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ATMOSPHER IC SC I ENCE

Predicting the environmental fates of emerging
contaminants: Synergistic effects in ozone reactions of
nitrogen-containing alkenes
Xinke Wang1, Weihong Wang1, Lisa M. Wingen1, Véronique Perraud1, Michael J. Ezell1,
Jessica Gable1, Thomas L. Poulos1,2,3, Barbara J. Finlayson-Pitts1*

While nitro and amino alkenes are common in pharmaceuticals, pesticides, and munitions, their environmental
fates are not well known. Ozone is a ubiquitous atmospheric oxidant for alkenes, but the synergistic effects of
nitrogen-containing groups on the reactions have not been measured. The kinetics and products of ozonolysis
of a series of model compounds with different combinations of these functional groups have been measured in
the condensed phase using stopped-flow and mass spectrometry methods. Rate constants span about six
orders of magnitudewith activation energies ranging from 4.3 to 28.2 kJ mol−1. Vinyl nitro groups substantially
decrease the reactivity, while amino groups have the opposite effect. The site of the initial ozone attack is highly
structure dependent, consistent with local ionization energy calculations. The reaction of the neonicotinoid pes-
ticide nitenpyram, which forms toxic N-nitroso compounds, was consistent with model compounds, confirming
the utility of model compounds for assessing environmental fates of these emerging contaminants.
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for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
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Commons Attribution
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INTRODUCTION
The American Chemical Society Chemical Abstracts Service now
has more than 150 million unique compounds in its registry,
while ~15,000 new compounds and biological sequences are
being registered daily (1). The introduction of even a very small frac-
tion of these into the environment presents enormous challenges in
terms of assessing their transport, fates, and impacts. Emerging
contaminants (EC), also known as contaminants of emerging
concern (2), are naturally occurring or synthetic chemicals and ma-
terials described as those “that are not commonly monitored in the
environment, but which have the potential to reach into the envi-
ronment and produce known or suspected adverse ecological and
(or) human health effects” (3). Many of these are multifunctional
compounds for which there is a paucity of data on their reactions
relevant to their potential environmental fates. Given the rapid de-
velopment of a large number of new compounds, defining all of the
reactions of each compound is not practical. Therefore, understand-
ing the molecular properties that determine their reactivity, partic-
ularly in species that have multiple functional groups that can act
separately or in concert, is essential for developing a predictive
capability.

Compounds containing amino, nitro (─NO2), and carbon-
carbon double bond (C═C) groups are a very important class of
EC that are widely used in pesticides, pharmaceuticals, and insen-
sitive munitions (4–7). Several examples are shown in Fig. 1A. The
alkene group on most of these compounds is expected to be highly
reactive toward atmospheric oxidants.

Ozone is ubiquitous in air, with concentrations from tens to
hundreds of parts per billion (ppb) in highly polluted environments
(8). Although the kinetics and products of alkene-O3 reactions in

the condensed phase (9–13) and gas phase (8, 14, 15) have been
studied extensively, reports on ozonolysis of alkenes with nitro
and/or amino groups are not as plentiful. In addition, aliphatic
amines in their neutral forms react rapidly with O3 as a result of
the lone electron pair on the nitrogen atom that is susceptible to
electrophilic attack, with second-order room temperature rate con-
stants in solution in the range of 103 to 107 M−1 s−1 (16, 17).
Whether reactions of these functional groups are additive, or
whether there are synergistic effects, remains to be explored.

A previous study of the ozonolysis of solid nitenpyram (NPM), a
neonicotinoid pesticide, showed that the reaction was fast and
formed some unique non-oxygen–containing products (18). To
explore further the ozonolysis of alkenes with ─NO2 and/or
amino groups with the goal of elucidating the impacts of these
groups singly or in combination on the reactivity, ozonolysis of
the five model compounds and NPM shown in Fig. 1 was carried
out. To avoid the simultaneous generation and reaction of OH rad-
icals from the ozone interaction with water, the studies were carried
out in the nonpolar solvent CCl4. These particular model com-
pounds have high vapor pressures (Table 1) and can therefore
exist in the gas or condensed phases. In the environment, con-
densed phases include water as well as low-polarity surface
organic layers on natural waters (19–21), waxy plant surfaces,
organic coatings on the built environment and soils (22, 23), and
airborne organic particles that can be mainly hydrocarbons (24).
Aerosol phase separation also can form a nonpolar organic shell
with a polar inorganic core (25–27). Note that ozone is also more
soluble in organics than in water, with the ratio of equilibrium con-
centrations in organics to that in water being ~10 (28).

