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Effect of the nitrate group on yields and composition of secondary organic
aerosol formed from reactions of alkyl nitrates with OH radicals in the
presence of NOx

Lucas B. Algrima,b,c and Paul J. Ziemanna,b

aDepartment of Chemistry, University of Colorado, Boulder, Colorado, USA; bCooperative Institute for Research in Environmental
Sciences (CIRES), Boulder, Colorado, USA; cDepartment of Chemical and Environmental Engineering, University of California, Riverside,
California, USA

ABSTRACT
A systematic study was conducted on the effect of a nitrate functional group on secondary
organic aerosol (SOA) products and yields from reactions of C10 alkyl nitrate isomers with
OH radicals in the presence of NOx. The 1- through 5-decyl nitrate isomers were synthesized
from their corresponding alcohols, reacted in an environmental chamber, and the precursors
and SOA were analyzed using online and offline techniques. SOA products were analogous
to those formed from similar reactions of the C10 n-alkane (decane), but with an additional
nitrate group. The SOA yield was highest when the nitrate group was on the terminal car-
bon and decreased monotonically from 0.51 to 0.50, 0.44, 0.28, and 0.15 as it moved toward
the center of the molecule, at which point it was similar to that from decane. The explan-
ation for this trend, which is supported by results of calculations performed using a kinetics
model, involves a combination of the effects of the nitrate group on product vapor pres-
sures and reaction branching ratios. In general, although the nitrate group lowers the vapor
pressures of products relative to the corresponding products of the decane reaction, thus
enhancing gas-to-particle partitioning and SOA formation, as it moves toward the center of
the molecule it also alters the branching ratios for reaction pathways so as to enhance the
formation of more volatile products. The results are compared with those from similar stud-
ies on ketone and alcohol isomers to gain a more comprehensive understanding of the
effects of functional groups on SOA composition and yields.

ARTICLE HISTORY
Received 15 January 2020
Accepted 11 April 2020

EDITOR
Jim Smith

Introduction

Volatile organic compounds (VOCs) are emitted to the
atmosphere from anthropogenic and natural sources
(Finlayson-Pitts and Pitts 2000). Once there, they can
undergo chemical processing that leads to a myriad of
functionalized reaction products with lower vapor pres-
sures, which have an enhanced tendency to undergo
gas-to-particle partitioning and form secondary organic
aerosol (SOA) (Kroll and Seinfeld 2008; Ziemann and
Atkinson 2012). Concentrations of SOA are highest in
urban areas (Zhang et al. 2007), and have been shown
to have negative health impacts on human populations
(Dockery et al. 1993). SOA has also been implicated as
a cause of poor visibility in cities, often called “urban
haze” (P€oschl 2005). An important difference in the
composition of air in urban compared to remote areas
is the higher concentrations of NOx (NOþNO2), which
is generated primarily from combustion (Singh 1987).

One effect of higher NOx concentrations is increased
production of O3 (Perring, Pusede, and Cohen 2013),
which affects human health and is damaging to forests
and agricultural crops (Krupnick, Harrington, and Ostro
1990; Murphy et al. 1999). Another consequence is the
enhanced formation of organic nitrates, which are
formed through reaction of NO with alkylperoxy radi-
cals that are key intermediates in nearly all VOC oxida-
tion mechanisms, and can also be formed by reaction of
NO3 radicals with alkenes (Atkinson 2000). The forma-
tion of organic nitrates sequesters NOx, thus reducing
O3 formation, and also reduces VOC volatility, thus
potentially enhancing SOA formation (Perring, Pusede,
and Cohen 2013). Evidence for the importance of
organic nitrates in SOA formation has been obtained
from measurements of SOA composition made in or
downwind of urban areas as well as modeling studies
(Xu et al. 2015; Pye et al. 2015).
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A number of laboratory studies have provided
information on the role of organic nitrates in SOA
formation from OH radical-initiated reactions of alka-
nes (Lim and Ziemann 2005, 2009a, 2009b) and
alkenes (Matsunaga et al. 2009; Matsunaga and
Ziemann 2009) under high NOx conditions, and from
reactions of NO3 radicals with alkenes (Gong,
Matsunaga, and Ziemann 2005; Ng et al. 2008; Fry
et al. 2014; Yeh, Claflin, and Ziemann 2015; Boyd
et al. 2015; Ng et al. 2017; Claflin and Ziemann 2018).
The experiments with alkanes were conducted under
conditions for which first-generation alkyl nitrate
products could react with OH radicals to form multi-
generation products, but there have not been con-
trolled studies on SOA formation from alkyl nitrates.
In previous studies we measured the yields of SOA
formed from OH radical-initiated reactions of iso-
meric alkanes (Lim and Ziemann 2009a), ketones
(Algrim and Ziemann 2016), and alcohols (Algrim
and Ziemann 2019), and observed large differences
that could be explained by the effect of isomer struc-
ture on reaction mechanisms. These results, when
combined with estimates of the effect of functional
groups on VOC vapor pressure, provided a better
understanding of the role of VOC structure on SOA
products and yields. Here, we extend these studies to
alkyl nitrates, and observe interesting similarities and
differences with our previous results, all of which yield
useful insights into the importance of atmospheric
aging on SOA formation.

