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ABSTRACT: Resorcinol (1,3-benzenediol) has been observed
in both laboratory and field studies reporting biomass burning
emissions. As a result of its low vapor pressure, it has been
suggested as a secondary organic aerosol (SOA) precursor, but
its gas-phase oxidation has not been studied previously. Here,
the reactions of resorcinol with OH radicals in the presence of
NOx and with NO3 radicals in the presence of NO2 were
investigated to mimic oxidation under daytime and nighttime
conditions. When resorcinol was added to the chamber in the
presence of a high concentration of oxidant, the gas-phase
chemistry of this highly reactive, low-volatility compound was
investigated while minimizing its loss to the chamber walls. Gas-
and particle-phase products were identified using a combination
of thermal desorption particle beam mass spectrometry, chemical ionization−ion trap mass spectrometry, and proton transfer
reaction−mass spectrometry. The major products identified were benzenetriol, nitrobenzenetriol, and hydroxymuconic
semialdehyde in the particle phase and hydroxybenzoquinone and nitroresorcinol in the gas phase, and a reaction mechanism
was developed to explain their formation. Hydroxybenzoquinone was determined to form through gas-phase oxidation of
resorcinol and by heterogeneous oxidation of benzenetriol by nitric acid. Reactions with OH and NO3 radicals produced SOA
with yields of 0.86 and 0.09, respectively, but these values should be somewhat lower in the atmosphere where aerosol mass
concentrations are lower and, thus, gas−particle partitioning is reduced.

KEYWORDS: volatile organic compounds, aromatic compounds, wildfire emissions, atmospheric oxidation, heterogeneous oxidation,
oxidation mechanisms

■ INTRODUCTION

Emissions from biomass burning are an important source of
organic gases and particles, which through a variety of
mechanisms can influence visibility, human health, and
climate.1,2 In some cases, biomass burning emissions can
even affect air quality at locations thousands of kilometers
away as a result of long-range transport.3 Gas-phase emissions
from biomass burning can also undergo atmospheric reactions
to produce compounds of low vapor pressure that partition
onto pre-existing particles, causing an increase in particle mass.
This secondary organic aerosol (SOA) is a major component
of atmospheric particulate matter.4

There have been several laboratory studies measuring SOA
formed from the oxidation of biomass burning emissions.5−8

Laboratory and field studies generally observe an increase in
organic aerosol produced during photo-oxidation,5,6,9,10

suggesting a significant contribution from oxidation of gas-
phase emissions. Speciated measurements of organic aerosol in
fresh and aged smoke have determined that some compounds
are emitted from biomass burning, whereas others are
produced by the gas-phase oxidation of these emissions.7

However, it is difficult to determine the mechanisms by which

certain compounds are formed when oxidizing a complex
mixture, such as smoke. With the reaction of individual
compounds under controlled laboratory conditions, one can
determine which products observed in the field are produced
from the oxidation of a given emission, allowing for
incorporation of these products into explicit chemical reaction
mechanisms.
Resorcinol (1,3-benzenediol) is emitted directly from

biomass burning as a product of lignin pyrolysis11 and has
been observed in laboratory12−14 and field studies15 of biomass
burning. In the aqueous phase, resorcinol oxidation produces
considerable amounts of SOA.16,17 However, to our knowl-
edge, there have been no measurements of the yields of
molecular products or SOA formed from the gas-phase
reactions of resorcinol with atmospheric oxidants. Because its
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isomer, catechol (1,2-benzenediol), has been shown to
produce significant amounts of SOA when reacted with
OH18−20 and NO3

20 radicals, it is worthwhile to also study
the ability of resorcinol to produce SOA from gas-phase
reactions.
There are, unfortunately, inherent challenges in studying

reactions of low-volatility organic compounds as a result of
their tendency to be lost to the walls of the reactor. For
example, in Teflon environmental chambers, compounds with
sufficiently low vapor pressure can undergo rapid, equilibrium
partitioning into the chamber walls in ∼10 min, leading to
errors in measured yields of products and SOA.21−24 Field
studies have indicated that the oxidation of low-volatility
organic compounds is responsible for a large amount of the
SOA found in the atmosphere,25,26 but the molecular origin of
this SOA is unclear. It is therefore important to devise methods
to study the oxidation of these compounds experimentally to
help determine the sources of atmospheric SOA. In this study,
it was possible to react resorcinol sufficiently quickly with OH
radicals in the presence of NOx and with NO3 radicals in the
presence of NO2 to minimize the loss of resorcinol to the walls.
We were thus able to obtain estimates of SOA yields, identify
gas- and particle-phase reaction products, and propose
mechanisms for these reactions under daytime and nighttime
conditions.

