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ABSTRACT: Organic oxidation reactions in the atmosphere can
be challenging to parse due to the large number of branching points
within each molecule’s reaction mechanism. This complexity can
complicate the attribution of observed effects to a particular
chemical pathway. In this study, we simplify the chemistry of
atmospherically relevant systems, and particularly the role of NOx,
by generating individual alkoxy radicals via alkyl nitrite photolysis
(to limit the number of accessible reaction pathways) and
measuring their product distributions under different NO/NO2
ratios. Known concentrations of NO in the classically “high-NO”
range are maintained in the chamber, thereby constraining first-
generation RO2 (peroxy radicals) to react nearly exclusively with
NO. Products are measured in both the gas phase (with a proton-
transfer reaction mass spectrometer) and the particle phase (with an aerosol mass spectrometer). We observe substantial differences
in measured products under varying NO/NO2 ratios (from ∼0.1 to >1); along with modeling simulations using the Master
Chemical Mechanism (MCM), these results suggest indirect effects of NOx chemistry beyond the commonly cited RO2 + NO
reaction. Specifically, lower-NO/NO2 ratios foster higher concentrations of secondary OH, higher concentrations of peroxyacyl
nitrates (PAN, an atmospheric reservoir species), and a more highly oxidized product distribution that results in more secondary
organic aerosol (SOA). The impact of NOx concentration beyond simple RO2 branching must be considered when planning
laboratory oxidation experiments and applying their results to atmospheric conditions.

■ INTRODUCTION

Atmospheric organic oxidation mechanisms are highly
complex, involving numerous reaction branching points and
multiple generations of oxidation for an individual com-
pound.1,2 The large number of products formed from a given
compound, which isa strong function of the compound’s
structure and of reaction conditions, poses substantial
challenges for the elucidation of detailed mechanisms and
the prediction of major secondary species such as ozone and
secondary organic aerosol (SOA).3−5

A key branch point in atmospheric oxidation mechanisms
involves organic peroxy (RO2) radicals, which can react
bimolecularly with NOx, HO2, or other RO2 or undergo
unimolecular reactions.5,6 The role of NOx in the RO2 fate is of
particular interest as NOx is present across a wide range of
concentrations in the atmosphere, varying from ppt levels in
remote regions7 to tens or even hundreds of ppb in urban
settings and in biomass burning plumes.8−11 Under high-NO
concentrations (i.e., NO mixing ratios in the ppb level or
higher), the dominant reaction pathway for peroxy radicals is
RO2 + NO → RO + NO2,

4,5,12−15 with a minor contribution
from the reaction RO2 + NO→ RONO2.

16−18 Recent work on

NOx has gone beyond absolute NOx levels to focus on the role
of the NO/NO2 ratio in reaction mixtures. While some studies
have explored the role of this ratio in terms of important
subsets of atmospheric mechanisms (e.g., SOA, highly oxidized
molecules),19−21 the NO/NO2 ratio has not been investigated
in terms of its effects on the overall product distribution. This
limits our ability to accurately predict how reaction systems
respond to changes in NOx levels and risks leading to
inaccurate recreations of “polluted conditions” in laboratory
studies.
Here, we seek to better understand the detailed role of NOx,

and specifically the NO/NO2 ratio, in influencing product
distributions; this requires a reaction scheme in which the
initiating chemistry is independent of NOx and the product
distribution has a manageable complexity. We accomplish this
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via the photolysis of alkyl nitrite (RONO) compounds22,23 to
directly generate alkoxy radicals (key intermediates in organic
oxidation) in the presence of known concentrations of NO.
For larger RO radicals, such as the n-butoxy radical shown in
Figure 1, the dominant channel is isomerization to form an
RO2 radical, which can subsequently undergo a number of
reactions. This method involves no direct introduction of gas-
phase oxidants and the generation of a single initial organic
radical (as opposed to a mixture of radicals arising from
multiple potential OH-reaction sites, which is typical for
oxidant-initiated chemistry), greatly simplifying the product
distribution compared to traditional laboratory oxidation
studies.22−24 Moreover, it enables control over NOx levels in
a manner that does not affect the initial reaction rate, thus
facilitating the role of NOx to be studied directly.
These experiments are run under two NO concentrations,