Typical EC such as those shown in Fig. 1A have very low vapor
pressures (≤10−5 Pa) (29) and, hence, are expected to partition only
into the condensed phase. Some EC would partition mostly into the
nonpolar organic phase, while some would prefer water or both
(table S1). Thus, the reactions in the nonpolar and unreactive
CCl4 solvent are directly relevant to reactions of the EC in organics,
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especially those of low polarity, in the environment. The use of this
solvent also allowed the reactions of those compounds, such as 1-
dimethylamino-2-nitroethylene (DMNE) and E-N,N-dimethyl-1-
propenylamine (DPA) shown in Fig. 1B, which hydrolyze in
water to be studied as part of the series. However, note that the

EC in Fig. 1A do not undergo rapid hydrolysis under most environ-
mental conditions (30–32).

The specific goals were to elucidate kinetics structure-reactivity
relationships, products, and mechanisms in the condensed phase,
particularly the initial sites of attack when ─NO2 and/or amino

Fig. 1. Structures of some EC and model compounds studied. Structures of (A) some common pharmaceuticals, pesticides, and munitions illustrating different com-
binations of nitro, amino, and alkene groups in these compounds and (B) selected model compounds. MW, molecular weight.
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Table 1. Rate constants (k) at 298 K, preexponential factors (A), and activation energies (Ea) for the reactions of ozone with model compounds and
selected alkenes in CCl4.

Compound Structure Vapor
pressure (Pa)*

k(CCl4) ± 1σ
(M−1 s−1)

A ± 1σ
(M−1 s−1)

(Ea) ± 1σ
(kJ mol−1) References

Nitro-alkenes

2-Methyl-1-nitroprop-1-
ene (NTP)

1.1 × 103 73 ± 4 6:4þ0:7� 0:6 � 10
6 28.2 ± 0.3 This work

4-Methyl-4-nitro-1-
pentene (MNP) 4.7 × 102 (1.4 ± 0.3) × 104 1:9þ0:4� 0:3 � 10

7 17.8 ± 0.5 This work

Amino-alkenes

E-N,N-dimethyl-1-
propenylamine (DPA)

2.0 × 104 >3 × 107† – – This work

N,N-
dimethylallylamine (DMAA)

2.4 × 104 (1.1 ± 0.1) × 106 6:0þ1:2� 1:0 � 10
6 4.3 ± 0.4 This work

Nitro-enamines

1-Dimethylamino-2-
nitroethylene (DMNE) 5.3 × 10−3 (6.3 ± 0.4) × 105 1:1þ0:6� 0:4 � 10

8 12.9 ± 1.1 This work

Nitenpyram (NPM) 1.1 × 10–9‡ (1.5 ± 0.1) × 105 1:3þ0:5� 0:4 � 10
7 11.1 ± 0.8 This work

Reference compounds for comparison§

2-Methyl-propene – 9.7 × 104 – – (11)

4,4-Dimethyl-1-pentene – 5.4 × 104 3.2 × 106 9.6 (12)

E-4-Methyl-2-pentene – 2.6 × 105¶ 2.5 × 107 11.3 (12)

continued on next page
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groups are present in different combinations and at different posi-
tions relative to the C═C. Thus, these data not only form the foun-
dation for assessing their environmental degradation but also
provide guidance for the development of alternatives with fewer en-
vironmental impacts.

RESULTS
Kinetics studies
Table 1 summarizes the measured room temperature rate constants
for the model compounds and NPM in CCl4 and, for comparison,
those previously reported for some structurally similar alkenes (11–
13). One exception is trimethylamine, which was carried out in
water (33). The rate constants for nitro-alkenes [2-methyl-1-nitro-
prop-1-ene (NTP) and 4-methyl-4-nitro-1-pentene (MNP)] and
nitro-enamines (DMNE and NPM) were derived from pseudo–
first-order kinetics (Fig. 2A), while those for amino-alkenes [DPA
andN,N-dimethylallylamine (DMAA)] were too fast to be obtained
by this method. Instead, rate constants for DMAA and DPA were
obtained by finding the best fit to the experimental data through
numerical integration of the rate equations using the Kintecus
program (Fig. 2B) (34). Although all of the model compounds are
alkenes, which are known to react with O3, their rate constants span
about six orders of magnitude from NTP (73 M−1 s−1) to DPA
(>3 × 107 M−1 s−1) because of the strong influence of the ─NO2
and amino groups. This is in contrast to the simple alkenes where
the rate constants vary by less than a factor of three.

The data in Table 1 show that replacing a hydrogen in 2-methyl
propene with an ─NO2 group (NTP) lowers the room temperature
rate constant by about three orders of magnitude. Moving the
─NO2 group two carbons away from the terminal double bond
(MNP) has a far less dramatic effect but still reduces the rate cons-
tant by a factor of approximately four compared to the structurally
similar 4,4-dimethyl-1-pentene.

