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ABSTRACT: The effect of a hydroxyl group and its position on the yields of
secondary organic aerosol (SOA) formed from OH radical-initiated reactions
of the 1- to 5-decanol isomers, 1- and 2-undecanol isomers, and n-decane in
the presence of NOx was investigated in a series of environmental chamber
experiments. SOA composition was also measured using liquid chromatog-
raphy, mass spectrometry, and infrared spectroscopy, and gas-phase aldehydes
were measured using gas chromatography and proton transfer reaction−mass
spectrometry. It was observed that all decanol isomers formed SOA of a
similar composition, which consisted of products similar to those known to
be formed from the reaction of n-decane but with an added hydroxyl or keto
group. SOA yields measured for the decanol isomers were all higher than the
yield from n-decane because of the general lowering of product vapor
pressures by the added hydroxyl group, but they decreased monotonically as
the hydroxyl group moved from the end of the molecule to the middle. This isomeric trend can be explained by the effect of the
position of the hydroxyl group on the fraction of first-generation products formed through pathways involving alkoxy radical
isomerization and is consistent with the yields of these products estimated using a kinetics model. Products formed by these
pathways tend to have low volatility and, thus, partition into particles, whereas products formed by the major competing
pathways are more volatile. The results demonstrate the need to understand not only the effect of functional groups on volatility
but also the effect of their location on volatile organic compound oxidation products and mechanisms to accurately predict SOA
yields.
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■ INTRODUCTION

Volatile organic compounds (VOCs) are emitted into the
atmosphere from biogenic and anthropogenic sources in
amounts in excess of 1000 TG a year.1 While these VOCs
are generally emitted in a reduced form, in the oxygen-rich
atmosphere they can undergo chemical processing that alters
their structure by adding functional groups and breaking C−C
bonds.2 If the volatility of a compound is reduced sufficiently
in this process, it can condense onto a pre-existing particle,
thereby forming secondary organic aerosol (SOA). Studies of
SOA have been largely motivated by the significant
contribution that it makes to fine particulate matter,3 which,
in turn, impacts visibility, climate processes, and human
health.4

Because urban SOA is largely formed from anthropogenic
VOCs, it can potentially be abated through air quality
regulations. In the past, it was thought that most of this
material was formed from VOCs emitted from motor
vehicles,5,6 in particular unburned gasoline and diesel fuel.7

However, studies have also indicated that partially oxidized fuel
components, which are thought to contribute to a complex

mixture of unspeciated compounds (i.e., compounds that are
not resolved by gas chromatography) present in vehicle
exhaust, may also be important precursors for SOA
formation.6,8 In addition, a recent study has indicated that
volatile chemical products (VCPs) consisting of hydrocarbons
and oxygenated organic compounds that are present (often as
solvents) in products used by industry and consumers can also
serve as SOA precursors.9 Because of the exponential decrease
in vehicle emissions10 that has resulted from decades of policy
implementation and improved engineering (catalytic con-
verters and fuel reformulations), VCPs may now be of greater
importance for SOA formation than vehicle emissions.
Given the potential importance of oxygenated organic

compounds to vehicle and VCP emissions and SOA formation,
a more thorough understanding of the atmospheric chemistry
and fate of these compounds is needed. One such class of
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compounds is alcohols. Although studies have been conducted
on small saturated and unsaturated alcohols to determine the
products and mechanisms of oxidation11−13 as well as SOA
yields,14 to our knowledge, the only studies on larger alcohols
that have the potential to form significant amounts of SOA
were those conducted on glycol ethers because of their use in
consumer products.15 Here, we reacted a series of decanol
positional isomers with OH radicals in the presence of NOx to
determine the effect of a hydroxyl group and its location on
SOA yields and composition. The approach allows for the
results to be interpreted in terms of the effect of the molecular
structure on key reaction pathways and product volatility and
is similar to the approach that we used recently16 to determine
the effect of a keto group and its location on these SOA
properties.

■ EXPERIMENTAL SECTION

Chemicals. The following chemicals were used: 1-decanol
(99%), 2-decanol (96%), 3-decanol (99%), 4-decanol (98%),
5-decanol (97%), 5-undecanol (95%), and 6-undecanol (95%)
from Chemsampco, bis(2-ethylhexyl) sebacate (DOS, 97%)
from Fluka, acetonitrile (HPLC grade, ACS) from Fisher, and
NO (99%) from Matheson. Methyl nitrite was synthesized17

and stored in a lecture bottle until used. The purity determined
periodically by infrared spectroscopy was 99%.
Environmental Chamber Experiments. Experiments

were conducted in an 8.0 m3 FEP Teflon environmental
chamber in Boulder, CO, that was filled with clean, dry air [<5
ppb of hydrocarbons and <1% relative humidity (RH)] from
two Aadco clean air systems and operated at ambient
temperature (∼23 °C) and pressure (∼630 Torr). In a typical
experiment, a VOC (decanol, undecanol, or n-decane) was
added to the chamber by evaporating a measured amount of
the compound from a heated glass bulb into a stream of
ultrahigh-purity (UHP) N2. Approximately 200 μg m−3 dioctyl
sebacate (DOS) seed particles in UHP N2 were added from an
evaporation−condensation apparatus. Known amounts of
methyl nitrite and NO were prepared on a vacuum manifold
using a calibrated glass bulb and absolute pressure gauge and
then flushed into the chamber with UHP N2. Reactions were
initiated by turning on blacklights that covered two walls of the
chamber at 50% intensity (JNO2