both within the classical “high-NO” limit ([NO] ≫ 1 ppb),
but representing NO/NO2 ratios that differ by over an order of
magnitude. Such high concentrations of NO ensure that the
initially formed RO2 reacts almost exclusively with NO, thus
making it possible to probe these simple RO2 systems as a
function of changing the NO/NO2 ratio. Such systems can
provide insight into the mechanisms underlying the NOx-
dependence of VOC oxidation chemistry, specifically elucidat-
ing the role of the NO/NO2 ratio in environmental chamber
studies; this in turn may help to foster more realistic NOx
conditions in chamber studies simulating the formation of
SOA and other products under high-NOx reaction conditions.

■ MATERIALS AND METHODS

Chamber Conditions. Reactions were carried out in a 150
L PFA chamber (described in detail elsewhere25) surrounded
by an array of twelve 340 nm UV lights (Q-lab). The spectral
distribution of these lamps overlaps well with the absorption
spectrum of precursor RONO compounds,26 ensuring rapid
photolysis. UV irradiation in this wavelength range (290−400
nm) involves relatively low-energy photons, limiting the extent
of vibrationally/electronically excited products.22,26

Experiments were run at room temperature (∼25 °C) and
pressure (∼1 atm) in a semibatch mode, with sampling flows
balanced by an equal input of pure, low-RH (<1%) air,
resulting in a chamber residence time of approximately 15 min.
Prior to each experiment, the chamber was flushed with pure,
dry air for at least 1 h. Additionally, the internal walls of the
chamber were cleaned between groups of experiments by
flooding with O3 and H2O while irradiating overnight.
Experiments were run under one of two NO concentrations

to ensure the dominance of the RO2 + NO reaction. In
“higher-NO” experiments (NO/NO2 > 1), the chamber was
maintained at a constant concentration of ∼1 ppm NO by the
continual addition of NO prior to and throughout the run. In
“lower-NO” experiments (NO/NO2 ≈ 0.1, roughly represen-
tative of NO/NO2 ratios in ambient conditions27), the only
source of NO was from the photolysis of the RONO precursor,
resulting in a steady-state concentration of ∼40 ppb with the
lights on. (Full NO/NO2 ratios throughout a typical
experiment are provided in the Supporting Information.) At
these classically high-NO conditions, reactions with HO2 and
isomerization reactions cannot compete with the RO2 + NO
pathway.28−30 In addition to restricting accessible RO2 reaction
pathways, these high-NO concentrations further limit reaction
complexity by shortening the lifetime of secondary oxidants O3
and NO3, which could otherwise contribute to oxidation and
SOA formation.31 However, as described below, there is still
sufficient secondary OH formation in the reaction mixture to
affect the product distributions.
Prior to injection of RONO, the chamber was filled with dry

ammonium sulfate seed particles to provide surface area to
promote condensation of low-volatility products and to allow
for correction for particle losses due to dilution and wall loss.
Polydisperse (NH4)2SO4 seed was added to the system by
atomizing a 1 g L−1 aqueous solution with a constant output
atomizer (TSI) and passing the output through a desiccant
prior to entering the chamber. Following this, ∼400 ppb of the
RONO compound (described below) was injected into a
septum and carried by a stream of air into the chamber where

Figure 1. Major first-generation products of the photolysis of n-butyl nitrite. The resulting alkoxy radical will primarily isomerize, yielding an RO2
radical that can undergo a number of different reactions. Red arrows indicate dominant reaction pathways under the high-NO conditions employed
herein.
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it was allowed to mix in the dark for 2 min. Finally, the lights
were turned on to initiate the reaction and remained on for the
duration of the experiment (approximately 1 h).
Instrumentation. Product distributions were measured by

two real-time mass spectrometric instruments. Particle mass
and composition were measured by an aerodyne high-
resolution aerosol mass spectrometer (AMS),32 run in a “V
mode” (mass resolving power of ∼3000). The known ion
fragmentation of various ions detected by the AMS enabled the
extraction of the elemental ratios H/C and O/C,33 thereby
allowing the ensemble oxidation state of the SOA to be
measured throughout the course of the reaction.34 AMS
organic signal was normalized to sulfate concentration to
account for chamber dilution, wall loss, and changes in the
AMS collection efficiency.
Products in the gas phase were measured by a Vocus proton-