If an amino group is directly attached to the C═C (DPA), then
the reaction is so fast that only a lower limit of 3 × 107 M−1 s−1 at 278
K could be obtained (Table 1). The lone pair of electrons on the
amine nitrogen can be delocalized into an adjacent π alkene
system (35), increasing the electron density and, hence, rate cons-
tant of electrophilic attack by ozone. As discussed below, the

products show that there is a direct reaction of ozone with the ter-
tiary amine and the C═C. The presence of an amino group in
DMAA that is one carbon away from the double bond results in a
room temperature rate constant (1.1 × 106 M−1 s−1) that is at least an
order of magnitude smaller than for DPA. Note that the room tem-
perature rate constants for reactions of ozone with the neutral forms
of trimethylamine and triethylamine in water have been reported to
be 4.1 × 106 and 2.1 × 106 M−1 s−1, respectively (33, 36), similar to
that for DMAA in CCl4.

Most interesting is DMNE, with both an ─NO2 group and an
amino group attached to the opposite sides of the double bond.
Here, the rate constant is about a factor of two larger than for E-
4-methyl-2-pentene. This is also about four orders of magnitude
faster than NTP, indicating that the simultaneous presence of an
amino group on the C═C more than overcomes the suppression
due to the ─NO2 group.

Figure 3 shows Arrhenius plots of ln k as a function of T−1, from
which the activation energies and preexponential factors (Table 1)
are obtained. Activation energies for the reactions of structurally
similar alkenes are typically ~10 kJ mol−1 (12, 13). Substitution of
─NO2 on the vinyl carbon (NTP) markedly increases the activation
energy to 28.2 kJ mol−1, while the preexponential factor is similar to
those for simple alkenes (Table 1). DMAA and MNP are both ter-
minal alkenes, with the substituents (the amino or nitro groups, re-
spectively) one or two carbons removed from the double bond. The
activation energy for a similar alkene, 4,4-dimethyl-1-pentene, is 9.6
kJ mol−1. The larger Ea for MNP (17.8 kJ mol−1) reflects a large
impact of the ─NO2 group on the double bond reactivity even
when displaced from the double bond. The unexpected result is
for DMAA, where the amino group is one carbon displaced from
the double bond. Compared to 4,4-dimethyl-1-pentene, an alkene
of similar structure, the activation energy is lowered by about a
factor of 2, and the room temperature rate constant is increased
by a factor of 20. This suggests that attack of O3 at the amine nitro-
gen is important, as, e.g., in DMAA and DPA, which is supported by
the products discussed below.

The neonicotinoid NPM also has the nitro-enamine structure
similar to DMNE, but with an additional amino group attached
to the double bond. The rate constant for NPM ozonolysis might
therefore be expected to be larger. While the activation energies

Compound Structure Vapor
pressure (Pa)*

k(CCl4) ± 1σ
(M−1 s−1)

A ± 1σ
(M−1 s−1)

(Ea) ± 1σ
(kJ mol−1) References

2-Methyl-l-chloro-l-propene 2.1 × 104 8.2 × 103 5.0 × 106 15.5 (13)

Trimethylamine – 4.1 ± 0.8 × 106# – – (33)

*Saturation vapor pressures at 25°C of liquid NTP, MNP, DPA, and DMAA were calculated according to Moller formula (83). DMNE (solid) vapor pressure was
reported to be 5.3 × 10−3 Pa (53). †At 278 K. ‡From EPACompTox Chemicals Dashboard. §All of the reference compounds are gases at 298 K, except 2-
methyl-1-chloro-1-propene. ¶Calculated from A and Ea. #Neutral form in water.
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of DMNE and NPM are similar, the room temperature rate constant
for NPM ozonolysis is smaller than that for DMNE ozonolysis (see
Table 1). This is likely due to steric hindrance from the bulky amino
groups around the double bond, as reflected in the smaller pre-
exponential factor for NPM. Steric hindrance in ozone-alkene reac-
tions has been reported in a number of studies (11, 12).

The ozonolysis of alkenes generally proceeds through an electro-
philic addition of O3 to the C═C. Electron-donating groups in-
crease the rate constants, while electron-withdrawing groups have
the opposite effect (9, 37). The ─NO2 group is strongly electron
withdrawing because of both the inductive and resonance effects
(6). The room temperature rate constant for 2-methyl-1-chloro-1-
propene, where ─Cl is also electron-withdrawing, is only one order
of magnitude lower than 2-methylpropene but two orders of mag-
nitude larger, with an activation energy about half, than that of NTP
(Table 1). Taft constants σ* relate the relative rate constants to the
relative strengths of the inductive effects for a specific type of reac-
tion: log k/k0 = σ* ρ* (38, 39). The value of ρ* (which is a measure of
the susceptibility to polar effects) is generally believed to be the
same for two similar reactions (38, 39), while the values of σ* for
─NO2 and ─Cl are 0.78 and 0.2, respectively (40, 41). The more pos-
itive σ* value is indicative of greater electron-withdrawing power of
the group, consistent with the lower rate constant for NTP. In
DMNE and NPM, where there is a “push-pull” effect due to the
combination of an amino and ─NO2 groups on the double bond,
the presence of the amino groups has a marked effect, halving the
activation energy compared to NTP and increasing the room tem-
perature rate constant by four orders of magnitude. This supports
the relevance of DMNE as a model compound for NPM.