Experimental

Chemicals

The following chemicals, with listed purities and sup-
pliers were used in this study: 1-decanol, 2-decanol, 3-
decanol, 4-decanol, and 5-decanol (�95%,
ChemSampCo); urea (ACS grade, J.T. Baker); aceto-
nitrile (ACS gradient grade, Sigma Aldrich); ethyl
acetate (ACS grade, Millipore); 95% aqueous sulfuric
acid (ACS grade, Fischer); 70% aqueous nitric acid
(ACS reagent grade, Macron); and NO (CP grade,
Matheson Tri-Gas). Methyl nitrite was synthesized
according to the procedure of Taylor et al. (1980) and
stored at room temperature in a lecture bottle. The
methyl nitrite purity was determined to be >99% by
Fourier transform infrared (FTIR) spectroscopy.

Synthesis of alkyl nitrate isomers

The alkyl nitrate isomers needed for this study were
not commercially available, and so were synthesized

from the corresponding C10 alcohols using an estab-
lished method (Boschan, Merrow, and Van Dolah
1955). The procedure was as follows: 1mL of HNO3,
3mL of H2SO4, and 0.1 g urea were mixed in a small
round-bottom flask, which was placed in a salted ice
bath. As the acid mixture and the ice bath were both
mixed with Teflon stir bars, an alcohol was added
dropwise to the acid mixture, at a rate of about 1 drop
every 3 s. For safety, no more than 0.5mL of alcohol
was used in each batch. To obtain a reasonable yield
(50–90%) it is imperative that the alcohol is added
very slowly and the mixture is continually stirred.
Failure to do so results in formation of a carbonyl as
the primary product. The resulting clear solution was
poured over ice in a separatory funnel and extracted
into hexane. Purification was achieved by flash chro-
matography using silica gel (35–75 lm particle size)
and a mobile phase of 95:5 hexane:ethyl acetate.
Fractions eluting from the column were collected in
test tubes, and then an aliquot from each test tube
was spotted onto a silica gel-coated thin layer chroma-
tography plate, fractionated using a mobile phase of
95:5 hexane:ethyl acetate, and developed with a per-
manganate stain to give three spots. The spots due to
the precursor alcohol and carbonyl product were iden-
tified using standards, and the third spot was the alkyl
nitrate, which had the largest retention factor due to
its lower affinity for the silica gel stationary phase. All
test tubes containing the alkyl nitrate were then com-
bined in one vial, the solvent was evaporated using a
stream of UHP N2, and the remaining alkyl nitrate
was stored in a freezer at –30�C until needed.

The purity of the alkyl nitrates was determined to
be �95% using gas chromatography with flame ion-
ization detection (GC-FID), and confirmed using atte-
nuated total reflectance (ATR)-FTIR spectroscopy. For
the GC-FID analysis an alkyl nitrate/ethyl acetate
solution was injected into the inlet of a Hewlett-
Packard 6890 gas chromatograph equipped with a
30m� 0.53mm Agilent DB-1701 column with 1lm
film thickness. The injector was held at 40 �C and the
column temperature was ramped at 10 �C min�1 to
280 �C and the eluted compounds were quantified
with the FID. The purity was quantified as the ratio
of FID peak area of the synthesized nitrate over the
summed area of all peaks in the chromatogram to
obtain the stated purity of �95% mass percent. Figure
S1 in the online supplementary information (SI)
shows the ATR-FTIR spectra of purified 2-decyl
nitrate, and 2-decanol and 2-decanone standards,
which confirms the high purity of the alkyl nitrates.
The three dominant peaks at 1620, 1275, and
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860 cm�1 are all indicative of the nitrate group (Day
et al. 2010), and the sample contains no detectable
alcohol, as indicated by the absence of an O–H stretch
at 3300 cm�1, or ketone byproduct, as indicated by
the absence of a peak at 1720 cm�1.

Chamber experiment protocol

Experiments were performed at ambient temperature
(�25�C) and pressure (�84 kPa) in an 8m3 FEP
Teflon environmental chamber. Purified air was sup-
plied by AADCO clean air generators (<5 ppb hydro-
carbons, and <1% RH). The chamber was first seeded
with �200mg m�3 of either dioctyl sebocate (DOS) or
dioctyl phthalate (DOP) polydisperse aerosol with
peak particle diameter of �200 nm, which was added
from an evaporation-condensation source. A meas-
ured mass of an alkyl nitrate was then added from a
heated glass bulb using ultra-high purity (UHP) N2.
Thermal decomposition was avoided by heating the
bulb to only �65�C, well below the temperatures alkyl
nitrates encounter during gas chromatographic ana-
lysis, and limiting the residence time in the gas phase
to �1 s by flushing with 15 L min�1 of UHP N2. Glass
bulbs containing a measured pressure of methyl nitrite
or NO were prepared on a vacuum manifold and
added to the chamber with UHP N2 in amounts suffi-
cient to achieve concentrations of 5 ppm of each in
the chamber. Reactions were initiated by turning on
blacklights that are located on two sides of the cham-
ber for 60min at a light intensity corresponding to an
NO2 photolysis rate constant of 0.37min�1. Under
these conditions OH radicals were generated from the
photolysis of methyl nitrite (Atkinson et al. 1981)
with average concentrations of �3� 107 molecules
cm�3, based on the amount of alkyl nitrate that
reacted and an estimated rate constant for its reaction
with OH radicals (Ziemann and Atkinson 2012).