= 0.37 h−1) for 1 h or 100%

intensity (JNO2
= 0.61 h−1) for 1 min. Photolysis of methyl

nitrite created OH radicals18 with average concentrations of 2
× 108 and 4 × 107 molecules cm−3 for the 1 min and 1 h
reactions, respectively, as determined from the measured decay
of the VOC and estimated OH reaction rate constants.19 The
VOC, methyl nitrite, and NO concentrations were 1, 5, and 5
ppm for the 1 h irradiations and 2, 10, and 10 ppm for the 1
min irradiations, respectively. Reported SOA yields were all
determined in the experiments with 1 h of irradiation.
Gas Analysis. Air was sampled from the environmental

chamber through a glass tube packed with a Tenax TA solid
adsorbent at 0.25 L min−1 for 4 min to collect VOCs for
analysis by gas chromatography with flame ionization detection
(GC−FID). While this adsorbent collects both gases and
particles, the VOCs of interest should only have been present
in the gas phase. Replicate samples were collected 90 and 30
min before reaction and then 30 and 90 min after reaction to
verify that the parent VOC concentration was essentially
constant and, thus, had established gas−wall partitioning
equilibrium. The VOCs adsorbed to the Tenax were thermally

desorbed inside a HP 6890 GC−FID equipped with a DB-
1701 column (30 m × 0.530 mm with 1 μm film thickness) by
heating the inlet to 250 °C in 7 min, while the column was
held at 40 °C, and then the column temperature was ramped at
10 °C min−1 to 280 °C.
In some experiments, a proton transfer reaction−mass

spectrometer (PTR−MS) equipped with a quadrupole mass
spectrometer was used to analyze organic gases in the chamber
throughout the experiment. The PTR−MS employs H3O

+ as a
reagent ion to chemically ionize any VOC with a proton
affinity greater than water via proton transfer.20 Although, for
most compounds, a [M + H]+ ion is formed, alcohols will often
lose water to form a [M + H − H2O]

+ ion (m/z 141 for
decanol). In the experiments in which the PTR−MS was
operated, measurements made for extended periods before and
after reaction confirmed that the decanol concentration was
essentially constant and, thus, that decanol had achieved gas−
wall partitioning equilibrium. Furthermore, PTR−MS meas-
urements of the amount of decanol reacted were within ±10%
of the values determined from GC−FID analysis. The GC−
FID measurements were used to calculate SOA yields because
they were determined in every experiment. Concentrations of
NO were monitored with a calibrated Thermo Environmental
Instruments 42C NO−NO2−NOx analyzer.

Particle Analysis. The composition of particles was
monitored in real time during each experiment using a thermal
desorption particle beam mass spectrometer (TDPBMS).21 In
this instrument, the particles are focused into a beam in an
aerodynamic lens, transported into a high vacuum region, and
impacted onto a coated copper rod that is resistively heated to
160 °C. Resulting vapors are ionized by electrons and detected
with a triple-quadrupole mass spectrometer. Particle size
distributions were measured with a scanning mobility particle
sizer (SMPS) and used to calculate aerosol volume
concentrations.22

After each experiment, aerosol was collected on pre-weighed
Teflon filters (0.45 μm pore size) by sampling at 14 L min−1

for 90 min. Filters were reweighed to determine the aerosol
mass; the aerosol was extracted by rinsing filters with 4 mL of
ethyl acetate 3 times; and then the extracts were combined and
dried in a stream of UHP N2. The dried extract was weighed,
then reconstituted in acetonitrile, and stored in a freezer at
−25 °C until further use. The mass of aerosol extracted was on
average within ±4% of the on-filter mass, indicating that
extraction efficiencies were close to 100%. Filter and extracted
mass was also on average within ±6% of the mass predicted to
be collected on filters based on SMPS measurements made
during sampling, providing additional support for the accuracy
of values used to calculate SOA yields.
The SOA/acetonitrile solution was analyzed by reversed-

phase high-performance liquid chromatography (HPLC) using
a Shimadzu HPLC equipped with an Agilent Zorbax Eclipse
Plus XDB-C18 column (250 × 4.6 mm with 5 μm 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
20 min. Solution B, which made up the remainder of the
mobile phase, was pure acetonitrile. Compound absorbance by
nitrate groups was measured at 210 nm with an ultraviolet/
visible (UV/vis) diode array detector.
HPLC peaks from selected analyses were collected as

fractions and analyzed in either a Thermo PolarisQ chemical
ionization−ion trap mass spectrometer (CI−ITMS) equipped
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with a direct insertion probe for thermal desorption of

samples23 or an Agilent Cary 630 attenuated total reflectance

Fourier transform infrared spectrometer (ATR−FTIR). The

CI−ITMS was operated in positive mode with isobutane as the

reagent gas, which results primarily in protonated molecular

ions and their fragment ions. The ATR−FTIR is equipped

with a diamond crystal and was operated at 4 cm−1 resolution.

For each ATR−FTIR analysis, a background spectrum was

collected using the same settings and subtracted from the
sample spectrum.