Reaction products and mechanisms
Ozone can attack either the C═C, the amine nitrogen, or both. To
understand the factors driving the reactivity of the model com-
pounds in terms of these possibilities, a search for products was
also carried out. The expected products vary noticeably in terms
of structure, size, and volatility, and loss of some products to the
gas phase or reaction with solvents used for mass spectrometry
(MS) analysis may occur. As a result, obtaining quantitative yields
for all of the ozonolysis products was not possible. However, using a
combination of Fourier transform infrared (FTIR) and several dif-
ferent MS methods, the major products could be identified, and

through the development of reasonable mechanisms, the initial
sites of attack were identified. These are summarized in Table 2.

2-Methyl-1-nitroprop-1-ene
Figure S1 shows the IR spectrum of NTP before reaction and the
difference spectrum after reaction. Ozone-alkene reactions general-
ly proceed by electrophilic addition of ozone to the double bond to
form a primary ozonide (POZ), which decomposes into a carbonyl
compound and a Criegee intermediate. As shown in fig. S2A, these
fragments can recombine to form a secondary ozonide (SOZ) (42–
49) if they are held in close proximity, for example, in a solvent cage.
The product peaks at 1579 and 1226 cm−1 are characteristic of NO2
asymmetric and symmetric stretches, and the peak at 1125 cm−1 is
due to a C─O absorption (fig. S1) (50). These together suggested an
─NO2 containing SOZ (fig. S2A). Because SOZ are peroxides, they
are thermally labile and would be expected to decompose on
heating (51, 52). To test this, the reacted solution was heated for
30 min at 55° to 65°C. Figure S1 also shows the change in the
reacted spectrum after heating. The peaks at 1579, 1226, and 1125
cm−1 decrease, indicating that the product is thermally sensitive.
NTP was the only compound for which there was evidence of
SOZ formation. After heating, a number of peaks arise in the
C═O stretching region, although the products responsible were
not specifically identified. Studies of products of the gas phase ozo-
nolysis (53) are mainly small compounds such as formaldehyde and
acetone, which, if formed here, may volatilize and hence not be
detected.

4-Methyl-4-nitro-1-pentene
Detection of products from the MNP ozonolysis using MS was not
successful, suggesting their lowionization efficiencies or that they
were too volatile or unstable to be identified. An IR peak at 1733
cm−1 in the difference FTIR spectrum of the reacted MNP sample
(fig. S3) indicated the formation of an aldehyde (50). Although
HCHO was an expected product (fig. S2B) from ozone attack at
the double bond, its characteristic C─H stretch at 2782 cm−1

(fig. S4) was not apparent in the IR spectra. Given the very small
absorbances (fig. S3), this second peak may be below the detection
limit. Alternatively, given the volatility of HCHO, it may not remain
in solution, so this aldehyde peak may be due to the proposed
C(CH3)2(NO2)CH2CHO product (fig. S2B).

Fig. 2. Examples of typical kinetics data. (A) A typical first-order kinetics plot of ozone decay for MNP ozonolysis in CCl4 solution (closed black circles) and its linear
regression line (red line), and (B) an example of experimentally measured decay of O3 from the DMAA - O3 reaction in CCl4 solution using the stopped-flow apparatus
(closed black circles) and the best-fit from Kintecus based on second-order kinetics (red line).
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E-N,N-Dimethyl-1-propenylamine
DPA has two potential reactive sites for attack by O3, the C═C and
the amine nitrogen. The IR spectrum of DPA reaction products (fig.
S5) shows peaks at 1687, 1383, and 1086 cm−1, which are character-
istic of N,N-dimethylformamide (DMF; fig. S4). The yield, ΔDMF/
ΔO3, was estimated to be 0.17 ± 0.02 based on calibration with au-
thentic DMF. Because DPA hydrolyzes readily, direct analysis in
real-time MS (DART-MS) was adopted, and mass spectra of DPA
before and after reaction are shown in fig. S6 (A and B). Peaks due to
both DMF [mass/charge ratio (m/z) 74] and an N-oxide, N,N-di-
methyl-1-propenylamine N-oxide (m/z 102), were also detected
and identified by Orbitrap high-resolution MS (HRMS; Orbitrap)
using heated electrospray ionization (HESI) coupled to ultrahigh-
pressure liquid chromatography (UHPLC) and tandem MS (MS/
MS) analysis (figs. S6, C and D, and S7 and table S2). DMF is ex-
pected from attack of ozone at C═C, while the N-oxide is from the
reaction with the amine (Fig. 4A). Hence, product formation indi-
cates that the reaction occurs competitively at both sites. Both DMF
and DPAN-oxide were also detected in the unreacted DPA solution
(fig. S6), which may be due to the reaction of DPA with small
amounts of ozone that are always present in ambient air at ~10 to

40 ppb (8). Dimethylamine (DMA) (m/z 46) is expected to form
from the reaction of O3 with the C═C; however, the signal intensi-
ties of m/z 46 were similar in unreacted and reacted solutions
(fig. S6).