Gas sampling and analysis

The amount of alkyl nitrate that reacted in an experi-
ment was determined by collecting gas samples onto
Tenax adsorbent at 250mL min�1 for 2.0min at least
twice before and twice after the reaction. The Tenax
cartridge was then loaded into the inlet of the GC-
FID described above and thermally desorbed at 240 �C
for 7min as the column was held at 40 �C. The col-
umn temperature was then ramped at 10 �C min�1 to
280 �C and the eluted compounds were quantified
with the FID. Chromatograms before reaction were
checked to verify that the alkyl nitrate had not

thermally decomposed upon addition to the chamber
or during analysis, which would have been indicated
by the presence of additional peaks. Because Tenax
samples were collected at multiple times before and
after reaction, it was possible to ensure that gas-wall
partitioning equilibrium was established (as indicated
by an approximately constant concentration over
time). In this case, the concentration of alkyl nitrate
reacted can be calculated using the equation
[AN]reacted ¼ [AN]T,i(1� FIDf/FIDi), where [AN]T,i is
the mass of added alkyl nitrate divided by the cham-
ber volume, and FIDi and FIDf are the FID signals/
volume of air sampled, measured before and after
reaction (Yeh and Ziemann 2014a). The concentration
of NO in the chamber was monitored using a Thermo
Fisher 42C NO-NO2-NOx Analyzer.

Particle sampling and analysis

A scanning mobility particle sizer (SMPS) was used to
monitor the particle volume concentrations during
seeding and reaction (Tobias et al. 2001). Particle
composition was monitored in real time using a ther-
mal desorption particle beam mass spectrometer
(TDPBMS) (Tobias et al. 2000). Duplicate particle
samples were also collected on Teflon filters
(Fluoropore, 0.45lm) at 14 L min�1 for �90min after
the lights were turned off. Particulate matter was
extracted with replicate rinses of ethyl acetate, dried
in a stream of UHP N2, reconstituted in acetonitrile,
and stored in a freezer at –30�C for later analysis.
Extracts were fractionated on a Shimadzu HPLC
equipped with an Agilent Zorbax Eclipse Plus XDB-
C18 column (250� 4.6mm with 5 lm particle size). A
binary phase solvent gradient was started at 100%
solution A (5% acetonitrile in water) and ramped to
60% A at 2.0% min�1 and then from 60 to 0% A at
1.5% min�1, where it was held for 20min. Solution B,
which made up the remainder of the mobile phase,
was pure acetonitrile. Organic compounds containing
nitrate groups were detected at 210 nm (Matsunaga
and Ziemann 2009), and after passing through the
detector were atomized in a Collison atomizer to cre-
ate an aerosol, passed through a Perma Pure nafion
dryer to evaporate solvents, and sampled into the
TDPBMS to obtain EI mass spectra of individual
HPLC peaks.

Quantification of SOA yields

SOA mass yields were calculated for each reaction as
the mass of SOA formed divided by the mass of VOC
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reacted (Odum et al. 1996). The mass of alkyl nitrate
that reacted was determined by GC-FID analysis as
described above. The mass of SOA formed was calcu-
lated from the maximum aerosol volume concentra-
tion measured with the SMPS (which occurred
�20–45min into the reaction), corrected for particle
wall loss (Algrim and Ziemann 2019) using the meas-
ured decay of a characteristic seed particle TDPBMS
peak (3–18% h�1 depending on the experiment).
Since the DOS and DOP are essentially nonvolatile,
the decay in their signal during an experiment could
be fully attributed to particle wall loss. This approach
does not account for particle size-dependent wall loss
rates, but since the average particle diameter grew to
>200 nm within a few minutes of initiating the reac-
tion this effect should be negligible in our experiments
(Wang et al. 2018). The corrected maximum aerosol
volume concentration was then converted to a mass
concentration by multiplying by the ratio of the mass
collected on filters to the aerosol volume concentra-
tion integrated over the filter collection period.
Typical conversion factors were �1.5, and accounted
for particle density and errors in calculating the vol-
ume distribution from the SMPS measurements.
Unpublished comparisons made in our lab using filter
samples of spherical DOS and DOP particles of
known density indicate that the correction for the
SMPS is �1.3, consistent with studies indicating
errors of up to ±30% in SMPS measurements of aero-
sol volume concentrations (Wiedensohler et al. 2012,
2018). This indicates a particle density of �1.15 g
cm�3, similar to the value of 1.13 g cm�3 measured
for SOA formed from a similar reaction of 1-tetrade-
cene (Matsunaga et al. 2009), which should consist of
compounds with similar composition of functional
groups but slightly longer carbon chains. Use of this
factor did not change the trends in the SOA yields,
but should improve the accuracy of the values. And
although reaction products can undergo gas-wall par-
titioning in environmental chambers (Matsunaga and
Ziemann 2010; Krechmer et al. 2016), thus delaying
oxidation and reducing product and SOA yields, no
correction was attempted for this process. Such cor-
rections are challenging and usually require either a
dynamic model that includes a full reaction mechan-
ism and estimates of product vapor pressures and wall
properties (La et al. 2016), or measurements of SOA
yields using seed particles with a range of surface area
concentrations (Zhang et al. 2014). Estimates from the
modeling study of La et al. (2016) indicate that gas-
wall partitioning of products formed from the 60min
reaction of OH radicals with tetradecane, which

