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Abstract. Benzyl alcohol is found in many volatile chemical products (VCPs) including a number of personal
care products and industrial solvents. We report here on the products of the gas-phase oxidation of benzyl al-
cohol by OH and its dependence on nitric oxide (NO) levels. Using a gas chromatography in tandem with a
chemical ionization mass spectrometer (CIMS) and gas chromatographer with a flame ionization detector (GC-
FID), we measure the branching fractions to the major gas-phase oxidation products: hydroxybenzyl alcohol
(HBA) and benzaldehyde. Later-generation oxidation products from both HBA and benzaldehyde pathways are
also observed. In particular, catechol is a major gas-phase product of HBA. The fraction of H abstraction from
benzyl alcohol leading to benzaldehyde formation is unaffected by [NO], with an average branching fraction of
(21± 10)%. The fraction of OH addition leading to HBA formation (36± 18)% also does not appear to vary
with [NO]. Consistent with the known high SOA yields of catechol, we find that HBA has a very high secondary
organic aerosol (SOA) yield. Thus, benzyl alcohol and its oxidation products efficiently produce secondary or-
ganic aerosol – under some conditions approaching unity. Insights from the present study can help elucidate the
chemistry of other atmospherically relevant aromatic compounds, especially those found in VCPs.

1 Introduction

Emissions of volatile chemical products (VCPs) have been
recently identified as being critical in driving air pollution
chemistry, particularly as regulations drive a decrease in the
contribution of vehicular-based emissions (McDonald et al.,
2018; Coggon et al., 2021). VCPs play an important role in
air quality because of their high potential to form secondary
organic aerosol (SOA); an analysis of VCPs in the Los An-
geles air basin indicates that VCPs could contribute up to
70 % of SOA formation in the Los Angeles air basin despite
accounting for only approximately 4 % of total petrochem-
ical product use (McDonald et al., 2018). The inclusion of
VCP emission inventories has improved the agreement of
regional-scale modeling compared to previous models that
did not consider VCP emissions (Seltzer et al., 2021; Pen-
nington et al., 2021). However, because many of the chem-

icals comprising VCP emissions have not been studied in
laboratory settings, their contribution to SOA formation re-
mains uncertain. Additional experimental work on VCPs is
still needed.

Here, we evaluate the photochemistry of benzyl alcohol,
a compound found prominently in VCPs. Benzyl alcohol is
used in soaps and perfumes and is also used as a solvent in
the manufacture of paints, inks, lacquers, and epoxies (Wang,
2015). In a previous study, the aerosol mass yield of benzyl
alcohol was found to have a high mass yield under a variety
of conditions – even approaching unity (Charan et al., 2020;
Jaoui et al., 2023).

Experimental studies, including kinetic experiments on
benzyl alcohol, have determined that the primary atmo-
spheric oxidative pathway of benzyl alcohol proceeds via
reaction with the hydroxyl (OH) radical (Bernard et al.,
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2013; Harrison and Wells, 2009). Harrison and Wells (2009)
calculated that benzyl alcohol reacts with OH at a rate of
(28± 7)× 10−12 cm3 per molecule per second. The reaction
rate with O3 is too slow to significantly affect to benzyl alco-
hol mixing ratios in most environments (Harrison and Wells,
2009).

Previous experimental studies of benzyl alcohol identified
several oxidation products including hydroxybenzyl alcohol
(HBA) and benzaldehyde (Burkholder et al., 2017; Harrison
and Wells, 2009; Bernard et al., 2013). A theoretical study
on the mechanism of benzyl alcohol oxidation initiated by
OH also predicted the major oxidation pathways form ben-
zaldehyde, i-hydroxybenzyl alcohol, and o-hydroxybenzyl
alcohol (Wang, 2015). Other products observed in past ex-
perimental studies include ring-opening products, such as
2-butenedial and 6-hydroxy-5-oxohex-2-enal (Harrison and
Wells, 2009), as well as C6 compounds such as dihydrox-
ybenzene (Bernard et al., 2013). These past experiments
were conducted under high-NO conditions. Yet, understand-
ing chemical mechanisms and branching fractions as a func-
tion of NO is important for understanding the impact of its
oxidation on urban air quality as NOx-to-volatile-organic-
compound (VOC) ratios have been shown to affect OH ox-
idation of VOCs and as NOx regimes continue to change
in urban settings (Seinfeld and Pandis, 2016; Parker et al.,
2020). This is particularly relevant as NOx continues to de-
cline in many US urban areas (Parker et al., 2020).