■ EXPERIMENTAL SECTION
Chemicals. The following chemicals were used: ethyl

acetate [high-performance liquid chromatography (HPLC)
grade], methanol (HPLC grade, EMD Millipore), water
(HPLC grade, Fisher Chemical), resorcinol (>99%, Sigma-
Aldrich), 2-nitroresorcinol (98%, Sigma-Aldrich), O-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA,
>99%, Sigma-Aldrich), hydroquinone (>99%, Sigma-Aldrich),
hydroxyquinol (99%, Sigma-Aldrich), dioctyl sebacate (>97%,
Fluka), and nitric oxide (99%, Matheson Trigas). Methyl
nitrite and N2O5 were prepared using the methods of Taylor et
al.27 and Atkinson et al.28

Hydroxybenzoquinone was prepared29 by adding a
phosphate buffer at pH 8 to hydroquinone and allowing it to
react with air for several minutes until a wine-red solution was
formed. The solution was acidified with hydrochloric acid to
pH 2 to prevent further oxidation, producing a pale-yellow
solution, and its identity was confirmed by analyzing the
solution using an Ocean Optics ultraviolet−visible (UV−vis)
spectrophotometer.
Environmental Chamber Experiments. Reactions were

carried out at room temperature and pressure (25 °C and 630
Torr) in an 8000 L FEP Teflon chamber that was filled with
clean, dry air [hydrocarbons and NOx < 5 ppb and relative
humidity (RH) < 1%]. In each experiment, ∼100 μg m−3 of
seed particles [dioctyl sebacate (DOS)] were added from an
evaporation−condensation source to enhance condensation of
organic vapors onto particles and, thus, reduce their loss to the
chamber walls.21,23 For reactions initiated by OH radicals, 2
ppm of methyl nitrite (CH3ONO) and 2 ppm of NO (to avert
formation of O3 and NO3 radicals) were added to the chamber,
the contents were mixed for 1 min with a Teflon-coated fan,
and the blacklights were turned on at an intensity
corresponding to NO2 photolysis rates of 0.37 or 0.74 min−1.
A measured amount of resorcinol was then immediately added
from a heated glass bulb by flushing with ultrahigh-purity
(UHP) N2. It typically took ∼5 min to add all resorcinol,

which corresponded to a concentration of 400 ppb, and then
the lights were turned off ∼5 min later. Reactions initiated by
NO3 radicals were performed in the dark by adding 1 ppm of
N2O5, which thermally decomposed to establish equilibrium
with NO3 + NO2, and then immediately adding resorcinol, as
described above.
Resorcinol was added while oxidants were already present in

an attempt to react resorcinol in the gas phase before it could
be lost to the chamber walls. Experiments in which resorcinol
was allowed to achieve gas-wall partitioning equilibrium before
OH radical formation was initiated resulted in no measurable
production of SOA. This is consistent with the similarity of the
estimated vapor pressure of resorcinol to that of 1,8-octanediol
(∼1 × 10−3 Torr30), a compound that completely partitioned
into the Teflon film in previous experiments.22 This approach
proved to be successful because the time scale for the reaction
of resorcinol with OH or NO3 radicals is much shorter than
the time scale for achieving gas-wall partitioning equilibrium in
our chamber. Although the rate constant for the reaction of
resorcinol with OH radicals is not known, the value calculated
using a structure−activity relationship for aromatics31 is 5.7 ×
10−10 cm3 molecule−1 s−1, which is greater than the collision
rate between resorcinol and OH radicals. Assuming instead
that the rate constant is 1.04 × 10−10 cm3 molecule−1 s−1,32 the
same as catechol (1,2-benzenediol), and using an OH radical
concentration of 1 × 108 molecules cm−3 that is typical for the
beginning of photo-oxidation,33 the lifetime of resorcinol with
respect to oxidation by OH radicals is ∼100 s. Assuming that
the rate constant for the reaction of resorcinol with NO3
radicals is 9.8 × 10−11 cm3 molecule−1 s−1, the same as with
catechol, and using an NO3 radical concentration of 30 ppb
(the maximum NO3 radical concentration obtained from 1
ppm of N2O5 thermal decomposition equilibrium), the lifetime
of resorcinol with respect to oxidation by NO3 radicals is ∼0.2
s. Both reactions are significantly faster than the time scale for
gas-wall partitioning in our chamber of ∼600 s, thus allowing
these reactions to occur before gas−wall partitioning becomes
significant.
The decision to use 400 ppb of resorcinol in these

experiments was also based on technical considerations,
because this amount resulted in the formation of ∼1 mg m−3

of SOA. Although this is much higher than typical atmospheric
SOA concentrations, it is not yet clear how experiments should
be conducted to best simulate atmospheric SOA formation.
Use of a low concentration of precursor is likely to result in an
underestimate of the SOA yield because of the loss of products
by gas−wall partitioning, while the use of a high concentration
is likely to overestimate the yield because of enhanced gas−
particle partitioning and possibly multiphase reactions.21−24

Given this uncertainty, we chose to operate under conditions
that optimized the amount of SOA formed and, thus, provided
the most material for analysis. As shown below, by estimating
product vapor pressures, we can attempt to predict the gas−
particle partitioning of these compounds in the atmosphere.