SOA Yields. SOA mass yields were calculated for each
reaction as the mass of SOA formed divided by the mass of
VOC reacted.24 The mass of SOA formed was determined
from SMPS measurements of the aerosol volume concen-
tration, which reached a maximum 20−40 min into each 60
min reaction and then slowly decreased as a result of the loss of
particles to the walls. The measurements were corrected for

Scheme 1. Proposed Mechanism for Forming First-Generation Products from the Reaction of 3-Decanol with OH Radicals in
the Presence of NO

x

a

aProducts highlighted in red are predicted to be >90% in the particle phase; those in green are predicted to be >90% in the gas phase; and those in
blue are predicted to be in both phases. The brackets refer to reactions that occur in the particle phase. Mass spectra of SOA indicate the presence
of HHN and HCHA products.
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particle wall losses up to the time that the maximum was
reached using the decay of the DOS m/z 185 signal monitored
with the TDPBMS. Because DOS is essentially non-volatile, its
decay during an experiment (∼10% h−1) could be fully
attributed to the loss of particles to the walls. The DOS loss
rate was thus used to calculate the aerosol volume lost to walls
during each full 4.2 min SMPS scan until the maximum was
reached, and then these values were added to the maximum
measured aerosol volume. The initial DOS volume was
subtracted from the wall-loss-corrected aerosol volume to
obtain the SOA volume, which was then multiplied by an
appropriate density for this SOA of 1.1 g cm−3,25 to obtain the
mass of SOA formed. This approach for correcting for particle
wall loss should be reasonably accurate because particle
diameters grew to >200 nm within a few minutes of turning on
the lights, and for particles of this size, the effect of the particle
size on wall loss is minor.26

The mass of VOC reacted was determined from the GC−
FID analyses. Measurements made before reactions were
initiated indicated that no n-decane and 15−20% of added
alcohol had partitioned to the chamber walls, consistent with
past measurements.27 However, because the time-dependent
Tenax and PTR−MS measurements indicated that the VOCs
had achieved gas−wall partitioning equilibrium before and
after the reaction, no correction for partitioning was necessary
to determine the mass of VOC reacted. As shown previously,28

in this case the concentration of reacted VOC is [VOC]reacted =
[VOC]T,i(1 − FIDf/FIDi), where [VOC]T,i is the mass of
added VOC divided by the chamber volume and FIDi and FIDf

are the FID signals/volume of sampled air measured before
and after reaction, respectively.
No attempt was made to correct the SOA yields for gas−wall

partitioning of reaction products, which has been shown to
occur in environmental chamber experiments.29−31 However,
because most of the products that contribute to SOA partition
almost entirely to the particle phase (Table S1 of the
Supporting Information) on time scales of a few seconds at
these high mass loadings, the wall loss of vapors should be
minor. Furthermore, because the composition of the SOA is
shown to be similar for these decanol isomers, the effects of
gas−wall partitioning should be similar for the compounds
investigated. Last, because the major focus of this study is on
the trends in SOA yields across the range of isomers rather
than the absolute yields, gas−wall partitioning should not
significantly affect the interpretation of the results.

■ RESULTS AND DISCUSSION

Mechanism of the Reaction of Decanol with OH
Radicals in the Presence of NO

x
. The mechanism of the

reaction of decanol with OH radicals in the presence of NOx is
similar to that of a n-alkane (a linear alkane), which is
reasonably well-understood.19 Although decanol reacts faster
with OH radicals than n-decane because of the activating effect
of the hydroxyl group, the reactivity does not vary significantly
among the decanol positional isomers. The mechanism of the
reaction is shown in Scheme 1, where 3-decanol is used as an
example. Because this mechanism is meant to be applicable to
all isomers and many of the products have the same
distribution of functional groups, for the sake of simplicity,
we do not designate products according to the locations of
functional groups. Because of the special importance of certain
hydroxyalkoxy radicals, however, we do specify the relationship
among functional groups for that species when useful.

The reaction is initiated by abstraction of an H atom along
the carbon chain to form H2O and an alkyl radical, which
reacts solely by the addition of O2 to form an alkylperoxy
radical. Abstraction of the H atom on the hydroxyl group is
neglible.32 The location of abstraction relative to the hydroxyl
group significantly influences the products formed. The
reaction at the β-carbon leads to the most complex set of
reactions and is described first in detail to demonstrate the
primary reaction pathways that can occur for all isomers.
Abstraction of a H atom at the β-carbon results in the
formation of a β-hydroxyperoxy radical. In the presence of
NOx, the β-hydroxyperoxy radical reacts with NO to form a β-
hydroxynitrate (HN) or a β-hydroxyalkoxy radical and NO2.
The β-hydroxyalkoxy radical will decompose or isomerize, with
decomposition and subsequent reaction with O2 leading to
HO2 and a pair of aldehydes. Isomerization of the β-
hydroxyalkoxy radical occurs via a 1,5-H shift to form a
dihydroxyalkyl radical, which adds O2 to form a dihydrox-
yperoxy radical. This radical then reacts with NO to form
a dihydroxynitrate (HHN) or a dihydroxyalkoxy radical, which
isomerizes via a reverse 1,5-H shift to form a trihydroxyalkyl
radical that then primarily reacts with O2 to form HO2 and
a dihydroxycarbonyl (HHC). Isomerization via a 1,6-H shift
can also occur, but because this is a minor pathway specific to
the reaction initiated at the β-carbon, it is not shown in
Scheme 1. Furthermore, because the dihydroxyalkoxy radical
does not have a hydroxyl group adjacent to the alkoxy group
(as do β-hydroxyalkoxy radicals), the rate of decomposition is
dramatically reduced and it only isomerizes.33,34 Upon
colliding with particles, HHC rapidly cyclize to hydroxy-cyclic
hemiacetals (HCHA), which are expected to be the only
significant form of these products.35 HCHA can then undergo
relatively slow acid-catalyzed dehydration to form more volatile
hydroxy-dihydrofurans (HDHF), with HNO3 formed from the
NO2 + OH reaction acting as the catalyst.36