should have similar vapor pressures to those formed
from the reactions of the C10 alkyl nitrates (see dis-
cussion below), reduced the measured yield of SOA
by �35%. Since the effects of gas-wall partitioning
should have been similar for the different alkyl nitrate
isomers studied, and we were primarily interested in
trends in SOA yields, the values measured here should
still provide the information needed to evaluate the
major effects of a nitrate group and its position on
SOA products and yields.

Results and discussion

Reaction mechanism

The proposed mechanism of the OH radical-initiated
reaction of decyl nitrates in the presence of NO is
shown in Figure 1, where the 3-decyl nitrate isomer is
used as an example. It is based on the well-established
mechanism of reaction of n-alkanes (Ziemann 2011),
with the presence of a nitrate group on the parent
compound only altering the branching ratios for the
reaction pathways. Reaction occurs by abstraction of
an H atom from anywhere along the alkyl chain to
form water and a nitrooxyalkyl radical. Abstraction at
the a- and b-carbons is deactivated relative to abstrac-
tion at the corresponding carbons in decane (Ziemann
and Atkinson 2012), however, which is an important
feature of alkyl nitrate oxidation when compared to
ketones and alcohols, where the functional groups
mostly activate H atom abstraction. In Figure 1 we
show reactions following abstraction at the a-, b-, and
c-carbons. Reaction at the a-carbon is followed by
immediate decomposition to a carbonyl and NO2,
whereas abstraction anywhere else is followed by add-
ition of O2 to form a nitrooxyperoxy radical. Under
high NOx conditions, b-nitrooxyperoxy radicals react
with NO to form a b-dinitrate (NN) or a b-nitroox-
yalkoxy radical and NO2. This b-nitrooxyalkoxy rad-
ical can decompose to a pair of aldehydes and NO2,
or isomerize via a 1,5-H-shift and add O2 to form a
nitrooxyhydroxy peroxy radical. Reaction of this rad-
ical with NO forms a hydroxydinitrate (NHN) or a
nitrooxyhydroxy alkoxy radical, which reverse isomer-
izes and reacts with O2 to form a nitrooxyhydroxy
carbonyl (NHC) and HO2. When NHC partition to
particles they quickly cyclize to nitrooxy cyclic hemia-
cetals (NCHA), which can dehydrate to form nitrooxy
dihydrofurans (NDHF) through a reaction that is cat-
alyzed by HNO3 formed from the
OHþNO2 reaction.

The mechanism of reaction following H atom
abstraction at the c-, d-, and e-carbons are similar to
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this, and lead to formation of NN, NHN, NHC,
NCHA and NDHF. In these reactions, however, the
nitrooxyalkoxy radical can also isomerize toward the
nitrate group, as shown on the right side of Figure 1.
This again leads to NHN, NHC, NCHA and NDHF;
but also forms a hydroxyaldehyde and aldehyde,

hydroxycarbonyl, and a pair of hydroxyaldehydes for
the c-, d-, and e- pathways, respectively. First-gener-
ation NN products that are present in the gas phase
can react with OH radicals by the same H atom
abstraction mechanisms described above to form NN-
N, NN-HN, NN-CHA; NDHF can react by OH

Figure 1. Mechanism of formation of first-generation products of the reaction of 3-decyl nitrate with OH radicals in the presence
of NO. On the basis of gas-particle partitioning calculations the products are predicted to mostly partition as follows: 3-Decyl
Nitrate, Ketone, Aldehyde, NDHF, Hydroxyaldehyde in the gas phase (green); NHN, NHC, NCHA in the particle phase (red); and NN
in the both gas and particle phases (blue).
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radical addition to the C¼C bond to form a nitrooxy-
carbonyl ester (N-CE) or nitrooxy cyclic hydroxyni-
trate ether (N-CHNEt); and the N-CE can react with
OH radicals by the same H atom abstraction mecha-
nisms described above to form N-CE-CHA and N-
CE-HN (Ziemann 2011). Selected isomers of major
second- and third-generation products are shown in
Figure 2. Because multi-generation products can be
formed through many permutations, and the reaction
mechanisms by which functional groups are added are
the same as those shown in Figure 1, the reaction
mechanisms are not shown in the figure. The pre-
dominant phase of each product: gas, particle, or gas
and particle was predicted using gas-particle partition-
ing theory (Pankow 1994), SIMPOL.1-calculated vapor
pressures (Pankow and Asher 2008), an organic aero-
sol mass concentration of 1500mg m�3, a mean
molecular weight of organic aerosol of 250 g mole�1,
and activity coefficients of 1, and are designated in
Figures 1 and 2.