Particle Analysis. Real-time mass spectra of the aerosol
particles were measured throughout each experiment using
thermal desorption particle beam mass spectrometry
(TDPBMS).34 In this instrument, particles are focused into a
narrow beam as they pass through an aerodynamic lens and
then enter a high-vacuum chamber, where they impact and
vaporize on a copper rod that is heated to ∼160 °C. The vapor
is then impacted by 70 eV electrons, and the resulting ions are
analyzed in a triple quadrupole mass spectrometer. Alter-
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natively, the aerosol was collected after cooling the vaporizer to
−40 °C and then desorbed by ramping the temperature at 2
°C min−1 to 200 °C.35 This temperature-programmed thermal
desorption (TPTD) method separates compounds according
to volatility, while the mass spectrometer is scanned. Aerosol
volume concentrations were measured at 4.2 min intervals
(average of up and down scan) using a scanning mobility
particle sizer (SMPS)36 and used to correct for particle wall
loss during filter sampling.
After each reaction, replicate particle samples were collected

for 100 min at a flow rate of 14 ± 0.3 L min−1 on preweighed
Teflon filters (0.45 μm pore size). Filters were reweighed to
determine the sampled particle mass and then extracted
separately (along with their perforated metal supports) in 4 mL
of ethyl acetate. The extracts were dried in a stream of UHP N2
and then weighed. In all experiments, the mass of the dried
extracts and the mass collected on filters agreed within ±7%,
indicating complete extraction. The dried extracts were
redissolved in ethyl acetate to achieve 1−2 mg mL−1 of
sample and then stored at −25 °C until analyzed. All mass
measurements were made using a Mettler Toledo XS3DU
microbalance.
SOA extracts were fractionated and collected by reversed-

phase HPLC using a Shimadzu Prominence HPLC equipped

with a Nexera X2 SPD-M30A UV−vis photodiode array
(PDA) detector and Phenomenex Kinetex phenyl-hexyl
column (250 mm × 4.6 mm × 5 μm). The method used a
flow rate of 0.2 mL min−1, where mobile phase A was 10 mM
phosphate buffer (95:5 water/methanol, pH ∼ 2.6) and mobile
phase B was methanol. The method was as follows: begin with
0% B and hold for 20 min, then increase B at 2% min−1 to 50%
B, hold for 25 min, then decrease to 0% B at 2% min−1, and
hold for 10 min.
Collected SOA fractions were dried in a stream of UHP N2

and redissolved in 10 μL of ethyl acetate prior to being
analyzed using a Thermo Finnigan PolarisQ ion trap mass
spectrometer with isobutane as the chemical ionization reagent
gas (CI−ITMS).37 Samples were inserted into the vacuum
region using a direct-insertion probe and then vaporized into
the ion source (maintained at 250 °C to reduce condensation
of compounds on the walls) for mass analysis by increasing the
probe temperature from 35 to 350 °C at a rate of 10 °C min−1.

Gas-Phase Analysis. Quadrupole proton transfer reac-
tion−mass spectrometry (PTR−MS) was used to monitor gas-
phase products in real time.38 Briefly, sampled trace gases react
with H3O

+ ions by proton transfer, provided that the proton
affinity of the analyte is greater than that of water. The reaction
occurs inside the PTR−MS drift tube, which was set to a

Scheme 1. Proposed Mechanism for Forming First-Generation Products from the Reaction of Resorcinol with OH Radicals in
the Presence of NOx

a

aProducts predominantly in the particle phase are red; products predominantly in the gas phase are green; and products found in both phases are
blue. Note that the conversion of benzenetriol to hydroxybenzoquinone occurs in the particle phase, whereas all of the other reactions occur in the
gas phase.
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pressure of 2.4 mbar and a voltage of 720 V for an E/N ≈ 120
Td. The inlet system in this instrument prevents the efficient
detection of low-volatility compounds as a result of long
measurement delay times.39

Gas-phase products were also collected on either PFBHA-
coated (for carbonyl compounds) or uncoated annular
denuders for 10 min at 10 L min−1 immediately following
the completion of a reaction. Denuders were extracted 3 times
with 25 mL of dichloromethane, dried in a stream of UHP N2,
and reconstituted in 1 mL of ethyl acetate for CI−ITMS
analysis, as described above. In addition, a Thermo 42 NO−
NO2−NOx chemiluminescence analyzer was used to monitor
the concentrations of NO and NOx.
SOA Yields. Mass-based SOA yields were determined as

the mass of SOA formed/mass of resorcinol reacted (MSOA/
ΔRes), where MSOA (μg m

−3) is the mass of particles collected
on a filter/sampled air volume and ΔRes (μg m−3) is the mass
of resorcinol that reacted. MSOA was corrected for particle wall
loss during filter sampling and for the DOS seed component
using aerosol volume concentrations measured with the
SMPS.40 Aerosol volume concentrations reached a maximum
within 10 min of stopping OH radical formation by turning off
the blacklights and within 15 min of adding resorcinol in the
NO3 radical reactions. The delay in reaching maximum volume

concentrations is likely due to additional time required for the
chamber to become well-mixed, in addition to the 4 min time
resolution of SMPS data points. The fan was not turned on
during resorcinol addition to the chamber, to reduce the rate of
vapor wall loss as a result of increased turbulence.23 Because
resorcinol could not be measured via gas collection onto Tenax
adsorbent followed by gas chromatography with a flame
ionization detector (GC−FID) analysis, the reaction of
resorcinol was assumed to be complete, so that ΔRes is the
mass of added resorcinol/chamber volume. This assumption
should be reasonable, because (as discussed above) the lifetime
for resorcinol with respect to reaction with OH radicals was
∼100 s, the lights were on for ∼10 min (including the ∼5 min
required to add resorcinol to the chamber), and the time scale
for achieving gas−wall partitioning equilibrium was ∼600 s.
This is also true for the reactions with NO3 radicals, because
the lifetime for resorcinol in that reaction was ∼0.2 s and
excess N2O5 was present in the chamber.