N,N-Dimethylallylamine
Similar to DPA, DMAA also has two potential reaction sites with
O3. Figure S8 shows the ESI-MS mass spectra of DMAA using
direct infusion after reaction with ozone in CCl4. (Note that the
[M + H]+ peak for DMAA is very large compared to the products
necessitating a break in the axis; the peak atm/z 87 is the 13C isotope
of DMAA.) The product formulae were determined by Orbitrap
HRMS analysis with a mass tolerance of 3 ppm (table S2), while
their chemical structures were further identified by MS/MS analysis
(fig. S9). Peaks due to dimethylallylamine N-oxide (m/z 102 from
[M + H]+ and its dimer [2M + H]+ at m/z 203) and N-allylmethyl-
amine ([M + H]+ at m/z 72) were the most intense. N-Oxides have
often been detected as major products during ozonation of tertiary
amines (16, 54, 55). Small peaks corresponding to carbonyl com-
pounds (50) observed in the FTIR spectrum (fig. S10) could be
formed from the reactions of ozone with amine (56) or the C═C.

Fig. 3. Arrhenius plots of the temperature dependence of the ozonolysis reactions. Arrhenius plots for (A) NTP, (B) MNP, (C) DMAA, (D) DMNE, and (E) NPM ozo-
nolysis in CCl4 solution. Error bars (1σ) for specific experiments correspond to the SD for replicate experiments, and errors on the Ea and A are from linear regression.
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However, it is clear that the ozone is attacking the amine nitrogen
preferentially compared to the double bond (Fig. 4B) when the
amine nitrogen is not attached to the vinyl carbon.

1-Dimethylamino-2-nitroethylene
This compound contains all three functional groups, C═C, amine,
and ─NO2. The difference IR spectrum after reaction (fig. S11)

shows small peaks at 1687, 1383, and 1086 cm−1, characteristic of
DMF (fig. S4). Absorptions at 1753 and 1723 cm−1 were identified
as formic acid by comparison to authentic standards (fig. S4). A
peak at 2336 cm−1 was seen as well (see inset fig. S11) and identified
as CO2 by comparison to a spectrum taken by bubbling pure CO2
into CCl4 (fig. S4). Figure S12 shows the ESI-MS mass spectrum of
DMNE after reaction with ozone. A peak at m/z 74 from DMF is

Table 2. Summary of ozonolysis products and the associated initial sites of O3 reaction.

Compound Analytical
methods Major products Main site(s)

of attack

NTP

FTIR Secondary ozonide C═C

MNP

FTIR Aldehydes (HCHO) C═C

DPA

FTIR and MS Dimethylformamide and E-N,N-dimethyl-1-propenylamine N-oxide C═C and ─N─

DMAA

FTIR and MS Dimethylallylamine N-oxideand N-allylmethylamine ─N─*

DMNE

FTIR, MS, and IC Dimethylformamide, HCOOH, dimethylamine, N-nitrosodimethylamine, and
nitrite ion (in water extracts)

C═C

NPM

MS and IC N-Nitroso and ketone productsand nitrite ion (in water extracts) C═C

*Small amounts of carbonyl compounds including DMF observed by FTIR.
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evident, consistent with the IR spectrum. DMA (m/z 46) was also
seen as a major product. Unexpectedly, N-nitrosodimethylamine
(NDMA) at m/z 75 was identified using UHPLC-Orbitrap MS
with an authentic standard. This is of particular importance
because more than 90% of N-nitroso compounds have been
shown to be carcinogenic in a wide variety of animals (57–59). In
the case of DMNE, quantification of many of the products was pos-
sible either from the IR spectrum or from the liquid chromatogra-
phy–mass spectroscopy (LC-MS) using authentic compounds for
calibration. The yields, defined as Δ [product]/Δ [DMNE], were
as follows: DMF, 0.34 ± 0.02 (FTIR); DMA, 0.23 ± 0.04 (UPLC-
TQD-MS); NDMA, 0.43 ± 0.05 (UHPLC-Orbitrap HRMS); and
formic acid, 0.63 ± 0.04 (FTIR).

Figure 4C shows a proposed reaction scheme for DMNE ozonol-
ysis that accounts for the observed products, which are consistent
with attack mainly on the C═C. This may reflect the strong elec-
tron-withdrawing capacity of the ─NO2 group and the strong elec-
tron-donating capacity of the amino group, which increases the
electron density at the C═C, making the C═C more reactive
toward ozonolysis as a result of this push-pull effect. Reactions
between nitrous acid (HONO) and secondary (60) or tertiary
amines (61) are proposed to form the highly carcinogenic N-nitro-
samine, where HONO is formed from the decomposition of nitro-
formaldehyde (62, 63) and the •OOCH(•)NO2 Criegee
intermediate (Fig. 4C) (18). While HONO could not be directly de-
tected, its production was indicated by measurement of nitrite ions
after reaction using ion chromatography (IC) of water extracts of the

Fig. 4. Proposed ozonolysis mechanisms for model compounds. Reaction mechanisms for (A) DPA, (B) DMAA, and (C) DMNE ozonolysis in CCl4. Red-colored com-
pounds were identified with yields shown in brackets, while the blue-colored compounds were identified but not quantified.
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CCl4 solution (fig. S13). The product yield of formic acid is larger
than that of NDMA, suggesting an additional formation from other
unidentified pathways.