TDPBMS mass spectra

The TDPBMS mass spectra of SOA averaged over the
60min reactions of the 1- through 5-decyl nitrate

isomers are shown in Figure 3a. Spectra are relatively
simple and similar for all the isomers. Four key peaks
are present for every isomer at m/z 216, 232, 260, and
277. As shown in Table 1, these peaks can be assigned
to ions formed by the neutral losses of OH,
H2OþNO2, HNO3 þ NO2, and NO3 from molecular
ions of the C10 products shown in Figures 1 and 2, with
no evidence for decomposition products. We have
shown previously (Algrim and Ziemann 2019) that these
losses are characteristic of structures containing a CHA,
HN, NN, and N (not associated with an HN or NN
group) groups, respectively. The time profiles of these
ions are shown in Figure 3b for the 3-decyl nitrate reac-
tion and are consistent with the assignments. The sharp
rise in the m/z 216 profile is characteristic of first-gener-
ation products (NCHA and NHN), with the slow but
significant decrease beyond the maximum being due to
dehydration of NCHA. The slower rise of the m/z 232
and 277 profiles is characteristic of second-generation
products (NN-CHA, NN-HN, and N-CHNEt), and the
long lag in the m/z 260 profile is characteristic of third-
generation products (N-CE-CHA and N-CE-HN), both
which are formed through reactions that include dehy-
dration of CHA to DHF, which is much slower than
the gas phase reactions (Lim and Ziemann 2009c).

Figure 2. Second- and third-generation products of the reaction of 3-decyl nitrate with OH radicals in the presence of NO. On the
basis of gas-particle partitioning calculations the products are predicted to mostly partition as follows: N-CE in the gas phase
(green) and NN-N, NN-HN, NN-CHA, N-CHNEt, N-CE-CHA, N-CE-HN in the particle phase (red).
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UV/vis and TDPBMS analysis of HPLC-fractionated
NHN isomers

The NHN isomers formed from the reaction of 1-
decyl nitrate were successfully fractionated using
HPLC, detected by UV/vis, and then converted to an
aerosol by atomization for TDPBMS analysis. The
UV/vis and single ion chromatograms of SOA are
shown in Figure 4. Although the UV/vis chromato-
grams for the other isomers were similar, insufficient
TDPBMS signal was obtained to perform this analysis.
Nonetheless, the results discussed here should also
apply to those isomers. The analysis is similar to that
employed by Yeh and Ziemann (2014b) for HN

isomers formed from the same reaction of n-alkanes,
which have similar structures but without the terminal
nitrate group. The 10 peaks (3 not fully resolved) in
the UV/vis chromatogram (P1–P8) can be assigned to
the 10 isomer structures shown in Table 2, based on
characteristic mass spectral peaks and retention times.
The characteristic ions are formed by the mechanism
shown in Figure S2, where ionization occurs at the
hydroxyl group, followed by a-cleavage on either side
of the hydroxyl group, and then loss of HNO3. In
Table 2, m/z 202, 188, 174, and 160 are formed by
loss of C1, C2, C3, and C4 alkyl radical fragments, and
then loss of HNO3; and m/z 141, 127, 113, 99, and 85
are formed by loss of C1, C2, C3, C4, and C5 nitroox-
yalkyl radical fragments, and then loss of HNO3. The
retention times of the isomers are also consistent with
the trends observed previously for HN (Yeh and
Ziemann 2014b), where the retention time increases
as the length of the largest alkyl chain increases
because this allows for greater interaction with the
C18 column. Here there are two series of isomers to
consider with regards to alkyl chain length: those
where the alkyl chain is attached to a CHOH group
and the other where it is attached to a CHONO2

group. Within these two groups the retention times of
the isomers follow the order P5>P4a> P3>P2, and
P8> P7>P6>P4b¼ P4c, respectively. We note the
relative peak areas of all the peaks except for P1, P5,
and P8 are within �20%, as expected based on the
probability for H atom abstraction at the appropriate
carbon. The much smaller peaks at P1 and P8 are due
to the much-reduced probability for H atom abstrac-
tion at the terminal carbon and the b-carbon, whereas
the reason for the smaller peak at P5 is not clear.

SOA yields

The SOA yields measured from the reactions of the 1-
through 5-decyl nitrate isomers are shown Figure 5,
where they are compared with those measured previ-
ously for the n-alkanes decane, dodecane, and tetrade-
cane (Algrim and Ziemann 2016, 2019). The SOA

Figure 3. (a) Average TDPBMS mass spectra of SOA formed
from the reactions of the 1- through 5-decyl nitrate isomers
with OH radicals in the presence of NO and (b) time profiles
of key ions observed in TDPBMS mass spectra of SOA formed
from the reaction of 3-decyl nitrate. In (a) signal has been nor-
malized to that at m/z 216 and signal from seed particles has
been removed, and in (b) signal has been normalized to the
maximum in each profile.