transfer reaction high-resolution time-of-flight mass spectrom-
eter (PTR-MS),35 which is capable of providing speciated
measurements of individual molecules and is exceptionally
sensitive to volatile compounds with relatively low carbon
oxidation states.36 To maximize its sensitivity to low-volatility
compounds, the Vocus inlet is heated to 100 °C to reduce wall
losses due to gas−wall partitioning. (The loss of gas-phase
species to chamber walls and instrument inlets is expected to
be minor in these experiments, as described in the Supporting
Information.) The pure RONO precursor is itself only weakly
detected by the Vocus as a protonated molecule ([M + H]+); it
is instead primarily detected as a combination of an aldehyde
(via loss of −NO, [M − NO]+) and an alkene (via loss of
−ONO, [M − ONO]+), as observed in previous work.37 One
challenge is that the aldehyde species is also a product formed
from the oxidation of the alkoxy radical. To deconvolute the
contributions to this ion from the RONO precursor and
aldehyde product, the aldehyde time series was fit with a
function that included a decay factor for the precursor and a
growth factor for the product, as shown in Figure S4.
The Vocus was calibrated by equating the total precursor

signal (counts per second) prior to photolysis to the known
amount of precursor injected into the chamber (∼400 ppb);
this ratio was then directly applied to all product compounds
as an approximate calibration factor. Given the relatively
limited range of oxidized functionalities and the tendency of
PTR calibration factors to vary only up to a factor of ∼2 in

either direction,38 the use of a single calibration factor for all
species is assumed to be a reasonable approximation. While
this approach introduces some error into the quantification of
individual product species, differences in measured levels of a
given compound in both the higher- and lower-NO experi-
ments are independent of calibration, thus allowing for a direct
comparison between experiments run under different NO/
NO2 ratios.
In addition to the mass spectrometric measurements of the

organic species, concentrations of NO and NO2 were
measured with one of two NOx monitors (Thermo Fisher
Scientific, Model 42i for measuring NO and NOx, or 2B
Technologies Model 405 nm for measuring NO and NO2; see
the Supporting Information for more details). The presence of
NOy in the chamber interfered with precise NO2 measure-
ments (details regarding the deconvolution of interfering
RONO signal from the pure NOx signal can be found in the
Supporting Information); however, an order-of-magnitude
difference in NO/NO2 ratios between the two sets of
experiments was still clearly observed. All gas-phase data
collected by the NOx monitor and Vocus-PTR were corrected
for dilution (with the exception of NO in the higher-NO
experiments, in which it is part of the dilution flow) using an
experiment-specific dilution rate based on chamber volume
and input flow rates.

Alkyl Nitrite Precursors. Experiments were carried out
with four straight-chain alkyl nitrites (n-butyl, n-pentyl, n-hexyl,
and n-decyl nitrites). This study focuses on n-butyl nitrite as a
simple model for gas-phase systems; n-pentyl nitrite was
employed to examine trends across another gas-phase system,
whereas the larger nitrites (n-hexyl and n-decyl nitrites) were
studied to examine SOA formation.23,39,40

N-butyl nitrite and n-pentyl nitrite were purchased directly
(Sigma-Aldrich) and used without further purification; n-hexyl
nitrite and n-decyl nitrite were not commercially available and
so were synthesized in the laboratory. Synthesis of alkyl nitrites
was carried out by O-nitrosation of the parent alcohol species
(Sigma-Aldrich), as described elsewhere.23,41,42 Confirmation
of the conversion of alcohol to alkyl nitrite was made by UV−
vis spectroscopy of the RONO mixture, with spectra similar to
those reported by Heicklen.26 After synthesis, RONO species
were wrapped in foil to limit exposure to ambient light and
stored in the refrigerator until they were used in an experiment,