In this study, we draw on past work which suggests HBA
forms via addition of OH to the benzyl alcohol aromatic ring.
We experimentally confirm products identified in past work,
including products predicted in a theoretical study (Wang,
2015). We also quantify the branching to HBA, benzalde-
hyde, phenol, and 5-hydroxy-4-oxo-2-pentenal. We find the
branching fraction for HBA, the primary oxidation product,
is∼ 36%. Benzaldehyde has a branching fraction of∼ 21%.

2 Methods

Chamber experiments were conducted to elucidate the chem-
ical mechanism of benzyl alcohol oxidation via OH. First-
generation oxidation products were used to identify impor-
tant pathways to SOA formation. Two setups were used to in-
vestigate this chemistry: (1) gas-phase experiments to deter-
mine the branching fractions and gas-phase oxidation chem-
istry and (2) particle-phase experiments to measure the SOA
yields of the primary benzyl alcohol oxidation products.

2.1 Experimental design

Gas-phase experiments were conducted in a ∼ 0.8 m3 FEP
Teflon-walled environmental chamber, henceforth referred to
as Chamber G. Chamber G was filled and evacuated multiple
times with purified air prior to experiments. Particle-phase
experiments were conducted in a 19 m3 FEP Teflon-walled
environmental chamber (henceforth referred to as Chamber

P) which was continuously flushed for > 24 h prior to ex-
periments. All experiments were run at room temperature
(∼ 22 °C), low relative humidity (< 10 % RH), and ambi-
ent pressure (∼ 1 atm). Benzyl alcohol (Sigma Millipore,
ReagentPlus ≥ 99 %) and benzaldehyde (Sigma Millipore,
ReagentPlus ≥ 99 %) were injected into the chamber by
flowing warm air over a measured amount of precursor de-
posited on a Pall Teflon filter. For gas-phase experiments,
o-hydroxybenzyl alcohol (o-HBA) (Sigma Millipore 99 %)
was injected similarly. Because o-HBA is a relatively low-
volatility compound, in order to achieve sufficiently high
concentrations in Chamber P for particle-phase experiments,
o-HBA was dissolved in Milli-Q water and injected by bub-
bling purified air through the solution.

For the high-NO gas-phase experiments G2 and G4,
methyl nitrite was used as the oxidant precursor. Methyl ni-
trite was added to the reactor by measuring the pressure of
methyl nitrite in an evacuated round-bottom bulb and back-
filling the remainder of the bulb volume with nitrogen. NO
(1993±20 ppm NO in N2; Matheson) was prepared in a sim-
ilar manner. For high-NO particle-phase experiments, NO
(506.9± 10 ppm NO in N2) was injected using a mass flow
controller (Sierra Instruments).

In experiments G1, G3, G5, P1, and P2, hydrogen peroxide
(H2O2) (Sigma Millipore, 50 wt % in H2O stabilized) was
used as the OH precursor by injecting a known mass (G1, G3,
and G5) or volume (P1 and P2) into a glass bulb and flowing
purified air over the liquid droplets to add to the reactor. In
particle-phase experiments, the H2O2 was heated in a water
bath (∼ 42 °C) during injection.

All particle-phase experiments were seeded using a
sonicated solution of 0.06 mol m−3 ammonium sulfate
((NH4)2SO4). During injection, the seed solution was run
through a soft X-ray charge conditioner (TSI Model 3088).
In all experiments, ∼ 1 h was allowed after all injections
were completed and before the lights were turned on to al-
low for the mixing and collection of adequate background
data. In particle-phase experiments, this time was also used
to confirm previously calculated chamber wall loss parame-
ters (Charan et al., 2018).

Ultraviolet (UV) broadband lights centered around ∼
350 nm were used as the light source for photooxidation
(Light Sources, Inc.); oxidation duration was determined so
that ∼ 10 % of the precursor was reacted in gas-phase re-
actions. The jNO2 and jCH3ONO for Chamber G are 4.4×
10−3 s−1 and 1.1× 10−3 s−1, respectively. The jNO2 and
jH2O2 of Chamber P are measured to be 4.4× 10−3 s−1 and
3.2× 10−6 s−1, respectively, using methods described else-
where (Zafonte et al., 1977). Additional information about
the oxidants is found in Appendix A. Photooxidation was
carried out for particle-phase experiments for> 6 h. This ox-
idation time corresponds to about 50 %–100 % reaction of
the initial VOC and is congruent with reaction times in the
benzyl alcohol studies in Charan et al. (2020). A summary of
experiments can be found in Table 1.
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Table 1. Experimental summary.