The mechanisms of reactions initiated by H atom
abstraction at α- and γ-carbons are also shown in Scheme 1.
These pathways are similar to those described above and lead
to a ketone (aldehyde for 1-decanol) and HN, HHN, and
HHC (which cyclize in particles to HCHA and then possibly
dehydrate to form HDHF), respectively. Note that, for
reaction at the γ-carbon, the γ-hydroxyalkoxy radical can not
only isomerize by a 1,5-H shift further along the carbon chain,
similar to the pathway shown for β-hydroxyalkoxy radicals, but
also isomerize across the hydroxyl group (right-hand pathway
in Scheme 1). Similarly, for reaction at δ- and ε-carbons
(labeled in Scheme 1 but without reactions shown), the δ- and
ε-hydroxyalkoxy radicals can isomerize in both directions. For
the δ-hydroxyalkoxy radical, isomerization toward the hydroxyl
group occurs by H atom abstraction from the α-carbon and is
followed by reaction with O2 to form HO2 and a
hydroxycarbonyl (which will cyclize in particles to a CHA
and then possibly dehydrate to form a DHF). For the ε-
hydroxyalkoxy radical, isomerization toward the hydroxyl
group can lead to the formation of a β-hydroxyalkoxy radical
and thus enhanced decomposition. The hydroxyl group does
not influence the mechanisms of reactions that are initiated by
abstraction of H atoms at carbons beyond the ε-carbon. The
relative importance of each of the 10 H atom abstraction
pathways was estimated using structure−reactivity relation-
ships19 and are given in Table S1 of the Supporting
Information.
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The vapor pressures of products and the aerosol mass
loading determine the extent to which products will partition
to particles (a process that will occur on the order of seconds
in these experiments) or remain in the gas phase. Color coding
in Scheme 1 and Figure 1 classifies the phase of each product
as predominantly gas, gas and particle, or particle based on
calculations performed using SIMPOL.137 and gas−particle
partitioning theory,38 with numerical values given in Table S2
of the Supporting Information. The first-generation ketone,
HN, and HDHF products in Scheme 1 (as well as CHA and
DHF not shown) are sufficiently volatile that they can react
with OH radicals in the gas phase to form the second-
generation products shown in Figure 1, whereas HHN and
HCHA exist almost entirely in the particle phase and,
therefore, do not react further. Reactions of aldehydes are
expected to mostly form products via decomposition that are
too volatile to form SOA and, therefore, are not included in the
figure. Ketone (K), HN, and CHA will react by the same H
atom abstraction pathways described above to mostly form
products that are similar to first-generation products but with
additional N, HN, and HC groups (with the HC cyclizing in
particles to a CHA, unless a strained bicyclic structure is
formed). These products are shown in Figure 1: K−N, K−HN,
K−CHA, HN−N, HN−HN, HN−CHA, CHA−N, and
CHA−HC. Note that some reactions lead to the same types
of products, which are not shown twice. DHF and HDHF will
react even more quickly, primarily by the addition of OH the
CC double bond. Major products from the DHF reaction
are a cyclic hydroxynitrate ether (CHN−Et) and a carbonyl
ester (C−Es), and major products from the HDHF reaction
are a HCHN-Et and hydroxycarbonyl ester that cyclizes in
particles to a cyclic hemiacetal ester (CHA−Es). Note that

CHN−Et and HCHN−Et are not cyclic hemiacetals but
isomers in which the hydroxyl and nitrate groups are switched
because the formation of tertiary β-hydroxyalkyl radicals is
strongly preferred when OH radicals add to the HDHF CC
double bond.39 Second-generation K−N and K−CHA
products are also sufficiently volatile that they can further
react with OH radicals in the gas phase by the addition of N,
HN, and HC groups (with HC cyclizing in particles to a CHA,
unless a strained bicyclic structure is formed) to form third-
generation K−N−N, K−N−HN, K−N−CHA, K−CHA−HN,
and K−CHA−HC products (Figure 1), whereas the other
second-generation products exist almost entirely in the particle
phase and, therefore, do not react further.

Particle-Phase Products. The mass spectra of SOA
typically evolved over the first few minutes of a reaction as
first- and then second-generation products were formed but
then changed relatively little over the remainder of the
reaction. For this reason, mass spectra averaged over the 1 h
reaction of each decanol isomer are shown in Figure 2. With
the exception of 1-decanol, they are similar. The difference for
1-decanol could be due to different chemistry that occurs when
the hydroxyl group is on the terminal carbon but is more likely
due to different electron ionization fragmentation pathways of
primary and secondary alcohols.40 This explanation is
supported by the similar HPLC−UV/vis chromatograms of
nitrate-containing products in SOA formed from reactions of
all of the isomers, which are shown in Figure 3A.
In all of the isomer mass spectra, significant peaks are

present at m/z 153, 169, 171, 199, 216, 218, 230, 232, 246, and
260 that can be assigned to fragment ions that are
characteristic of first-, second-, and third-generation products
that are expected to be present to a large extent in particles