Nitenpyram
NPM is a commercial product that also contains these three func-
tional groups found in DMNE. Products identified by HESI-Orbi-
trap HRMS and MS/MS analysis (figs. S14 and S15) indicate ozone
attack on the C═C, consistent with DMNE ozonolysis. As shown in
the reaction scheme in fig. S16, the product with m/z 228 was pro-
posed to be produced by the direct decomposition of the POZ, while
the most intense peak at m/z 240 is from the rearrangement of the
POZ. The peak at m/z 258 was attributed to a water adduct of m/z
240. The pair of ions have the same retention time, and m/z 258 has
a greater intensity in LC analysis because of the presence of water in
the mobile phase (fig. S17). Notably, the m/z 212 formed from the
decomposition of Criegee intermediate andm/z 433 proposed from
the reaction of Criegee intermediate with NPM do not contain
oxygen and were also observed in ozonolysis of solid NPM at the
air-solid interface (18). As was the case for DMNE, N-nitroso com-
pounds at m/z 200 (fig. S15A) and m/z 300 (fig. S15E) were also de-
tected for NPM ozonolysis, likely formed from similar reaction
pathways involving HONO. The presence of nitrite ion in the
reacted samples was confirmed by IC. Nitrous acid was also ob-
served during NPM ozonolysis at the air-solid interface (18).
Again, DMNE is seen to be useful as a model compound for the
neonicotinoid pesticide NPM.

Predicting the site of ozone attack
As discussed above, ozone could attack at either or both of the C═C
and/or amino functional groups. Computational insight was ob-
tained from local ionization energy (IE) calculations of the model
compounds and NPM. The local IE provides an indication of the
energy required to remove an electron from a position in a

molecule. When plotted on a molecular surface, locations with a
minimum IE can indicate labile reaction sites for electrophilic reac-
tions such as ozonolysis (64–66). Figure 5 shows the average local IE
surfaces for DPA, DMAA, DMNE, and NPM and the local
minimum values of IE at the C═C, and the amine nitrogen sites
for each compound are shown in fig. S18. The values of
minimum IE (red) at the amine and C═C sites on DPA are
similar, suggesting that ozone attacks both the C═C and amino
groups, consistent with the products identified from both reaction
sites. For DMAA, the IE at the C═C site is much larger than that at
the amine site, indicating that the amine site is more favorable, also
consistent with the identified products. For DMNE and NPM, both
the products measured and the IE are consistent with the C═C site
being more reactive to ozone. In summary, the combination of the
electron-withdrawing/donating effects of substituents and their
multiple reaction sites provides a path forward for predicting mul-
tifunctional alkene ozonolysis rate constants and reaction mecha-
nisms and, hence, a predictive capability that is critical for
assessing their environmental fates.

DISCUSSION
The EC and model compounds in Fig. 1 can partition into aqueous
layers or into organic media in the environment such as surface
organic layers on water (19–21), waxy plant surfaces, organic coat-
ings on indoor and outdoor environments and soils (22, 23), and
airborne organic particles (24). Octanol-water partitioning coeffi-
cients for the model compounds and some EC are given in table
S1. It is seen that the model compounds and EC will partition
mainly into the nonpolar organic phase, while some EC prefer
water and some will partition between the phases. The studies re-
ported here are directly relevant to EC that partition into the
organic phase.

Fig. 5. Average local IE surfaces for DPA, DMAA, DMNE, andNPM calculated at 0.001 electrons/bohr3 density surface using Spartan′20with B3LYP/6-311+G** in
a nonpolar solvent.
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Our results show that a nitro group in the vinyl position of an
alkene markedly slows the ozonolysis by about three orders of mag-
nitude compared to that of the corresponding alkene. However, if
there is an additional amino group on the opposite side of the C═C
(e.g., DMNE), then the reaction becomes even faster than that of the
corresponding alkene. The amine is a strong electron-donating
group and, in addition, is itself quite reactive toward ozone. This
is highlighted by the DPA reaction where ozone attacks both the
amino and C═C groups. Unexpectedly, in the case of DMNE
with an ─NO2 group on the opposite side of the C═C from the
amine, ozone seems to mainly attack the C═C group instead of
the amine nitrogen, while the amino group becomes more reactive
to ozone if it is not attached to the C═C double bond, for example,
in DMAA.