[VOC] [NO] [Oxidant]
Experiment no. VOC (ppb) (ppb) Oxidant (ppb)

Gas-phase experiments

G1 Benzyl alcohol 539 1000 H2O2 2000
G2 Benzyl alcohol 46 500 CH3ONO 300
G3 Benzyl alcohol 523 50 H2O2 2000
G4 Benzyl alcohol 60 44 CH3ONO 370
G5 Benzyl alcohol 538 0 H2O2 2000

Particle-phase experiments

P1 Hydroxybenzyl alcohol 12 160 H2O2 2000
P2 Benzaldehyde 82 71 H2O2 2000

2.2 Instrumentation

In the particle-phase experiments, NO and NO2 were mon-
itored using a commercially available Teledyne T200 NOx
monitor. Temperature and RH were measured by a Vaisala
HMM211 probe. In gas-phase experiments, NOx was mon-
itored using a commercially available Teledyne M200EU
NOx monitor. Additional instrumentation used in gas-phase
and particle-phase experiments is described in the following
sections.

2.2.1 Particle mass detection

Particle size distribution was monitored using a custom-built
scanning mobility particle sizer (SMPS) which uses a com-
mercially available TSI 3081 differential mobility analyzer
(DMA) and a TSI 3010 condensation particle counter (CPC)
(Mai, 2018). Prior to the DMA inlet, a soft X-ray charger
provided a known charge distribution. Wall loss corrections
and subsequent SOA yields were calculated based on work
and model development explained in Charan et al. (2018)
and Huang et al. (2018) and are detailed more specifically for
these experiments in Charan et al. (2020). SOA yields were
calculated based on a ratio of the mass of the VOC precursor
that reacted and the mass of the SOA formed.

Y =
1SOA

1VOCprecursor
(1)

Here, 1SOA is the change in the aerosol mass concentra-
tion while accounting for any aerosol loss to the chamber
walls. Aerosol density was assumed to be 1.04 g cm−3 based
on past work on benzyl alcohol (Charan et al., 2020; Li and
Cocker, 2018).

2.2.2 Gas-phase detection

A chemical ionization triple quadrupole mass spectrome-
ter (CIMS) with a CF3O− reagent ion was used to moni-
tor gas-phase compounds in particle-phase experiments. This

setup has been described in detail elsewhere (Schwantes
et al., 2017). In brief, the CIMS operates by reacting with
the gas-phase compounds in the sample that have an elec-
tron affinity sufficient to bind with the reagent ion clus-
ter (CF3O−). Sampled compounds that are acidic may also
transfer a fluoride ion (F−). The sample is then detected by
a Varian 1200 triple quadrupole mass analyzer which mea-
sures masses from m/z= 50 to 330. A custom-built inlet to
the CIMS was set at a constant temperature, 25 °C.

Benzaldehyde, one of the primary products of benzyl alco-
hol OH oxidation, is not detectable using the CF3O− CIMS.
Thus an HP 6890N gas chromatograph with a flame ioniza-
tion detector (GC-FID) was used in experiments G1, G3, G5,
P1, and P2 to detect benzaldehyde. Experiments were run
with a DB-5 column. Information on the temperature profile
and GC operation can be found in Appendix C.

In gas-phase experiments in Chamber G, the GC-CIMS
was used to monitor the gas-phase precursors and subse-
quent photooxidation products. This experimental setup is
described in detail elsewhere (Vasquez et al., 2018; Xu et al.,
2020). Here, the GC-CIMS was operated in negative mode
using CF3O− and for experiments G2 and G4 in positive
mode using NO+. The chemistry involving CF3O− has been
described previously and is detailed in Appendix B (Vasquez
et al., 2018; Crounse et al., 2006). In positive mode, NO+

complexes with less acidic compounds and can be detected
at [M +NO+] (also described further in Appendix B). A
2 m Restek Rtx-1701 column was used for all experiments
for better chromatographic resolution of certain isomers. GC
samples were cryogenically trapped at −20 °C on the col-
umn. Additional information on the GC-CIMS operation is
in Appendix C.

2.2.3 Calibrations

The sensitivities for analytes in the GC-CIMS were gener-
ally determined from prepared standards and quantified us-
ing Fourier transform infrared (FTIR) spectroscopy. The GC-
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FID and the CIMS in experiments P1–P2 were calibrated by
injecting the analyte of interest into a ∼ 100 L Teflon pillow
bag using the same injection method as described for Cham-
ber G. The sample was then measured via a FTIR spectrome-
ter with a pathlength of 19 cm. Reference FTIR spectra from
the Pacific Northwest National Laboratory (PNNL) database
were used to tabulate cross sections and determine exact con-
centrations (Schwantes et al., 2017). The pillow bag was then
diluted using dry N2 and sampled to determine the instru-
mental sensitivity (Xu et al., 2019).