Figure 1. Proposed major second-generation products formed from the reaction of 3-decanol with OH radicals in the presence of NOx. Products
highlighted in red are predicted to be >90% in the particle phase; those in green are predicted to be >90% in the gas phase; and those in blue are
predicted to be in both phases.
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(Scheme 1, Figure 1, and Table S2 of the Supporting
Information). The fragmentation pathways are those we
observed previously for SOA products containing the same
functional groups.27,28,35 As shown in Table 1, in most cases,
product ions fragment according to the functional groups
present as follows: (a) CHA (HCHA, K−CHA, CHA−N,
HN−CHA, K−CHA−HC, K−N−CHA, and K−CHA−HN)
loses OH; (b) HN formed through hydroxyalkoxy radical
isomerization and, therefore, having a 1,4 configuration (HHN,
K−HN, HN−HN, K−CHA−HN, and K−N−HN) loses NO2

+ H2O; (c) N not part of HN (CHN−Et, HN−N, K−N−N,
and K−N−HN) loses NO3; (d) H not part of CHA or HN
(HCHA and HHN) loses an additional H2O; and (e) K not
present with CHA or HN (K−N−N) loses H2O. CHA−HC,
CHHN−Et, and CHA−Es are expected to have major peaks at
m/z 185, 185, and 187, but because these overlap with DOS
seed particle peaks that are removed from the spectrum, their
presence could not be determined.
To further probe the SOA composition, HPLC-fractionated

products from the reaction of 2-decanol were collected and
analyzed by CI−ITMS and ATR−FTIR. The mass spectrum of
products collected at 15−30 min (Figure 3A) is shown in
Figure 3B. Major peaks are observed at m/z 236, 218, and 173,
which can be assigned to the [M + H]+, [M + H − H2O]

+, and
[M + H − HNO3]

+ ions formed from protonation of HHN
(M = 235) and subsequent loss of H2O and HNO3. ATR−
FTIR analysis of the same HPLC fraction yielded the spectrum
shown in Figure 3C, which contains characteristic peaks as a
result of hydroxyl (3360 cm−1) and nitrate (1620, 1275, and
870 cm−1) groups that are consistent with the HHN
products.41

Gas-Phase Carbonyl Products. Evidence for the
formation of the first-generation ketone (2-decanone) product
in Scheme 1 was obtained from PTR−MS analysis during the
reaction of 2-decanol. As shown in Figure 4A, soon after the
reaction begins (time = 0), the signal from the [M + H −

H2O]
+ ion at m/z 141 that is characteristic of 2-decanol (M =

158) plummets, while at the same time, the signal at m/z 157

from the [M + H]+ ion of 2-decanone (M = 156) rapidly
increases. As the reaction proceeds, however, the time profile
of the signal from 2-decanone rolls over as a result of further
reaction with OH radicals. Nonetheless, the decay is not
dramatic because, in the gas phase, 2-decanone is less reactive
than 2-decanol.42

Aldehydes formed in the reaction of 2-, 3-, and 4-decanol by
decomposition of β-hydroxyalkoxy radicals were detected in
GC−FID analyses. Chromatograms of the reaction products
are shown in Figure 4B along with a chromatogram obtained
for standards of C6, C7, and C8 aldehydes (hexanal, heptanal,
and octanal), which have retention times of 11.2, 13.7, and
15.7 min. According to the mechanism shown in Scheme 1, for
2-decanol one pair of aldehyde co-products (C2 + C8) should
be formed following abstraction of a secondary H atom on the
right side of the hydroxyl group, but because abstraction of a

Figure 2. Real-time TDPBMS mass spectra of SOA formed from the
60 min reactions of 1-, 2-, 3-, 4-, and 5-decanol with OH radicals in
the presence of NOx. Spectra are averages for the 60 min reaction
period.

Figure 3. (A) HPLC−UV/vis chromatograms of SOA formed from
the 60 min reactions of 1-, 2-, 3-, 4-, and 5-decanol with OH radicals
in the presence of NOx. Absorbance by nitrate groups was measured
at 210 nm. (B) CI−ITMS mass spectrum and (C) ATR−FTIR
spectrum of the HPLC HHN fraction that eluted at 15−30 min in the
2-decanol chromatogram shown in panel A.
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primary H atom from the left side is negligible, no significant
amount of C1 + C9 aldehydes is expected. This is not the case
for 3-, 4-, and 5-decanol, however, which have secondary H
atoms on both sides of the hydroxyl group. Their reactions
should each lead to the formation of two pairs of products: C2

+ C8 and C3 + C7 aldehydes from 3-decanol, C3 + C7 and C4 +
C6 aldehydes from 4-decanol, and C4 + C6 and C5 + C5

aldehydes from 5-decanol. Aldehydes smaller than C6 were not
detected by GC−FID analysis because cryo-cooling that was
unavailable would have been necessary to obtain sufficient
resolution. Nonetheless, as predicted, the C6 aldehyde was
detected in the reaction of 4- and 5-decanol, the C7 aldehyde
was detected in the reaction of 3- and 4-decanol, and the C8

aldehyde was detected in the reaction of 2- and 3-decanol. The
majority of aldehydes formed in these 1 h reactions were lost
as a result of their high OH reactivity. No attempt was made to
quantify their yields because corrections for losses by reaction
with OH radicals would be extremely large and highly
uncertain as a result of the large fraction of decanol that
reacted (>90%).43 Likewise, because the primary focus here
was on SOA formation and further chemical characterization
of gas-phase products would be extremely challenging, no
attempt was made to identify and quantify the multifunctional
products that are likely associated with the other peaks in the
chromatograms.