Table 1. Characteristic mass spectral ion fragments used to
identify SOA products.
Product Generation M Ion Fragments Neutral Losses

NCHA 1 233 216 OH
NHN 1 280 216 H2OþNO2

NN-CHA 2 294 277 OH
NN-N 2 325 216 HNO3þNO2

NN-HN 2 341 277 H2OþNO2

2 341 232 HNO3þNO2

N-CHNEt 2 294 232 NO3

N-CE-CHA 3 277 260 OH
N-CE-HN 3 324 260 NO2þH2O
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yield is highest when the nitrate group is on the 1-
carbon, with a value of 0.51, and then decreases
monotonically to 0.50, 0.44, 0.28, and 0.15 as it moves
inward to the 5-carbon. One might expect that this
trend is due to differences in the vapor pressures of
the alkyl nitrates, which lead to corresponding differ-
ences in the vapor pressures of the products and
therefore SOA yields. But the vapor pressures of the
alkyl nitrate isomers differ only slightly: 1.2, 2.2, 2.4,
2.4, and 2.5Pa for the 1- through 5-isomers at 25 �C, as
calculated using SPARC (Hilal, Karickhoff, and Carreira
2003). This is much different than the n-alkanes, where
the SOA yields for tetradecane and decane are 0.64 and
0.09, and their SPARC-calculated vapor pressures are
1.4 and 190Pa. It is clear, therefore, that the differences
in the SOA yields for the alkyl nitrate isomers is not
due to differences in their vapor pressures.

Kinetic modeling

The composition of SOA determined from TDPBMS
mass spectra and the HPLC analysis indicate that iso-
merization products contribute a large portion of the
SOA formed in experiments. And given that the SOA
yields decrease substantially as the nitrate group
moves inward from the end of the molecule, we pre-
dict that when the nitrate group is nearer to the cen-
ter of the carbon chain it interferes with isomerization
to a greater extent, thus forming higher volatility
products and decreasing the SOA yield. As was done
in past work (Algrim and Ziemann 2016, 2019), this
conjecture was verified by using the mechanism
shown in Figure 1 and kinetic models for each isomer
to predict the fraction of reaction that will undergo
isomerization based on our current understanding of

high NOx oxidation chemistry from the literature. For
each isomer, it was first determined what fraction of
H atom abstraction would occur at each carbon using
structure reactivity relationships (Ziemann and
Atkinson 2012). The resulting (following addition of
O2) nitrooxyperoxy radicals then react with NO, at
which point a branching ratio (Yeh and Ziemann
2014a) was used to estimate the fractions that added a
nitrate group or propagated to a nitrooxyalkoxy rad-
ical. Slower processes such as autooxidation are not
considered in the model as our experiments were per-
formed with high enough concentrations of NO to
fully outcompete such processes, though this is not
always the case in the atmosphere. It is the subsequent
fate of the nitrooxyalkoxy radical that has the greatest
effect on the overall mechanism, since it can isomer-
ize, decompose, or react with O2. The rate constant
for reaction with O2 is known and the same for all
isomers (Atkinson 2007), and the rate constants for
isomerization and decomposition can be estimated for
each isomer using structure-activity relationships
(Atkinson 2007; Vereecken and Peeters 2009, 2010;
Yeh, Claflin, and Ziemann 2015). Calculations were
thus made as detailed as possible, but only considered
first-generation products since in previous work such
calculations were able to capture and explain the
trends in SOA yields. Also, specific products were not
considered, but instead product categories such as
‘isomerization product’ and ‘decomposition product.’
This allowed the resulting products to be distributed
in only six bins, simplifying interpretation. A more
detailed description of the model is given in SI along
with a simple schematic of the method (Figure S3)
and values used for the key rate constants for nitroox-
yalkoxy radical decomposition and isomerization
(Table S1). The model did not include gas-particle
and gas-wall partitioning and particle-phase chemistry,
but it is expected that the effects of not including
these processes on the predictions should be similar
across isomers. The model was run using the KinSim
modeling software (Peng and Jimenez 2019).

The results of the calculations are shown in Figure
6. For comparison, the SOA molar yields are
appended atop the model results. It is important to
note that the purpose of our model is not to estimate
SOA yields, since it does not include processes such
as gas-particle and gas-wall partitioning and particle-
phase chemistry. It only gives yields of first-generation
products in particular categories, such as isomeriza-
tion products and decomposition products. Thus, the
model results are not intended to be compared
quantitively to SOA molar yields, but instead provide

Figure 4. UV/vis and single ion TDPBMS HPLC chromatograms
of NHN isomers in SOA formed from the reaction of 1-decyl
nitrate with OH radicals in the presence of NO. See Table 2 for
the assignment of each NHN isomer.
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insight into the physical-chemical basis for the trends
observed in the measured SOA yields. SOA molar
yields were determined from SOA mass yields by
assuming an SOA molecular weight of 250 g mol�1, the
approximate average for NN, NHN, and NHC. Product
categories for each isomer stacked in order of increasing
vapor pressure (calculated using SIMPOL.1, Pankow
and Asher 2008) are isomerization< dinitrate< hydroxy
carbonyl<nitrate carbonyl< carbonyl< decomposition.
The product distribution for 1-decyl nitrate shows a
majority of isomerization products, followed by �20%
dinitrates. Very little is allocated to higher volatility
products because the presence of the nitrate group at

the terminal carbon leads to chemistry that closely
mimics that of n-alkanes. As the nitrate group moves
toward the middle of the molecule the yields of isomer-
ization products decrease, yields of dinitrates remain
approximately constant, and yields of hydroxy carbonyls
and decomposition products increase, as do those of
nitrate carbonyls and carbonyls, although they are
always small.