Several substrates involved in this study are relatively non-
volatile, leading to challenges with quantitative transfer into
and out of the FTIR cell. Therefore some of the GC-CIMS
sensitivities were determined using calculated polarizabili-
ties and dipole moments to determine the ion–molecule col-
lision rates of the analytes with the reagent ion relative to the
collision rates with reference calibrants (Su and Chesnavich,
1982; Garden et al., 2009). Additional information on this
procedure can be found in Appendix B.

2.3 Corrections

2.3.1 Vapor wall loss

Vapor wall loss was examined by sampling benzyl alcohol
(and products) prior to oxidation and post-oxidation. Vapor
wall loss periods were as long as or on timescales with simi-
lar orders of magnitude to the oxidation periods. During these
sample periods, the signal of oxidation products remained
stable. Thus, no vapor wall loss correction was applied. This
is congruent with past work on quantifying benzyl alcohol
products, as well as other work quantifying first-generation
gas-phase products, which typically considered gas-phase
wall loss to be negligible (Charan et al., 2020; Jaoui et al.,
2023; Bernard et al., 2013; Harrison and Wells, 2009).

2.3.2 Secondary chemistry

Oxidation products of benzyl alcohol react as they are
formed – for some of the oxidation products, their rate co-
efficient for reaction with OH is faster than benzyl alcohol.
These secondary losses were accounted for in estimating the
branching fractions of benzyl alcohol products, which are re-
ported in Table 4. Branching fractions (BFs) were calculated
as

BF= Y ×CF. (2)

The gas-phase, time-dependent yield (Y ) is calculated as the
amount of oxidation product formed divided by the amount
of precursor reacted. To solve for the correction factor (CF),
a constant [OH] is assumed for the time-dependent product
concentration, which can be described as

[Product]t = [BA]0×
Y × kBA

kBA− kProduct

×[e−kProduct[OH]t
− e−kBA[OH]t

]. (3)

Table 2. Kinetic rate constants used to determine the correction fac-
tors for branching fraction calculations.

kOH (cm3 per
Compound molecule per second)

Benzyl alcohol (2.8± 0.7)× 10−11a

Benzaldehyde (1.29± 0.32)× 10−11b

Phenol (2.83± 0.57)× 10−11c

Butenedial (3.45± 0.34)× 10−11d

Catechol (1.04± 0.21)× 10−10e

HBA (5.59± 2.2)× 10−11f

a Harrison and Wells (2009) and Bernard et al. (2013).
b Calvert et al. (2002). c Rinke and Zetzsch (1984).
d Martín et al. (2013). e Olariu et al. (2000). Note that for
5-hydroxy-4-oxo-2-pentenal, the kOH for butenedial is
used to calculate the correction factor. f Calculated in the
present work.

Table 3. Calculated correction factors based on Eq. (5), averaged
over all experiments.

Correction
Compound factor

HBA 1.4
Benzaldehyde 1.1
5-hydroxy-4- 1.2
oxo-2-pentenal
Phenol 1.2

The time-dependent concentration of benzyl alcohol is de-
scribed as

[BA]t = [BA]0× e−kBA[OH]t . (4)

Therefore, CF is defined as

CF=
kBA− kproduct

kBA

×
1− [BA]t/[BA]0

([BA]t/[BA]0)kproduct/kBA − ([BA]t/[BA]0)
. (5)

The kinetic rate constants used to solve for Eq. (5) are found
in Table 2. This correction factor is described elsewhere in
greater detail (Atkinson et al., 1982). The correction factors
are presented in Table 3.

The time traces for HBA and catechol are consistent with
the rapid rate of reaction of HBA with OH, which pro-
duces catechol in high yield. This was previously reported
by Bernard et al. (2013). Because the kinetics of OH with
HBA are unknown, we estimate kOH+HBA using the kinetic
rate constant of catechol (Appendix H).
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3 Results and discussion

3.1 Gas-phase branching fractions

Gas-phase products were identified in experiments G1–G3
(Table 4). The secondary losses of first-generation products
were minimized by limiting the reaction of benzyl alcohol
to ∼ 10 %. The oxidation of benzyl alcohol forms C7 prod-
ucts, such as HBA and benzaldehyde. Additionally, we ob-
served C6 (products such as phenol) and ring-opening prod-
ucts (such as 5-hydroxy-4-oxo-2-pentenal). A list of products
and their corresponding CIMS chemistry can be found in Ap-
pendix D. Together, these products account for 65± 32% of
the loss of benzyl alcohol. The lack of mass closure may re-
flect the impact of the endo-cyclization route that is known
to result in a large diversity of products (Xu et al., 2020),
many of which may be unmeasurable with CF3O− CIMS
or have very low vapor pressure, likely yielding aerosol (see
“Particle-phase results” section).