SOA Yields. The SOA mass yields measured for the 60 min
reactions of 1-, 2-, 3-, 4-, and 5-decanol were 0.518, 0.358,
0.163, 0.163, and 0.111, exhibiting a clear trend in which the
yield decreases monotonically by a factor of ∼5 as the position
of the hydroxyl group moves from the end to the center of the
molecule. One might initially predict that this is due to a
corresponding increase in isomer vapor pressures, which
according to SPARC44 calculations are 1.3, 3.8, 4.5, 4.7, and
4.7 Pa, respectively, and thus a decreasing tendency for
reaction products to partition into SOA. However, although
this effect may contribute to the observed trend, the differences
in vapor pressures of less than a factor of 4 are too small to
explain the large range in yields. For comparison, the SOA
mass yields measured for C10 n-decane (this study) and C12 n-
dodecane and C14 n-tetradecane (previously16), which have
vapor pressures of 192, 15, and 1.4 Pa, were 0.152, 0.311, and
0.635. The SOA mass yields measured for reactions of the
decanol isomers and these n-alkanes are shown in Figure 5.
These linear alkanes provide a good model for evaluating the
effect of precursor vapor pressure on the SOA mass yield
because increasing the length of the carbon chain decreases the
vapor pressures of the products but has only minor effects on
the product yields. In this case, the SOA mass yields only
increase by a factor of ∼4, even though the vapor pressures of
the n-alkanes decrease by a factor of ∼140. Thus, vapor
pressure alone cannot explain the trend observed in the SOA
mass yields of decanol isomers, which must instead be due
primarily to isomer-dependent differences in the branching
ratios for the various reaction pathways shown in Scheme 1.
These differences are propagated through the reactions that
form first-, second-, and third-generation products, leading to
major differences in the distribution of products, all of which
have different vapor pressures and thus different tendencies to
form SOA.
The monotonic decrease in SOA mass yields measured for

the decanol isomers (and the 5- and 6-undecanol isomers, also
shown in Figure 5) is similar to that observed in our previous
study of SOA formation from similar reactions of a series of

Table 1. Mass Spectral Ion Fragments Used To Identify
Reaction Products

product generation MW
ion

fragment neutral loss

HCHA 1 188 171 OH

153 OH + H2O

HHN 1 235 171 NO2 + H2O

153 NO2 + H2O + H2O

K−CHA 2 186 169 OH

K−HN 2 233 169 NO2 + H2O

CHA−N 2 233 216 OH

CHN−Et 2 233 171 NO3

HN−CHA 2 249 232 OH

HN−N 2 280 218 NO3

HN−HN 2 296 232 NO2 + H2O

K−CHA−HC 3 216 199 OH

K−N−CHA 3 247 230 OH

K−CHA−HN 3 263 246 OH

199 NO2 + H2O

K−N−N 3 278 260 H2O

216 NO3

K−N−HN 3 294 232 NO3

230 NO2 + H2O

Figure 4. (A) PTR−MS time traces of 2-decanol and the 2-decanone
product formed from the 60 min reaction of 2-decanol with OH
radicals in the presence of NOx. (B) GC−FID chromatograms of C6,
C7, and C8 aldehyde (hexanal, heptanal, and octanal) standards and
products formed from the 60 min reactions of 2-, 3-, 4-, and 5-decanol
with OH radicals in the presence of NOx.
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dodecanone isomers,16 although in that case, the yield
increased from 5- to 6-dodecanone. Kinetics modeling
indicated that this was a result of restricted rates of alkoxy
radical isomerization across the keto group that led to more
decomposition in the reactions of 5-dodecanone than 6-
dodecanone. Unlike keto groups, hydroxyl groups are not
predicted to restrict alkoxy radical isomerization,33 and thus, a
purely monotonic trend is expected. This is verified below
using a similar kinetics model.
Kinetics Modeling of Isomer-Dependent Reactions.

The effect of the decanol isomer structure on the SOA yield
can be understood by recognizing the key role of alkoxy radical
isomerization in the formation of low-volatility SOA products.
As shown in Scheme 1, Figure 1, and Table 1, 12 of the 14
products that appear to be present in SOA were formed
through reactions that involved alkoxy radical isomerization.
The two that did not (K−N−N and HN−N) were formed by
the addition of two nitrate groups to decanol or the first-
generation ketone product.
A kinetics model was thus employed to determine if the

fraction of first-generation products whose formation involved
alkoxy radical isomerization but no decomposition could be
used as a simple metric to account for the trend in measured
SOA yields. The details of the model are as follows: (a) H
atom abstraction by OH radicals at each site along the carbon
chain was accounted for using structure−reactivity relation-
ships;19 (b) the branching ratio for nitrate formation was
estimated to be 0.15 for reactions of all organic peroxy radicals
with NO based on values reported for 1,2- and 1,4-
hydroxyperoxy radicals;39,45 (c) structure-dependent rates of
alkoxy radical isomerization and decomposition were calcu-
lated using structure−activity relationships33,34 and exper-
imental results;46 and (d) the rate constant for reactions of all
alkoxy radicals with O2 to form ketones and HO2 was taken to
be 3.9 × 104 s−1.47 As noted above, all first-generation products
formed through alkoxy radical isomerization without subse-
quent decomposition (HHN and HCHA) have sufficiently low
vapor pressures that they will immediately condense to form