Figure 2. Carbon-weighted concentrations of the precursor and the three major product ions from the photolysis of n-butyl nitrite under (a) lower-
NO and (b) higher-NO conditions, as measured by Vocus-PTR. Traces are labeled with the ion detected by the Vocus and the corresponding
chemical identity; see the Supporting Information for a detailed discussion of molecular assignments for Vocus ions.
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which typically occurred within 3 h of synthesis to maintain
integrity.
Master Chemical Mechanism Simulations. Simulations

using the Master Chemical Mechanism (MCM v3.2)43,44 run
using the F0AM package45 in MATLAB were employed to
map out the reaction mechanisms for individual NO regimes
and precursors. These simulations were exploited to further
probe differences between lower- and higher-NO conditions
and for estimating species that are not detectable by our
instruments (e.g., OH).
Because the precursor RONO species used in these

experiments are not included in the MCM, the experimentally
determined photolysis rate of the RONO (as measured by the
Vocus) was used to introduce RO and NO into the simulation
at a controlled rate; in higher-NO experiments, the
concentration of NO in the simulation was fixed at 1 ppm.
Simulations included a dilution factor to recreate chamber
conditions.

■ RESULTS AND DISCUSSION
Average NO/NO2 ratios are determined by comparisons of
NOx monitor measurements and MCM simulations. For
lower-NO experiments, the NO/NO2 ratio quickly reaches a
steady-state value of ∼0.1 with the lights turned on; for higher-
NO experiments, a constant flow of 1 ppm NO into the
chamber results in NO/NO2 > 1 throughout the experiment
(Table S1 and Figures S1 and S2).
Figure 2 shows the major gas-phase products (weighted by

ppb carbon) from the photolysis of n-butyl nitrite under lower-
NO (panel a) and higher-NO (panel b) conditions. These
major ions account for ∼60% (lower-NO) and ∼75% (higher-
NO) of measured secondary carbon; stacked plots of all
detected product traces are provided in Figure S5. In both
experiments, the precursor reacts away at a roughly equivalent
rate (average decay constant of ∼2 × 10−3 s−1), which is also
the case for all other precursors in these experiments; this
decay is consistent with precursor loss by photolysis that
exhibits no dependence on NO. While the precursor RONO is
capable of reacting directly with OH generated in the reaction
mixture, the concentrations of OH (predicted by MCM
simulations and shown in Figure S6) and small rate constant
(kRONO+OH < 3 × 10−12 cm3 mol−1 s−1)46 suggest that this
pathway is minor, accounting for only 5−10% of RONO loss.
The RO radicals formed from RONO photolysis are

expected to undergo the same reactions in both the lower-
NO and higher-NO experiments (Figure 1). A fraction
(∼20%) of the RO radicals are expected to react directly
with O2 to form butanal, but because the detected ion is the
same as one of the ions from the precursor (as discussed
above), the exact contribution of this minor channel is not well
constrained in these experiments. The majority of the RO
radicals will isomerize, forming a hydroxy-substituted RO2
radical. The high concentration of NO in both cases ensures
that this RO2 will react with NO, predominantly forming 4-
hydroxybutanal (C4H8O2, primarily detected as the dehydrated
C4H7O

+ ion by the Vocus47). A fraction of the RO2 will react
with NO to form the 4-hydroxynitrate product (C4H9NO4),
but the yield is expected to be very small (∼1%),5 and such
oxygenated nitrates are poorly detected by the Vocus.36 The
other RO2 channels are not expected to be competitive: under
both lower- and higher-NO conditions, the RO2 + HO2, RO2 +
RO2, and RO2 isomerization channels are expected to
contribute negligibly (≪1%) to the reaction, and the

peroxynitrate formed from RO2 + NO2 is too short-lived to
contribute to the reaction mixture.5,20

Despite the identical chemistry of the initially formed RO
and RO2 radicals under the two NO regimes, there are
substantial differences in their product distributions (Figure 2).
(These differences are much larger than expected run-to-run
variability, as duplicate runs show very little variation, as shown
in Figure S7.) Most notably, while the major product in both
cases is 4-hydroxybutanal (C4H7O