■ RESULTS AND DISCUSSION
Proposed Reaction Mechanisms. The proposed mech-

anism for the formation of first-generation products from the
reactions of resorcinol with OH and NO3 radicals in the
presence of NOx is shown in Scheme 1. The mechanism was

Figure 1. (A) Real-time TDPBMS mass spectra of SOA formed from the reaction of resorcinol with OH radicals in the presence of NOx and mass
spectra of (B) 1,2,3-benzenetriol, (C) 1,2,4-benzenetriol, and (D) 1,3,5-benzenetriol standards. Peaks as a result of DOS seed particles were
removed from mass spectrum A.
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developed using results of previous studies of the oxidation of
aromatic compounds41−43 and the products identified here,
which are discussed below. The OH radical reaction can
proceed via three pathways: 1,2- or 1,4-ring addition to form
an OH-aromatic adduct or abstraction of a phenolic H atom to
form an m-hydroxyphenoxy or m-semiquinone radical. For
each of these, the radical that is formed (resonance structures
are shown in the scheme) can add O2 to form an organoperoxy
radical (RO2

•) or NO2 to form a nitroaromatic product that
terminates the reaction. The cyclic α-hydroxyperoxy radical
formed from O2 addition to an OH-aromatic adduct will either
decompose to a benzenetriol and HO2, isomerize to a bicyclic
alkyl radical, or react with NO to form a cyclic α-
hydroxyalkoxy radical and NO2. The bicyclic alkyl radical
will either decompose to form ring-opened products, such as
glyoxal, glucic acid, and maleic anhydride (which were
observed in PTR−MS, as discussed below), or add O2 to
form a bicyclic organoperoxy radical. This RO2

• radical will
react with NO under the conditions of these experiments or
with other RO2

• radicals or HO2 under low NOx conditions,
likely forming a variety of ring-retaining and ring-opened
products by pathways similar to those identified for simpler
aromatic compounds.44 Because no clear evidence for these
was observed here, they are not shown in Scheme 1. According
to structure−activity calculations,45,46 the cyclic α-hydrox-
yalkoxy radical will decompose at a first-order rate of ∼1012 s−1
(many orders of magnitude faster than isomerization) to a
ring-opened α-hydroxyalkyl radical, which then reacts with O2
to form hydroxymuconic semialdehyde and HO2. We note
that, for NO concentrations less than ∼100 ppb (much lower
than the >1 ppm of NO concentrations used here), the
reaction of the cyclic α-hydroxyperoxy radical with NO will no
longer compete with decomposition and isomerization,42,43

and thus, hydroxymuconic semialdehyde would not be
expected to form under atmospheric conditions. The m-
semiquinone peroxy radical formed by the addition of O2 to
the m-semiquinone radical can react with NO to form NO2
and a m-semiquinone alkoxy radical, which then reacts with O2
to form hydroxybenzoquinone and HO2, whereas the addition
of NO2 to the m-semiquinone radical leads to 4-nitro-
resorcinol.
The NO3 radical reaction of resorcinol in the presence of

NO2 only proceeds through phenolic H atom abstraction,
similar to the pathway shown in Scheme 1 for the OH radical
reaction. This has been observed in reactions of NO3 radicals
with phenol41 and catechol.20 For resorcinol, the reaction
produces two compounds, nitroresorcinol and hydroxybenzo-
quinone, which are formed by the same mechanisms as in the
OH radical reaction, except that the m-semiquinone peroxy
radical is converted to the m-semiquinone alkoxy radical by
reaction with a RO2

• or NO3 radical [forming an alkoxy radical
(RO•) and NO2, respectively] instead of by reaction with NO.
As shown, the inclusion of only first-generation products in

this scheme is appropriate. Only one second-generation
product (dihydroxybenzoquinone) of a gas-phase reaction
was identified from gas and particle analyses, and on the basis
of PTR−MS signals, its concentration was <5% of that of
hydroxybenzoquinone from which it was formed. Although
nitroresorcinol was available in the gas phase for further
reaction, because nitroaromatic compounds react ∼30 times
more slowly than their unsubstituted aromatic analogues,47,48 it
is unlikely that a significant amount reacted during the 10 min
reaction. As for the other first-generation products, because of

their low vapor pressures they were almost entirely in the
particle phase, where the rate of reaction with either OH or
NO3 radicals is greatly reduced.