SOA. For simplicity, gas−particle and gas−wall partitioning of
semi-volatile and volatile products was not included in the
model nor was multi-generation chemistry. As shown in
Scheme 1 and Figure 1, it is expected that second- and third-
generation products will be formed by mechanisms similar to
those that form first-generation products, and thus, although
more SOA would be formed by including these reactions, the
predicted trends with the isomer structure are unlikely to
change. First-generation products were classified as decom-
position (<C10 aldehydes), carbonyl (C10 ketone or aldehyde),
CHA, HN, and isomerization (HCHA and HHN) products in
order of highest to lowest volatility. First-generation CHA,
HN, HCHA, and HHN correspond to decanol with added
ketone, N, CHA, and HN groups, respectively. Note that the
pathway for forming first-generation CHA only occurs
following H atom abstraction at the δ-carbon and, therefore,
is not shown in Scheme 1. Because this pathway is equivalent
to adding a ketone group to decanol, it is not included among
the isomerization products.
The product yields (moles of product formed per mole of

decanol reacted) obtained from model calculations are shown
in Figure 6, with the bars for each product category stacked in

order of volatility. For comparison, single data points are also
plotted for SOA molar yields calculated by multiplying the
SOA mass yield by 158/210, the ratio of the molecular weight
of decanol to the assumed average molecular weight of SOA
(the average of HHN and HCHA, the two major first-
generation isomerization products). The calculated yields of
isomerization products, which have the lowest volatility,
correlate with the SOA molar yields, whereas those of the
decomposition products, which have the highest volatility,
correlate inversely.
Decomposition products were primarily formed following H

atom abstraction at β-, γ-, or ε-carbons, as discussed above.
Although β-hydroxyalkoxy radicals can decompose directly, γ-
and ε-hydroxyalkoxy radicals can isomerize and then react
further to form β-hydroxyalkoxy radicals, in which the alkoxy
radical group is on the left and right sides of the hydroxyl
group, respectively (Scheme 1), which can then decompose.
Yields of C10 carbonyls were similar across isomers, except for
1-decanol, because abstraction of a primary H atom from
the α-carbon is slower than abstraction of a secondary H atom.

Figure 5.Mass yields of SOA formed from the 60 min reactions of 1-,
2-, 3-, 4-, and 5-decanol, 5- and 6-undecanol, and n-decane, n-
dodecane, and n-tetradecane with OH radicals in the presence of
NOx.

Figure 6. Molar yields of measured SOA and model-predicted first-
generation products formed from the 60 min reactions of 1-, 2-, 3-, 4-,
and 5-decanol with OH radicals in the presence of NOx. Product
categories are stacked from least volatile on the bottom to most
volatile on the top.
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Conversely, yields of HN products were slightly greater for 1-
decanol compared to the other isomers (which were similar)
because a greater fraction of H atom abstractions occurred at
locations other than at the α-carbon, thus leading to higher
yields of nitrate products. Most importantly, yields of
isomerization products decreased as the hydroxyl group
moved away from the end of the molecule. This was caused
by enhanced H atom abstraction from α- and β-carbons in
reactions with OH radicals (as a result of the greater ease of
abstraction) and in alkoxy radical isomerization (as a result of
shorter carbon chains), which led to higher yields of volatile
carbonyls, CHA, and β-hydroxyalkoxy radical decomposition
products. Thus, the yield of first-generation isomerization
products shown in Figure 6 is the yield of initially formed
alkoxy radicals that isomerized and did not subsequently
decompose. To make more direct quantitative comparisons
between measurements and model predictions, it would be
necessary to include multigeneration and particle-phase
reactions as well as gas−particle and gas−wall partitioning in
the model.

■ CONCLUSION

Recent research has indicated that some of the most important
compounds producing SOA from either vehicular exhaust or
emissions of volatile chemical products are likely functionalized
organics, which are a poorly studied class of VOCs with
regards to SOA formation. The results presented here
demonstrate the need to understand not only the importance
of functional groups but also functional group position on
VOC oxidation products and mechanisms to accurately predict
SOA yields. In particular, we report on an experimental and
modeling study that evaluates the effect of a hydroxyl group
and its position on the SOA yields measured for the reactions
of the 1-, 2-, 3-, 4-, and 5-decanol and 1- and 2-undecanol
isomers with OH radicals in the presence of NOx. Although
analyses of particle composition conducted using liquid
chromatography, mass spectrometry, and infrared spectroscopy
indicate that the SOA formed from oxidation of each of the C10

decanol isomers had similar composition, the SOA yields are
all enhanced relative to the yield from n-decane (the
corresponding C10 n-alkane) and depend strongly upon the
position of the functional group. When the hydroxyl group is at
the end of the molecule, the SOA mass yield is a maximum of
0.5, about 5 times greater than that from n-decane and close to
the yield from n-tetradecane (the C14 n-alkane). A higher yield
was expected, because the addition of a hydroxyl group to n-
decane significantly decreases the vapor pressure of the parent
compound and, therefore, the vapor pressures of the products.
However, as the hydroxyl group moves toward the middle of
the molecule, the yield decreases monotonically to a minimum
of 0.1, close to that of n-decane. This striking effect of the
decanol isomer structure on the SOA yield occurs despite the
fact that the vapor pressures only increase by about a factor of
4 from 1- to 5-decanol, whereas the vapor pressure of n-decane
is about 2 orders of magnitude higher than that of n-
tetradecane.
Results from a kinetic model constructed using structure−