Ozonolysis of alkenes has been reported to be several times to
one order of magnitude slower in the gas phase or in CCl4 compared
to that in water (36, 67). However, the trend in the kinetics is expect-
ed to qualitatively hold. Thus, the dramatic slowing of the ozonol-
ysis due to a vinyl ─NO2 group and the increase due to an amino
group is consistent with the results of recent studies of the gas phase
reactions of the model compounds (53). Note that the reaction rate
constant and pathway for amine compounds in water vary depend-
ing on the pH, because the reaction rate constants for protonated
amines with ozone are much smaller than those for neutral
amines (36, 54). Thus, ozone will likely attack the C═C instead of
protonated amine nitrogen during the amino-alkene ozonolysis
under acidic conditions (54).

For both the model compounds and EC, the product distribu-
tions in aqueous environmental media are expected to differ some-
what from those in CCl4, because water reacts with Criegee
intermediates generated in the first steps (68, 69). However, on
the basis of the mechanisms proposed here (Fig. 4 and fig. S2),
the production of DMF, formic acid, N-oxides, and aldehydes is
still expected. N-Nitroso compounds have also been reported as
common products of the reactions of secondary and tertiary
amines with HONO in acidic environments (60, 61, 70), where
HONO was formed from the decomposition of nitroformaldehyde
(62, 63) and •OOCH(•)NO2 Criegee intermediate (18).

Products of these reactions include a number of species of
concern from the point of view of health effects, including
NDMA and DMF (59). Thus, environmental assessments of the
impacts of EC that are multifunctional alkenes such as heartburn
medications and pesticides shown in Fig. 1A should take into
account not only the toxicity of the parent compound but also its
reaction products. The results presented here have even wider appli-
cability because ozone is often used in the preparation of drugs, syn-
thetic lubricants, and many other commercially useful organic
compounds (71, 72) as well as water treatment (16). The similarity
in the chemistry of the model compound DMNE and the neonico-
tinoid pesticide NPM supports the use of simpler model com-
pounds for predicting the chemistry of EC. Similar studies of
additional model compounds will help to further refine this ap-
proach to assessing the fates of EC.

MATERIALS AND METHODS
Preparation of ozone solutions
HPLC-grade CCl4 (≥99.9%; Sigma-Aldrich) was used as a nonpar-
ticipating solvent that avoids OH generation from ozone reactions

with water (73–75) or organic solvents containing a C-H bond (47).
Ozone was generated by passing oxygen (99.993%; Praxair) through
an ozonizer (Polymetrics Inc.) and bubbled into CCl4 at a flow rate
of ~300 ml min−1 at room temperature for 20 min. Dissolved O3
concentrations were measured using an ultraviolet-visible (UV/
Vis) spectrometer (Hewlett Packard model 8452A; path length of
1 cm) or a stopped-flow spectrophotometer (SX-18MV, Applied
Photophysics, Leatherhead, UK) with molar absorption coefficients
from Nakagawa et al. (76). Kinetics studies were carried out under a
range of O3 concentrations as shown in table S3 to verify that mea-
sured rate constants remained constant over the range. For product
studies, O3 solutions (0.15 to 0.20 mM) were prepared by flowing
pure O2 (100 ml min−1) through a low-pressure mercury lamp
(78-2046-5, Jelight Co. Inc.) into CCl4.

Model compounds and neonicotinoid NPM
The model compounds NTP (95%; AK Scientific), MNP (96%; Mu-
seChem), DMAA (≥99%; Sigma-Aldrich), DMNE (97%; Sigma-
Aldrich), and NPM (99.5%; Sigma-Aldrich) were used as received.
DPA was synthesized by condensation of anhydrous DMA with
propionaldehyde following the procedure of Ellenberger et al.
(77). More details regarding the synthesis are found in text S1. Syn-
thesized DPAwas determined to be the E-isomer (78) by 1H nuclear
magnetic resonance (NMR), and gas chromatography–MS analysis
showed a purity of ~93% (fig. S19). Each of the model compounds
was dissolved in CCl4 to give concentrations in the range of 66 μM
to 20 mM. Because DMNE and NPM had limited solubility in CCl4,
DMNE or NPM was first added to the CCl4 and mixed for 30 min.
The supernatant containing small concentrations of DMNE or
NPM was withdrawn for the experiments. To quantify the DMNE
or NPM concentrations in CCl4, a known amount of DMNE or
NPM was first dissolved in acetonitrile (≥99.9%; Sigma-Aldrich)
and then diluted by CCl4 more than 300 times to generate a calibra-
tion curve.

Stopped-flow experiments
Kinetics measurements in CCl4 were performed using a stopped-
flow spectrophotometer that allowed effective data collection start-
ing at 2 ms. The CCl4 solutions of the model compound or NPM
and ozonewere loaded into individual syringes. A known volume of
each reactant was forced into a quartz reaction cell (20 μl of volume
and 1 cm of path length) by a pneumatically controlled ram. A pho-
todiode array detector or photomultiplier was used to monitor the
reaction by measuring the decay of ozone and/or the model com-
pound (fig. S20). The stopped-flow experiments were carried out at
controlled temperatures ranging from 278 to 298 K using a circulat-
ing water bath.