The general trends observed in product yields as
the nitrate group moves toward the middle of the
molecule can be explained as follows: (a) isomeriza-
tion products decrease because the fraction of isomer-
ization reactions that occur by abstraction of an H

Table 2. Assignment of NHN isomer structures based on retention times and mass spectra.
Peak RT (min) Isomer Structure Relative peak area Observed ions

1 31.5 1,7,10-N-N-H – –

2 32.5 1,6,9-N-N-H 0.8 202

3 33 1,5,8-N-N-H 1 188

4a 34 1,4,7-N-N-H 2.5 174

4b 1,5,8-N-H-N 85, 99

4c 1,6,9-N-H-N 85, 99

5 35.2 1,3,6-N-N-H 0.3 160

6 35.5 1,4,7-N-H-N 1 113

7 37.5 1,3,6-N-H-N 0.8 127

8 38.2 1,2,5-N-H-N 0.3 141
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atom from an a-, b- or terminal carbon increases, and
these reactions are much slower than from other sites,
thus making isomerization less competitive with other
nitrooxyalkoxy radical reactions; (b) hydroxy carbonyl
products increase because the number of pathways by
which they can form (isomerization that occurs by
abstraction of an H atom from an a-carbon) increases
and the number of competing pathways decreases;
and (c) decomposition products increase because the
number of pathways that can form b-nitrooxyalkoxy
radicals increases, and thus the opportunity for
decomposition increases.

Comparison of SOA yields from alkyl nitrates,
ketones, alcohols, and n-alkanes

The SOA yields from the reactions of the C10 alkyl
nitrates are compared in Figure 7 to those of C12 2-
ketones, C10 1-alcohols, and C10, C12, and C14 n-alka-
nes determined previously (Algrim and Ziemann
2016, 2019), with all reactions performed under iden-
tical conditions. The alkyl nitrate, ketone, and alcohol
isomers have similar vapor pressures. A common fea-
ture of all three series is that the SOA yields for the
isomer with the functional group closest to the end of
the molecule (2-dodecanone, 1-decanol, and 1-decyl
nitrate) are similar to the yield of tetradecane, an n-
alkane of similar vapor pressure. The SOA yields then
decrease as the functional group moves toward the
middle of the molecule, with the yields for 5-dodeca-
none (the increased yield for 6-dodecanone is due to
a subtle effect of the structure, Algrim and Ziemann
2016), 5-decanol, and 5-decyl nitrate being similar to

those of an n-alkane with approximately the same car-
bon number, here falling between decane and dodecane.

In general, when the functional group is at the end
of the molecule it reduces the vapor pressure of all
the products relative to that of an n-alkane with the
same carbon number, thus increasing the SOA yields
to values comparable to those of an n-alkane with a
similar vapor pressure. But as the functional group is
moved inward it alters the chemistry, increasing
decomposition and other pathways that result in
higher volatility products and lower SOA yields.

The rate at which the SOA yield decreases as the
functional group is moved toward the middle of the
molecule depends on the identity of the functional
group. For ketones and alcohols, the decrease in yield
occurs quickly, with a significant reduction after mov-
ing by only two carbons. By contrast, the nitrate
group has minimal effect as it is moved from the 1-
to the 3-carbon, but a much greater effect at the 4-
and 5-carbon. These differences are attributable in
large part to the different activating and deactivating
effects of the functional groups on H atom abstraction
from carbons near the functional group (regardless of
whether it occurs by reaction with an OH radical or
by alkoxy radical isomerization), and secondarily to
their effects on alkoxy radical decomposition, since
they all enhance decomposition. In particular, H atom
abstraction at the a- and b-carbons, which tends to
lead to the formation of volatile products, is activated
by factors of 2.6 and 2.9 by a hydroxyl group and
deactivated by factors of 0.14 and 0.28 by a nitrate
group (Ziemann and Atkinson 2012). On the other
hand, H atom abstraction is deactivated at the a-car-
bon by a factor of 0.75 and activated at the b-carbon
by a factor of 3.9 by a keto group (Ziemann and

Figure 5. SOA yields measured for reactions of alkyl nitrate
isomers (this study) and n-alkanes (Algrim and Ziemann 2016,
2019) with OH radicals in the presence of NO. Error bars are
standard deviations for duplicate experiments.

Figure 6. Product distributions as determined from kinetic
models for each alkyl nitrate isomer. Product categories are
stacked in order of volatility with isomerization the lowest and
decomposition the highest.
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Atkinson 2012). Furthermore, the keto group can sig-
nificantly restrict the rate of ketoalkoxy radical isomer-
ization (Atkinson 2007; Vereecken and Peeters 2010).