activity calculations to estimate branching ratios for major
reaction pathways show that the trends in decanol SOA yields
can be explained by the effect of the position of the hydroxyl
group on the fraction of first-generation products formed
through pathways involving alkoxy radical isomerization. These
pathways tend to form low-volatility products that partition

into particles, whereas the major competing pathways form
more volatile products. Conclusions about the reaction
mechanisms based on SOA yield measurements and modeling
are supported by measurements of SOA composition, which
show that the SOA mostly consists of products whose
formation involves alkoxy radical isomerization. These
conclusions are further supported by gas-phase measurements
of the aldehyde products, because α-cleavage reactions
involving β-hydroxyalkoxy radicals lead to aldehydes with
carbon numbers that are specific to each decanol isomer. In
general, these results are consistent with our previous study16

on the homologous series of linear C12 ketone isomers reacted
under similar conditions, although in that study, evidence was
presented that supported the expectation (on the basis of
theoretical calculations) that a keto group can hinder rates of
alkoxy radical isomerization. Here, there is strong evidence that
the hydroxyl group does not hinder isomerization, also in
agreement with theoretical predictions.
Although this study focused on SOA formation from the

reactions of monofunctional primary and secondary alcohols, a
similar behavior is expected for tertiary alcohols but without
formation of the first-generation ketone and with increased
rates of β-hydroxyalkoxy radical decomposition because of the
presence of an additional neighboring alkyl group.33 In the case
of diols, one would expect that the addition of a second
hydroxyl group to a n-alkane backbone would have effects
similar to the addition of the first hydroxyl group: an overall
increase in SOA yields as a result of the lower vapor pressures
of products but with a diminishing effect as the hydroxyl group
moves toward the middle of the molecule because of enhanced
formation of more volatile products. It is also worth noting
that, although these experiments were conducted under
conditions typical of polluted air, where alkylperoxy radicals
react with NO, in clean air the trends are likely to be similar if
the hydroxyperoxy radicals react with alkylperoxy radicals or
with HO2, because these types of reactions can also form
alkoxy radicals in significant yields.48 If reactions primarily
proceed by alkylperoxy radical isomerization,49 however, then
the results would probably be quite different.
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Abstract., The fraction of OH reaction at each carbon of each decanol isomer (Table S1), and 

decanol oxidation product vapor pressures and resulting percent in the particle phase at 

various particle loadings (Table S2). 



Table S1. Table showing fraction of initial OH abstraction from each carbon for every decanol 

isomer, as predicted by the estimation methods.
3
 It is shown that the most reactive carbon is 

always the α-carbon (red) followed by the β-carbon (orange). Decreased reactivity of the α-

carbon in 1-decanol is due it being primary, versus the secondary α-carbon in the 2-5 decanol 

isomers.  

1-decano1 2-decanol 3-decanol 4-decanol 5-decanol 

C1 21% 2% 1% 1% 1% 

C2 16% 37% 12% 5% 5% 

C3 9% 16% 40% 14% 7% 

C4 9% 8% 14% 40% 14% 

C5 9% 8% 7% 14% 40% 

C6 9% 8% 7% 7% 14% 

C7 9% 8% 7% 7% 7% 

C8 9% 8% 7% 7% 7% 

C9 7% 6% 5% 5% 5% 

C10 1% 1% 1% 1% 1% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Estimated vapor pressure (at 298 K) and percent-in-particle of decanol and its first-, 

second-, and third-generation oxidation products at varying particle loadings as determined by 

SIMPOL.1 vapor pressure prediction
1
 and gas-particle partitioning theory.

2
   

    

		 		 		 % in particle at given mass loading (µg m
-3

) 

 Compound Gen. ρ
o
 (atm) 500 1000 1500 2000 

decanol – 1.56E-05 1% 1% 2% 2% 

decanone 1 2.81E-04 0% 0% 0% 0% 

HN 1 1.06E-07 48% 65% 73% 79% 

HHN 1 6.07E-10 99% 100% 100% 100% 

HHC 1 9.19E-09 91% 96% 97% 98% 

HCHA 1 1.96E-08 83% 91% 94% 95% 

HDHF 1 2.37E-06 2% 4% 6% 8% 

HC 1 1.61E-06 6% 11% 15% 20% 

CHA 1 3.43E-06 3% 5% 8% 10% 

DHF 1 4.14E-04 0% 0% 0% 0% 

K-N 2 1.90E-06 5% 9% 13% 17% 

K-HN 2 1.09E-08 90% 95% 96% 97% 

K-CHA  2 3.50E-07 22% 36% 46% 53% 

HN-N 2 7.17E-10 99% 100% 100% 100% 

HN-HN 2 4.10E-12 100% 100% 100% 100% 

HN-CHA 2 1.30E-10 100% 100% 100% 100% 

CHA-N 2 2.32E-08 81% 89% 93% 94% 

CHN-Et 2 2.32E-08 81% 89% 93% 94% 

HCHN-Et 2 1.33E-10 100% 100% 100% 100% 

CHA-HC 2 2.01E-09 98% 99% 99% 99% 

C-Es 2 1.58E-05 1% 1% 2% 2% 

CHA-Es 2 2.32E-07 30% 46% 56% 63% 

K-N-N 3 1.28E-08 88% 94% 96% 97% 

K-N-CHA 3 2.37E-09 98% 99% 99% 99% 

K-N-HN 3 7.34E-11 100% 100% 100% 100% 

K-CHA-HN 3 1.36E-11 100% 100% 100% 100% 

K-CHA-HC 3 2.05E-10 100% 100% 100% 100% 
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