONO2

∆Hcomp
hyd τa

hyd ∆Hcomp
hyd τa

hyd

(kcal mol−1) (h) (kcal mol−1) (h)
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Fig. 1. Proposed mechanism for the formation of several isoprene-derived compounds ob-
served in ambient SOA (enclosed by boxes).
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Fig. 2. Raw kinetics data for the reaction of 2-methyl-2-nitrato-1-propanol in 2 M D2SO4.
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Fig. 3. Pseudo first order kinetics analysis for the hydrolysis of 2-methyl-2-nitrato-1-propanol
and 2-methyl-2-sulfato-1-propanol from the data in Fig. 2.
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Fig. 4. NMR spectrum taken during the reaction of 3-nitrato-2-butanol in 50 wt% D2SO4 ref-
erenced relative to the internal standard, DSS. The specific proton signal assignments are
mainly indicated by arrows pointing to specific carbon centers. In the methyl region, in order
of decreasing chemical shift, the four doublet peaks are due to methyl groups in 3-hydroxy-2-
butanone, 3-nitrato-2-butanol (2 peaks), and 2,3-butanediol, respectively.
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