OH Radical Reactions. Particle-Phase Products. The
reaction of resorcinol with OH radicals in the presence of NOx
produced SOA with a yield of 0.86. The real-time particle mass
spectra, shown in Figure 1A, display significant peaks at m/z
171, 142, 126, 108, 97, 80, and 52. The peaks at m/z 126, 108,
97, 80, and 52 are assigned to the 1,2,3-benzenetriol and 1,2,4-
benzenetriol isomers [molecular weight (MW) of 126], both of
which have significant peaks at these masses in the standard
mass spectra shown in panels B and C of Figure 2.49 The
presence of benzenetriols in the particles is consistent with
predictions based on their (non-isomer-specific) saturation
concentration (C*) of 50 μg m−3 (calculated using
SIMPOL.130), a mass concentration of particles of ∼1 mg
m−3, and gas−particle partitioning theory.50 This product
assignment is supported by the TPTD profiles presented in
Figure 2A, which show a peak at 51 °C in the m/z 126 profile
and peaks at 49 °C in the m/z 108 and 80 profiles. We note
that bumps in the profiles at locations other than the maximum
are artifacts of the smoothing procedure. The 2 °C difference
in desorption temperatures is small but significant and
consistent with the presence of two isomers with slightly
different vapor pressures. Because hydrogen bonding between
ortho hydroxyl groups on an aromatic ring increases compound
vapor pressure,14 1,2,3-benzenetriol is expected to be more
volatile than 1,2,4-benzenetriol and, thus, desorb first. It is
unlikely that 1,3,5-benzenetriol is also present, because the
standard mass spectrum shown in Figure 1D indicates that
significant peaks should also be present at m/z 111 and 85 but
are not (Figure 1A). A proposed mechanism of formation of
1,2,3-benzenetriol and 1,2,4-benzenetriol as a result of 1,2- or
1,4-addition of the OH radical is shown in Scheme 1. The
formation of 1,3,5-benzenetriol by 1,5-addition does not occur
because electron-donating groups direct electrophilic aromatic
substitution to ortho and para positions and the 1,5-addition is
meta to both OH groups. This is reflected in the much smaller
calculated rate coefficients for OH addition meta to electron-
donating groups.30 On the basis of the SOA mass yield of 0.86
and the dominance of benzenetriol in the particle mass
spectrum, if we assume that the SOA contained only this
compound, then (by multiplying by a resorcinol/benzenetriol
MW ratio of 0.87), the upper limit for the molar yield of
benzenetriol is 0.75. Although this value overestimates the
yield, it provides a useful indication of the importance of
benzenetriol as a product of this reaction.
The peak at m/z 171 is assigned to the M+ ions of

nitrobenzenetriol isomers (MW of 171). The TPTD profile of
this ion (Figure 2B), which peaks at 84 °C, is consistent with
this assignment because nitrobenzenetriol (C* = 0.5 μg m−3) is
less volatile than benzenetriol (C* = 50 μg m−3). One of the
isomers was successfully isolated by HPLC and analyzed by
CI−ITMS, leading to its assignment as 5-nitro-1,2,3-benzene-
triol. The mass spectrum and peak assignments are shown in
Figure S1 of the Supporting Information. The peaks at m/z
141 and 125 in Figure 1A are attributed to [M − NO]+ and
[M − NO2]

+ ions, where loss of NO occurs by rearrangement
to produce a C−O bond that is stabilized by resonance with
the aromatic ring.51

The peak at m/z 142 in Figure 1A is assigned to the M+ ions
of hydroxymuconic semialdehyde and benzenetetraol (MW of
142). On the basis of their C* values of 80 and 0.3 μg m−3,
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they should desorb in the same range as benzenetriol and
nitrobenzenetriol, as observed, and exist predominantly in the
particle phase. We speculate that hydroxymuconic semi-

aldehyde was the greater contributor to this peak because it
is a first-generation product, whereas benzenetetraol is a
second-generation product formed from benzenetriol by a
similar reaction to the reaction that formed benzenetriol
(Scheme 1).
The peak at m/z 155 in Figure 1A is assigned to the M+ ions

of the nitroresorcinol isomers (MW of 155). The low intensity
of this signal is somewhat surprising, because 4-nitrocatechol
was the dominant component of SOA formed in the OH
radical reaction of catechol and existed entirely in the particle
phase.20 Because resorcinol and catechol are structural isomers,
one might expect that similar products are produced with
roughly similar yields and vapor pressures. This suggests that
the OH radical reaction of resorcinol occurs by a different
reaction mechanism than catechol and/or that the major
nitroresorcinol isomers are much more volatile than 4-
nitrocatechol, as discussed below.
The thermal desorption profile of the total ion signal (TIS)

of the SOA is shown in Figure 2D. Because the TIS is
proportional to aerosol mass,52 this profile is effectively a
volatility distribution of the SOA. The C* scale at the top of
the figure is based on a previously measured relationship
between the desorption temperature and compound vapor
pressure determined using a homologous series of linear
alkanes with relatively well-known vapor pressures.20 For
reference, the C* values estimated from the peaks in the
benzenetriol and nitrobenzenetriol profiles are 5 and 0.1 μg
m−3, which are about an order of magnitude lower than values
of 50 and 0.5 μg m−3 calculated using SIMPOL.1.30

Considering the uncertainties in the calibration and the
SIMPOL.1 calculations and the effects of the SOA matrix on
desorption, the agreement suggests that the profile provides a
reasonably quantitative representation of the volatility
distribution. The long tail above ∼100 °C is attributed mostly
to material that desorbed at lower temperatures and then
condensed onto cooler surfaces, only to desorb again as the
vaporizer temperature increased. The dashed lines in the figure
correspond to C* values of 100, 10, and 1 μg m−3, indicating
that, under a wide range of atmospheric conditions, a
significant amount of aerosol should be formed from this
reaction. For example, because only ∼25% of the area under
the curve is associated with material with C* of >10 μg m−3, an
organic aerosol mass concentration typical of a polluted area,4

the SOA yield at such a location may not be much less than the
value of 0.86 measured here. We also note that, from the area
under the curve attributed to benzenetriol, the molar yield of
this compound is probably closer to ∼0.3 than 0.75, the
maximum yield estimated above by assuming all of the SOA
consisted of this compound.