+), it is present in much
greater concentrations under higher-NO conditions. This
disparity arises from differences not in formation yield but in
loss rates; as shown in Figure S8, the initial formation rate of
this compound is the same in the two cases, as expected from
the RO2 chemistry (Figure 1). Because the main chemical sink
of hydroxybutanal is oxidation by OH (photolysis is only a
very minor channel, estimated to be ∼2% by MCM), the more
rapid loss of this species under lower-NO conditions implies
that lower-NO experiments involve higher concentrations of
OH.
While the reaction system used here did not involve the

initial generation of OH, secondary OH can be formed from
the reaction of HO2 (formed after the isomerization of the
hydroxyalkoxy radical; Figure 1) with NO. MCM simulations
predict that, under higher-NO conditions, OH is produced at a
greater rate (by a factor of ∼2.5) but that the OH reactivity is
higher still (largely due to increased NOx levels), leading to
lower levels of OH overall (Figure S6). The prediction of
higher OH levels under lower-NO conditions is further
confirmed by the higher mean carbon oxidation state (OS )C
34 of the measured product distribution under lower-NO
conditions; this trend of increased oxidation under lowerNO/
NO2 ratios is also observed for the photolysis of n-pentyl
nitrite (Figure S9).
The photolysis of n-butyl nitrite produces no observable

SOA, consistent with the small carbon skeleton and
consequently high volatility of the products formed. Larger
nitrites (nC > 5), however, can form products with sufficiently
low volatilities to contribute to the formation of SOA.23,40 This
is evident from Figure 3, which shows SOA formation from the
photolysis of n-pentyl nitrite, n-hexyl nitrite, and n-decyl nitrite
under lower- and higher-NO conditions. As in the gas phase,
the particle-phase measurements exhibit differences under the
two NO regimes. All three precursors exhibit higher SOA
production under lower-NO conditions as measured in the
plateau region (i.e., after 10 min). Most notably, n-pentyl
nitrite produces no measurable SOA under higher-NO
conditions but measurable levels under lower-NO conditions.
Additionally, n-hexyl nitrite and n-decyl nitrite produce
approximately 64 and 78% more SOA under lower-NO
conditions, respectively. (As shown in the Supporting
Information, the observed differences are greater than the
uncertainty in the measurements.) As with results in the gas
phase, this can be attributed to higher levels of secondary OH
under lower-NO conditions, leading to more highly oxidized
products that partition into the particle phase. This
observation is also in agreement with previous studies that
see SOA yields for most systems as being inversely correlated
with NO concentrations.12,19 Further, the mean oxidation state
of measured SOA formed from n-decyl nitrite (the only
precursor for which SOA formation is large enough for a
precise measurement of OSC) is greater under lower-NO
conditions (−1.34) than under higher-NO conditions

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.0c07621
Environ. Sci. Technol. 2021, 55, 6594−6601

6597

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c07621/suppl_file/es0c07621_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.0c07621?rel=cite-as&ref=PDF&jav=VoR


(−1.45); this is consistent with the observed mean oxidation
states in the gas-phase product distributions.
The difference in OH in the lower-NO and higher-NO

experiments thus leads to differences in the formation of later-
generation products, the extent of oxidation of the product
distribution, and the formation of SOA. While this effect is
mostly important in laboratory studies (this chemistry does not
have a controlling influence on OH in the atmosphere), the
NO/NO2 ratio is likely to affect product distributions via other
effects as well. To further investigate the influence of NOx on
VOC oxidation product distributions, Figure 4a compares the

average (carbon-weighted) concentrations of different gas-
phase products from n-butyl nitrite photolysis under the two
different NO/NO2 ratios. The higher-NO regime is charac-
terized by a dominant concentration of 4-hydroxybutanal
(C4H7O

+) due to lower levels of OH and therefore a longer
lifetime, as discussed above (Figures 2 and S8). Conversely,
greater OH concentrations under lower-NO conditions result
in a wider variety of products and greater concentrations of
products with higher oxidation states (Figures 4 and S10),
providing the basis for the larger OSC (Figure S9). This
includes multigenerational oxidation products such as propanal
(C3H7O