Table S3 summarizes the analyte whose loss was followed for
each model compound, the wavelengths used, the reaction condi-
tions, and the range of concentrations of the reactants. The UV/
Vis (HP 8452A UV/Vis spectrometer) absorption spectra of NTP,
MNP and DMAA, and O3 overlap at the wavelengths used to
monitor O3 (fig. S21). More details about the calculations of reac-
tion rate constants for these five model compounds and NPM with
ozone were described in text S2. While the ozone concentrations
were higher in these studies than would be the case for ambient
air levels, this is not expected to affect the measurements of the fun-
damental rate constants.
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Product measurements
Solutions of O3 and the model compounds or NPM in CCl4 were
mixed rapidly in a 25-ml round-bottom flask. The use of higher
than ambient ozone concentrations could affect the distribution
of products if, for example, ozone reacts rapidly with Criegee inter-
mediates or initially formed products. However, the O3 concentra-
tions in the product studies were kept at less than half the model
compounds to minimize secondary oxidation reactions, and the
products identified are consistent with the proposed mechanisms
without having to invoke these secondary reactions. After the reac-
tion, the CCl4 solutions were injected into a liquid IR cell with NaCl
windows and a path length of 0.08 mm, and the IR spectra were re-
corded using FTIR (Mattson, RS Series) with a resolution of 1 cm−1

and 32 co-added scans. For some experiments, after the reaction
was complete, the solutions were heated to 55° to 65°C using a
water bath for half an hour to probe for thermal decomposition
of the SOZ. The solutions were then cooled down to room temper-
ature for the FTIR measurements. In some experiments, gaseous
O3/O2 was flowed over the top of the model compound in CCl4 sol-
ution, allowing the gas to diffuse into the solution. Standards—in-
cluding DMF (99.9%; Alfa Aesar), acetone (99.5%; Fisher
Chemical), formic acid (≥95%; Sigma-Aldrich), and CO2
(99.99%; Oxygen Service Co.)—were used as is for reference and/
or quantification.

Accurate mass measurements of the products were performed
using a Thermo Q Exactive Plus Orbitrap high-resolution mass
spectrometer (Thermo Fisher Scientific) with a mass resolving
power of 140,000 at m/z 200 and a scanning range of m/z 50 to
750. The Orbitrap mass spectrometer was coupled to a Vanquish
Horizon UHPLC platform (Thermo Fisher Scientific) equipped
with a Luna Omega 1.6-μm Polar C18 150-mm by 2.1-mm (Phe-
nomenex) column. All data were processed using Thermo Fisher
Scientific FreeStyle 1.6.

Quantification of some products was performed on a separate
LC-MS platform equipped with an Acquity ultra performance LC
(UPLC; Waters) system coupled to a Xevo TQD mass spectrometer
(Waters). The separation was performed using a Waters Acquity
BEH C18 column (1.7 μm, 50 mm by 2.1 mm). This method was
used for the quantification of DMA from DMNE ozonolysis
using a commercial standard (40 weight % DMA in H2O; Sigma-
Aldrich) for calibration. All data were acquired using Masslynx
v4.2 and TargetLynx for quantification.

DART-MS (DART-SVP with Vapur Interface; Ionsense) (18, 79)
was also used to measure DPA and its ozonolysis reaction products.
Reactions with O3 were performed in CCl4. Silicon strips were
dipped into the solutions before and after reaction and placed di-
rectly into the DART-MS source for sample analysis in the positive
ion mode. The DART ion source was coupled to a Xevo TQS triple
quadrupole mass spectrometer (Waters). The DART parameters
used were as follows: helium reagent gas flow, 3.1 liter/min;
helium gas temperature was varied from room temperature to
300°C; and grid electrode voltage, 350 V.

For some experiments, water was used to extract the products
from the CCl4 solvent before and after the reaction, and the extracts
were analyzed by IC (940 Professional IC Vario, Metrohm)
equipped with an anionic column (Metrosep A Supp 5). This was
used to identify nitrite ions expected from HONO as a product of
DMNE and NPM ozonolysis. Because the extraction efficiency was
unknown, nitrite production yield was not quantified here. More

information on the various analytical platforms used can be
found in text S3.

Local IE surface calculations
Structures of all compounds were optimized, and local IE surfaces
were calculated on the density surface (0.001 electron/bohr3) using
Spartan′20 (version 1.1.4) with DFT/B3LYP/6-311+G** (64, 66) in a
nonpolar solvent using the conductor-like polarizable continuum
model (C-PCM) (80). The B3LYP functional is useful for a broad
range of organic species (81), and the extended Pople basis set
and diffuse function are appropriate for polarizable systems (82).

Supplementary Materials
This PDF file includes:
Texts S1 to S3
Tables S1 to S3
Figs. S1 to S25
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