Gas-Phase Products. Ions corresponding to gas-phase
products formed from the reaction of resorcinol with OH
radicals in the presence of NOx were detected by PTR−MS at
m/z 59, 89, 99, 125, 138, 141, and 156, as shown in Figure 3.
The peak at m/z 62 is the [M + H]+ ion from methyl nitrite
(MW of 61), the OH radical source. The small peaks at m/z
156 and 138 can be assigned to the [M + H]+ and [M + H −
H2O]

+ ions of nitroresorcinol isomers (MW of 155). Whereas
the [M + H]+ ion is indicative of any nitroresorcinol isomer,
loss of H2O is only observed in proton transfer reactions of
nitroaromatics when a nitro group is ortho to a hydroxyl
group,53 although the elevated collision energy in PTR−MS
typically makes the loss of H2O more efficient. Nitroresorcinols
are formed by abstraction of a phenolic H atom followed by

Figure 2. TPTD profiles of SOA formed from the reaction of
resorcinol with OH radicals in the presence of NOx corresponding to
(A) benzenetriol isomers, (B) nitrobenzenetriol isomers, (C)
hydroxymuconic semialdehyde and benzenetetraol isomers, and (D)
total ion signal. The dashed lines in panel D correspond to C* values
of 100, 10, and 1 μg m−3. Profiles were smoothed to better resolve
desorption temperatures, and the signal from DOS seed particles was
removed.
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reaction with NO2 and rearrangement to restore aromaticity,41

as described above. The o-semiquinone radical formed by H
atom abstraction produces favorable sites for NO2 addition
either ortho or para to the hydroxyl substituents, leading to the

formation of either 2-nitroresorcinol or 4-nitroresorcinol. A
comparison of the HPLC retention time of a 2-nitroresorcinol
standard to those of the products formed from reactions of
resorcinol with OH radicals in the presence of NOx and
sampled with a denuder indicated that no 2-nitroresorcinol was
present. It is therefore likely that the only nitroresorcinol
produced from these reactions is 4-nitroresorcinol.
It is also interesting that 4-nitroresorcinol (C* = 1 × 104 μg

m−3) appears to be present in the gas phase and in particles in
these reactions, because 4-nitrocatechol (C* = 10 μg m−3) was
essentially only in the particle phase at the chamber
concentrations observed in our previous experiments.20 For
4-nitroresorcinol, hydroxyl and nitro groups are ortho-
substituted, which can result in significant hydrogen bonding
between the two groups through formation of a six-membered
ring. This intramolecular interaction can significantly increase
the vapor pressure of 4-nitroresorcinol compared to its isomer,
4-nitrocatechol. Similarly, Hatch et al.14 measured the gas−
particle partitioning of benzenediol isomers from wood
combustion and estimated that the vapor pressure of catechol
(1,2-benzenediol) was a factor of 18 higher than hydroquinone
(1,4-benzenediol), likely as a result of the hydrogen bonding

Figure 3. PTR−MS mass spectrum of gas-phase products formed
from the reaction of resorcinol with OH radicals in the presence of
NOx. Chamber background peaks have been removed, and the m/z
62 peak corresponds to protonated methyl nitrite, the OH radical
source.

Figure 4. (A) PTR−MS time profiles of selected ions of gas-phase products formed from the reaction of resorcinol with OH radicals in the
presence of NOx. (B) PTR−MS and TDPBMS time profiles of selected ions of gas- and particle-phase products formed from the reaction of
resorcinol with OH radicals in the presence of NOx, with 1 ppm of NH3 added 70 min after photo-oxidation was immediately stopped by turning
off the lights. The profiles have been smoothed using the boxcar method.
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between the ortho hydroxyl groups. Although 4-nitrocatechol
contains two ortho-substituted hydroxyl groups, the hydrogen
bonding between nitro and hydroxyl groups is likely greater as
a result of the formation of a six-membered ring when
hydrogen bonded to the nitro group.
2-Hydroxy-1,4-benzoquinone (MW of 124, hereafter

referred to as hydroxybenzoquinone) was observed as the
dominant product in the gas phase, as indicated by the peak at
m/z 125 from the [M + H]+ ion (Figure 3). The m/z 125 peak
has previously been attributed to this compound in laboratory
experiments of biomass burning.54 It was also observed in the
CI−ITMS mass spectrum of the PFBHA-coated denuder
sample and confirmed by the PFBHA-derivatized hydrox-
ybenzoquinone standard shown in Figure S2 of the Supporting
Information, with the peak at m/z 515 being a result of the [M
+ H]+ ion of a doubly derivatized dicarbonyl (MW of 124)
with MW of 514. The presence of hydroxybenzoquinone in the
gas phase is consistent with its C* value of 2 × 104 μg m−3. As
seen in Figure 4A, the concentration of hydroxybenzoquinone
increased during photo-oxidation and continued to slowly
increase after the lights were turned off. The vapor pressure of