+, formed from the reaction of butanal + OH), which
has a greater concentration under lower-NO conditions
(Figures 2 and 4).
Figure 4b shows the same comparison of product

distributions in the two NO regimes but based on MCM
predictions rather than experimental data. While detailed
comparisons between Vocus and MCM distributions are
beyond the scope of this work, the fact that the MCM predicts
fewer major products than are measured by the Vocus is likely
attributable to individual molecules being detected as multiple
fragment ions by the Vocus and to the generally simplified
chemistry of the MCM. Overall consistencies between the
MCM simulations and Vocus data include a predominance of
4-hydroxybutanal (C4H8O2) occurring under both NO
regimes, with a greater concentration of this species under
higher-NO conditions. These general results are similar to
those from the n-pentyl nitrite system (Figures S11 and S12).
The most pronounced differences between the two NOx

regimes in Figure 4b are the PAN compounds (e.g.,
C4H7NO6), which are considerably more prevalent under
lower-NO conditions and, as discussed below, are second-
generation oxidation products. PANs are not detected directly
by PTR-MS but can be detected by known fragmentation
patterns.48−50 One example is C4H7O2

+, a predicted tracer ion
for C4H7NO6 (analogous to C2H3O

+ serving as a tracer ion for
peroxyacetyl nitrate, C2H3NO5);

48 its identity as a PAN is
further suggested by the induction period observed in its time

Figure 3. AMS total organic time series under lower-NO (dashed
lines) and higher-NO (solid lines) concentrations. Traces are
normalized to sulfate concentration to account for wall losses,
collection efficiency, and dilution. N-butyl nitrite produces no organic
aerosol, similar to n-pentyl nitrite under higher-NO conditions, and so
it is not shown.

Figure 4. Correlation plots for fractions of gas-phase products under lower-NO vs higher-NO regimes, averaged over the entire experiment. Panel
(a) Vocus-PTR observations. Panel (b) MCM predictions. Markers are shaped according to the class of molecule and are colored by the mean
carbon oxidation state (OS )C . Labeled compounds in panel (a) are the same as those in Figure 2; all other compounds are discussed in detail in the
Supporting Information. MCM results (panel b) include labels for peroxyacyl nitrate (PAN) species (solid triangles); potential PAN fragments are
represented by filled markers in panel (a). The dashed line represents the 1:1 ratio.
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series (Figure 2), which is indicative of later-generation
products. Potential PAN fragments are represented by shaded
squares in Figure 4a. (A more detailed discussion of these
other PAN-related ions detected by the Vocus can be found in
the Supporting Information.) Although these compounds are
more prevalent under lower-NO conditions, the measured
differences are not as dramatic as predicted by MCM
simulations. This may be because these ions are not unique
to PAN fragments, as they may be formed from the
fragmentation of other product ions (e.g., acyl compounds),
potentially resulting in a shift toward the 1:1 line. For example,
while C4H7O2

+ is a tracer for C4H7NO6, it could be a tracer for
4-hydroxybutanoic acid and similar species as well.
PAN formation, from the reaction of acylperoxy radicals

with NO2, is not shown in Figure 1, since acylperoxy radicals
are not formed as first-generation radicals from alkoxy radical
isomerization. Instead, acylperoxy radicals will be formed from
the oxidation of first-generation aldehyde species, such as 4-
hydroxybutanal:

+ +

→

C H O (hydroxybutanal) OH O

C H O (acylperoxy radical)
4 8 2 2

4 7 4 (1)

+ FC H O (acylperoxy radical) NO C H NO (PAN)4 7 4 2 4 7 6
(2)

Rates of PAN formation are observed (Figure 4a) and
predicted (Figure 4b) to be substantially greater under lower-
NO conditions. This is a result of two factors: the difference in
OH levels (as discussed above), which controls the formation
of acylperoxy radicals, and the subsequent chemistry of the
acylperoxy radical. When NOx is present, acylperoxy radicals
are limited to two reactions: reaction with NO2 to form PAN
and reaction with NO to form acyloxy radicals. The
concentrations of PAN species are thus a strong function of
the NO/NO2 ratio, as discussed elsewhere.4,14,19,20 Under
higher-NO conditions, this ratio is sufficiently high (NO/NO2
> 1) that the acylperoxy + NO pathway is dominant, limiting
the formation of PAN. Under lower-NO conditions (NO/NO2
≈ 0.1), there is considerable competition from the acylperoxy
+ NO2 pathway, resulting in the accumulation of PAN species.
Thus, PAN formation is more favored under lower-NO than
under higher-NO conditions because it fosters higher OH
levels and a greater rate of the acylperoxy + NO2 reaction. This
additional PAN formation, which is observed in the measure-
ments and predicted by MCM simulations (Figure 4),
sequesters RO2 radicals from the reaction mixture, terminating
the oxidation chain and decreasing the extent to which
subsequent chemistry occurs over the time scales of the
experiments.4,14,20