Conclusions

This work builds on previous SOA studies conducted
for similar reactions with alkane (Lim and Ziemann
2009a), ketone (Algrim and Ziemann 2016), and alco-
hol (Algrim and Ziemann 2019) precursors. While the
effects of hydroxyl and keto groups on SOA yields are
highly relevant to growing interest in the chemistry of
volatile chemical products (VCPs) (McDonald et al.
2018), the nitrate group most often appears on the oxi-
dation products of VOCs. Within each class of com-
pound, reaction products are relatively similar
regardless of the position of the functional group. And
although vapor pressures vary with the position of the
functional group, the differences are not enough to
account for the significant differences in isomer-
dependent SOA yields. Overall, these results indicate
that the decrease observed in measured SOA yields as
the functional group is moved toward the center of the
molecule is primarily due to changes in reaction
branching ratios, which increase yields of higher vola-
tility products and thus cause a smaller fraction of
products to partition to the particle phase. This study
further demonstrates the important role that molecular
structure can play in chemical mechanisms that ultim-
ately affect the generation of SOA. Changes in molecu-
lar structure, here as positional isomers, can have no
and little effect on commonly parameterized compound
properties such as O:C ratio and vapor pressure, but

still have significant effects on reaction products and
SOA yields. Since the observed trends in SOA yields
for alkyl nitrates, alcohols, and ketones can be captured
by the model-predicted isomerization fraction, which
only considers one generation of reaction with the OH
radical, it is likely that models that use more detailed
oxidation mechanisms, such as the explicit mechanism
generator GECKO-A (Aumont, Szopa, and Madronich
2005), when combined with gas-particle and gas-wall
partitioning could predict SOA yields with reasonable
accuracy (La et al. 2016).

Further work in the area should include similar
studies on the composition and yields of SOA formed
from reactions of ester, ether, and hydroperoxide pos-
itional isomers (other important functional groups
present in VCPs, McDonald et al. 2018), and multi-
functional compounds. Multifunctional compounds
will pose additional experimental, mechanistic, and
modeling challenges, such as difficulty in sample
introduction, increased gas-wall partitioning of pre-
cursors (Yeh and Ziemann 2015), more complex reac-
tion mechanisms, and increased uncertainty in the use
of vapor pressure prediction methods (Hilal,
Karickhoff, and Carreira 2003; Pankow and Asher
2008) and structure-reactivity relationships (Ziemann
and Atkinson 2012), but could provide further insight
into multigenerational chemistry.
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Figure S1.  Overlaid ATR-FTIR absorbance spectra of synthesized 2-decyl nitrate; 2-decanol, the 
precursor; and 2-decanone, a common by-product of the synthesis. Spectra are normalized to the 
C–H stretch at 2925 cm-1.  
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Figure S2. Proposed mechanism for the formation of characteristic ions from electron ionization 
and fragmentation of NHN isomers, using 1,5,8-NHN as an example.  
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Model Description   
 
The model was used to calculate yields of first-generation products of the gas-phase reactions of 
each of the alkyl nitrate isomers. The approach is illustrated in Figure S3. A structure-reactivity 
relationship (Atkinson Ziemann 2012) was used to determine the percent of H atom abstraction 
at each carbon along the carbon chain. All nitrooxyalkyl radicals then added O2 to form 
nitrooxyperoxy radicals, which reacted with NO to form dinitrates or nitrooxyalkoxy radicals 
with branching ratios of 0.288 and 0.712 (Yeh and Ziemann 2014). The nitrooxyalkoxy radicals 
either reacted with O2 with an isomer-independent rate constant of 3.9 × 106 s-1 (Atkinson 2007, 
corrected for Boulder, CO pressure), or they decomposed or isomerized with isomer-specific rate 
constants calculated using the structure-activity relationships of Vereeken and Peeters (2009, 
2010) that varied with the degree of substitution and relative position to the nitrate group. 
Following isomerization via a 1,5-H-shift and addition of O2, the nitrooxyhydroxy peroxy 
radicals formed react with NO to form either an NHN (an “isomerization product”) or a 
nitrooxyhydroxy alkoxy radical, which can reverse isomerize to form an NHC (another 
“isomerization product”). If, however, the alkoxy radical site is located on an α or β carbon 
relative to the nitrate group, it can decompose. Because recent work (Yeh, Claflin, and Ziemann 
2015) indicates that the method of Vereecken and Peeters (2009) overestimates the barrier for the 
decomposition of a β-nitrooxyalkoxy radical by 3.7 kcal mol-1, the rate constants for β-
nitroxyalkoxy radical decomposition calculated using the method of Vereeken and Peeters 
(2009) were increased by a factor of 100 to account for this difference. This correction 
significantly increased the yields of decomposition products, particularly for the 4- and 5-decyl 
nitrate isomers, and correspondingly decreased the yields of isomerization products for those 
isomers. The key rate constants used for nitrooxyalkoxy radical decomposition and isomerization 
are given in Table S1. 
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Figure S3. Flow chart of model product formation. 
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Table S1. Model rate constants for nitrooxyalkoxy radical decomposition and isomerization. 
 

Reaction Mechanism k (s-1) Reference 

Decomposition 

 

2.4 × 108 

(scaled 100× 

from 2.4 × 106) 

Vereecken and 
Peeters 2009; 
Yeh, Claflin, 
and Ziemann 

2015 

Isomerization 

 

3.3 × 106 

 

Vereeken and 
Peeters 2010 

Isomerization 

 

6.3 × 105 

 

Atkinson 2007 

Isomerization 

 

1.1 × 107 

 

Atkinson 2007 

Isomerization 

 

7.5 × 107 

 

Atkinson 2007 
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