this compound can lead to substantial tubing delays in PTR−
MS39 and may contribute to some of the observed increase.
However, because hydroxybenzoquinone and nitroresorcinol
have similar vapor pressures, the observed increase in the
hydroxybenzoquinone signal cannot be solely due to
partitioning between the tubing and gas phase. The increase
also cannot be due to continued OH radical reactions of
resorcinol, because the OH radical concentration becomes
negligible as soon as the blacklights are turned off. Instead, we
postulate that this compound is formed by the heterogeneous
oxidation of benzenetriol by HNO3 (Scheme 1), which is
formed in the chamber from the OH + NO2 reaction. This
same oxidation reaction has been shown to occur in biological
systems.55 To test this hypothesis, in one experiment, 1 ppm of
NH3 was added to the chamber 70 min after turning off the
blacklights. NH3 reacted rapidly with HNO3 to form solid
NH4NO3 (because the RH was <1%), which was detected as
an increase in the m/z 46 (NO2

+) signal measured by
TDPBMS and an increase in aerosol volume measured by
SMPS. As shown in Figure 4B, removal of HNO3 caused the
gas-phase concentration of hydroxybenzoquinone to stop

Figure 5. (A) Real-time TDPBMS mass spectrum of SOA and (B) PTR−MS mass spectrum gas-phase products formed from the reaction of
resorcinol with NO3 radicals in the presence of NO2. Contributions from DOS particles and chamber background peaks have been removed.
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increasing, supporting the hypothesis that it was formed by the
heterogeneous oxidation of benzenetriol by HNO3. The
addition of NH3 did not appear to affect gas-particle
partitioning, formation, or loss of products other than
NH4NO3, because no significant changes were observed in
any peaks in the TDPBMS mass spectrum other than m/z 46.
The peak at m/z 141 in Figure 3 is assigned to the [M + H]+

ion of dihydroxybenzoquinone. This is a second-generation
product, likely formed in the gas phase from hydroxybenzo-
quinone through a similar mechanism to the one that formed
hydroxybenzoquinone (Scheme 1) and also heterogeneously
by the oxidation of benzenetetraol by HNO3 (where HNO3 is
reduced to NO2

−). Because of the high water solubility of
HNO3, this reaction may be more important at higher RH.
Peaks at m/z 59, 89, and 99 are assigned to [M + H]+ ions of
the ring-opened products glyoxal (OHCCHO, with MW of
58), glucic acid [OHCCH(OH)CHO, with MW of 88], and
maleic anhydride [C2H2(CO)2O, with MW of 98], respec-
tively, which have been identified in other studies of the
oxidation of aromatic compounds from decomposition of the
bicyclic radical.41,42

NO3 Radical Reactions. Particle-Phase Products. The
reaction of resorcinol with NO3 radicals produced SOA with a
yield of 0.09, far less than the yield of 0.86 for the reaction with
OH radicals. This can be explained by the differences in the
reaction mechanisms (Scheme 1) and, thus, the products
formed from each reaction. While reactions with OH radicals
primarily involved addition to the aromatic ring to form a
variety of low-volatility products, reactions with NO3 radicals
occurred solely by abstraction of a phenolic H atom to produce
much more volatile nitroresorcinol and hydroxybenzoquinone
products.
The only product observed in particles was nitroresorcinol

(MW of 155), which was identified by peaks at m/z 69, 80, 97,
125, and 155 in the TDPBMS mass spectrum shown in Figure
5A. The peak at m/z 155 corresponds to the M+ ion, and the
peaks at m/z 125, 97, 80, and 69 correspond to [M − NO]+,
[M − NO − CO]+, [M − NO − CO − OH]+, and [M − NO
− 2CO]+ ions. It is interesting to note the absence of an m/z
109 peak in this mass spectrum, which would correspond to
the [M − NO2]

+ ion. The National Institute of Standards and
Technology (NIST) database contains a mass spectrum of 2-
nitroresorcinol that contains m/z 109 but not m/z 125,49

indicating that 2-nitroresorcinol is not produced in this
reaction.
Gas-Phase Products. Nitroresorcinol was also observed in

the gas phase, along with hydroxybenzoquinone (MW of 124).
The peaks at m/z 156 and 138 in the PTR−MS mass spectrum
shown in Figure 5B can be assigned to the [M + H]+ and [M +
H − H2O]

+ ions of nitroresorcinol isomers, and as discussed
above for the OH radical reaction, because the [M + H −
H2O]

+ ion is only formed when the OH and NO2 groups are
ortho-substituted, the only possible isomer produced is 4-
nitroresorcinol. Hydroxybenzoquinone was identified by the
peak at m/z 125, the same peak used to assign this compound
as a product of the OH radical reaction (Figure 3). Unlike in
that reaction, however, in the NO3 radical reaction none of
hydroxybenzoquinone is formed heterogeneously, because the
required benzenetriol precursor is only formed by OH radical
addition to the aromatic ring. Nitric acid (MW of 63) is also
observed as the [M + H]+ ion at m/z 64, consistent with
phenolic H atom abstraction by NO3 radicals.

■ CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

The results of the experiments described here provide an
improved understanding of the influence of isomer structure
on the mechanisms and products of reactions of aromatic diols
with atmospheric oxidants and subsequent SOA formation. It
is useful in this regard to compare the results of this study to
those obtained previously for similar reactions of catechol,20

which is emitted from wildfires in significantly larger quantities
than resorcinol and is also (unlike resorcinol) produced by OH
radical-initiated reactions of phenol.42,56 Although these
compounds both react with NO3 radicals solely by abstraction
of a phenolic H atom, in reactions with OH radicals, this
pathway is more important for catechol than for resorcinol,
which instead reacts more via OH radical addition to the
aromatic ring.
Whereas the dominant product of OH and NO3 radical-

initiated reactions of catechol in the presence of NOx was 4-
nitrocatechol (molar yields of 0.31 and 0.91, respectively),20

reactions of resorcinol with OH radicals produced mostly
benzenetriol, nitrobenzenetriol, and hydroxybenzoquinone,
while reactions with NO3 radicals produced nitroresorcinol
and hydroxybenzoquinone. In addition, hydroxybenzoquinone
was apparently formed via heterogeneous oxidation of
benzenetriol by HNO3 in the OH radical reaction. This
compound has been observed in small quantities as both a
primary and secondary emission in laboratory biomass burning
experiments,7,54 and although resorcinol is only observed in
small quantities in such experiments,10,13 it is possible that
resorcinol oxidation is responsible for hydroxybenzoquinone
observed in wildfire plumes. Because catechol is typically
present in far greater quantities than resorcinol in biomass
burning emissions,11,14,15 atmospheric concentrations of 4-
nitrocatechol are much higher than those of the 4-nitro-
resorcinol isomer.
It also is interesting to compare the differences in the

measured yields of SOA formed from the OH and NO3 radical
reactions of catechol and resorcinol. Differences are expected
to be primarily a result of differences in the product vapor
pressures, because no clear evidence was observed in TPTD
profiles for low-volatility oligomers formed by multiphase
reactions. Products with C* values less than the aerosol mass
concentration in the chamber (∼1 mg m−3) should be
predominantly in particles, thus contributing to SOA
formation in these experiments, whereas those with higher
C* values should be predominantly in the gas phase. SOA
yields should be somewhat lower in the atmosphere, where
aerosol mass concentrations are lower and, thus, gas−particle
partitioning is reduced. Although not all of the SOA products
were identified and only the molar yield of benzenetriol could
be estimated (∼0.3), comparing C* values of the observed
products to the aerosol mass concentration helps to explain the
trends in the SOA yields.
In the OH radical reaction, the SOA yields were 1.34 for

catechol20 and 0.86 for resorcinol, a difference of a factor of
∼1.5. SOA produced in the catechol reaction contained 4-
nitrocatechol (C* = 80 μg m−3), the sole product of the H
atom abstraction pathway, in addition to nitrobenzenetriol (C*
= 0.5 μg m−3) and unidentified ring-opened products formed
from OH radical addition pathways. SOA produced in the
resorcinol reaction contained benzenetriol (C* = 50 μg m−3)
and hydroxymuconic semialdehyde (C* = 80 μg m−3) formed
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from OH addition pathways, while the hydroxybenzoquinone
(C* = 2 × 104 μg m−3) and nitroresorcinol (C* = 1 × 104 μg
m−3) products of H atom abstraction pathways formed very
little or no SOA.
In contrast, in the NO3 radical reactions, the SOA yields

were 1.50 for catechol20 and 0.09 for resorcinol, a difference of
a factor of ∼15. SOA produced from the catechol reaction
consisted only of 4-nitrocatechol (C* = 80 μg m−3), which is
formed by the H atom abstraction pathway and is the sole
reaction product.19 Similarly, SOA produced in the resorcinol
reaction consisted only of 4-nitroresorcinol (C* = 1 × 104 μg
m−3), although it was not the sole reaction product.
Hydroxybenzoquinone (C* = 2 × 104 μg m−3) was also
formed but was only observed in the gas phase, along with 4-
nitroresorcinol. For the NO3 radical reactions, the lower SOA
yield from resorcinol can thus be attributed to two factors: the
formation of hydroxybenzoquinone, which is very volatile and
not formed in the catechol reaction, and the high vapor
pressure of nitroresorcinol compared to nitrocatechol. The
difference in the vapor pressures of these isomers is due to the
location of the nitro group, which is ortho to a hydroxyl group
in 4-nitroresorcinol but meta and para relative to the hydroxyl
groups in 4-nitrocatechol. The ortho configuration increases
intramolecular hydrogen bonding, thus increasing the vapor
pressure and reducing the extent of gas−particle partitioning of
4-nitroresorcinol compared to 4-nitrocatechol. The differences
in SOA yields between these two benzenediol isomers
highlight the importance of understanding mechanisms of
VOC oxidation reactions and the need for chemical speciation
in field studies to accurately quantify and constrain SOA
formation in the atmosphere.
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