■ IMPLICATIONS
These results are broadly consistent with previous studies that
demonstrate the importance of NOx in controlling product
distributions, beyond the prevailing RO2 + NO reaction in
high-NO systems. Hoffmann et al.21 suggested the role of NOx
in controlling the relative concentrations of secondary oxidants
and the subsequent influence on SOA formation. A number of
recent studies have examined the specific role that PAN
formation and the NO/NO2 ratio may play in laboratory
studies of hydrocarbon oxidation. Chan et al.19 demonstrated
the importance of the NO/NO2 ratio in governing SOA
production from isoprene oxidation, in which PAN is an

intermediate in SOA formation. Specifically, they found that
even under high-NO conditions, low NO/NO2 ratios foster
increased production of PAN, which subsequently contributes
to SOA generation. Rissanen et al.20 expanded on that work by
characterizing the individual contributions of NO and NO2 in
the formation of highly oxidized multifunctional compounds
(HOMs), finding that the NO/NO2 ratio effectively controls
the identities of HOMs in oxidation systems. Similarly, the
modeling study of Peng et al.4 highlighted the importance of
accurately representing NOx chemistry (including PAN
formation) and oxidant levels in oxidation flow reactors
(typically used for measurements of SOA formation) to reflect
atmospheric conditions.
This work builds on these previous studies by showing that

the entire product distribution (not only the formation of
HOMs and SOA) can be impacted by NOx effects that go
beyond the standard RO2 branching (RO2 + NO vs. RO2 +
HO2 vs. RO2 isomerization). We find that, even in a high-NO
regime, a lower-NO/NO2 ratio fosters higher concentrations of
secondary OH, higher PAN concentrations, and a more highly
oxidized product distribution. Together, these results can affect
the entire product distribution in chamber experiments,
leading to a potential disconnect between chamber results
and product distributions expected in the atmosphere.
PAN plays an important role in atmospheric systems by

sequestering HOx and NOx, thereby influencing the kinetics of
organic carbon evolution. Here, PAN formation is observed to
be highly sensitive to the NO/NO2 ratio. Under lower-NO
conditions, PAN is observed to form preferentially, limiting the
extent of subsequent chemistry. As such, PAN formation can
affect SOA formation even when it does not serve as a direct
intermediate in SOA formation (as is the case in isoprene
oxidation19). This has implications for recreating high-NO
atmospheric conditions in chamber experiments. Specifically,
when trying to achieve polluted conditions, it is not sufficient
to flood the reactor with NO; while this ensures that RO2 +
HO2 and RO2 isomerization reactions cannot compete with
RO2 + NO, it risks leading to PAN concentrations that may
not be representative of atmospheric conditions. Rather, the
atmospheric NO/NO2 ratio has an important influence on the
relevance of chamber results to atmospheric conditions; a
lower-NO/NO2 ratio results in increased levels of SOA (via
the increasingly competitive RO2 + NO2 reaction channel),
while a higher-NO/NO2 ratio results in fewer products and
lower mean oxidation states. This work therefore highlights the
need for experimental studies of product distributions and
SOA formation to be carried out under atmospherically
relevant NO/NO2 ratios. This has been suggested previously
for the accurate simulation of SOA and HOM formation;19,20

here, we show that the use of atmospherically relevant NO/
NO2 ratios is important in virtually all oxidation systems to
better simulate the complex, multiphase product distributions
generated during atmospheric oxidation processes. It is thus
important that laboratory product studies be carried out under
conditions in which both the NO/NO2 ratio and RO2

chemistry are accurately representative of the atmosphere.
Both the absolute NOx level and the NO/NO2 ratios may be
important in controlling product distributions, and future
study of these effects should focus on how product
distributions depend on both.
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