3.1.1 Hydroxybenzyl alcohol and benzaldehyde

Here, we quantify the branching fractions of the primary ben-
zyl alcohol oxidation products, HBA and benzaldehyde, un-
der a range of NO concentrations. Previous studies of benzyl
alcohol oxidation were generally performed under high-NO
conditions. Thus, our interest is in understanding the extent
to which NO affects benzyl alcohol chemistry.

While HBA is not currently included in the Master Chem-
ical Mechanism (MCM) scheme (Jenkin et al., 2003; Bloss
et al., 2005), its formation has been predicted and identi-
fied in past work on benzyl alcohol kinetics and mechanisms
(Calvert et al., 2002; Bernard et al., 2013; Wang, 2015; Bloss
et al., 2005; Jenkin et al., 2003). HBA forms via the addi-
tion of the OH radical to the aromatic ring. This leads to a
radical intermediate which is stabilized by the electron de-
localization of the remaining conjugated system. Subsequent
abstraction of hydrogen by oxygen restores the aromaticity.
We calculated the amount of HBA formed from benzyl al-
cohol oxidation from the gas-phase experiments conducted
in Chamber G (experiments G1–G5 in Table 1). We find the
branching fraction of HBA to be invariant with [NO]. By av-
eraging over all experiments and accounting for systematic
error, we estimate the averaged branching fraction of HBA
to be (36± 18) %. The primary oxidation product of HBA
appears to be catechol (Appendix H). See Sect. 3.1.2 for a
more detailed discussion of how C6 oxidation compounds
are formed. Dihydroxybenzyl alcohol was observed in mod-
est quantities, but given its low vapor pressure we are not able
to accurately measure the yield. We also observed masses
that corresponded to fragmentation products observed in past
studies or believed to form via theoretical calculations such
as hydroxyoxopropanal (Harrison and Wells, 2009; Wang,
2015; Jaoui et al., 2023). The mechanism for HBA forma-
tion and subsequent chemistry can be found in Fig. 1. This

mechanism is based on observed compounds in the present
study as well as our understanding of aromatic systems in
general. An additional summary of compounds detected can
be found in Appendix D.

Benzaldehyde forms via initial hydrogen abstraction from
the CH2OH group followed by the addition of O2 and sub-
sequent loss of HO2. Benzaldehyde was measured via NO+

CIMS in experiments G2 and G4 and via GC-FID in exper-
iments G1, G3, and G5. The NO+ signal is highly water-
dependent and therefore less stable than the CF3O− signal.
However, the benzaldehyde branching fraction using NO+

and GC-FID are in reasonable agreement. We report an aver-
aged branching fraction of (21± 10)% under high- and low-
NO conditions, consistent with the expectation that this chan-
nel should not have NO dependence when NO is less than
several parts per million (Allen et al., 2018). Consistent with
our findings, others have quantified the branching fraction to
benzaldehyde to be 25% (Bernard et al., 2013). Oxidation
of benzaldehyde by OH can go on to form other closed-shell
products such as benzyl hydroperoxy and benzaldehyde per-
oxyacetyl nitrate (Calvert et al., 2002). We observe that the
oxidation of benzaldehyde by OH also produces hydroxy-
benzaldehyde following chemistry analogous to the forma-
tion of HBA from benzyl alcohol.

3.1.2 C6 compounds

Previous studies of the chemical composition of the SOA
formed via OH oxidation of benzyl alcohol observed C6
compounds, such as nitrocatechol (Charan et al., 2020; Jaoui
et al., 2023). In the present study, we observed nitrocatechol
as well as other C6 compounds such as phenol and catechol.
Past work has proposed one of two ways to form C6 prod-
ucts. Schwantes et al. (2017) found that C6 products, such
as nitrocatechol, can form from the OH abstraction from the
CH2O group. The second proposed mechanism via theoret-
ical work done by Wang (2015) suggests that the formation
of C6 compounds, such as phenol, can occur via OH addition
to the ipso site of benzyl alcohol. The ipso radical interme-
diate can then decompose to form phenol. However, Wang
(2015) estimated that the barrier to this decomposition was
too high for the significant formation of phenol. Indeed, in
the present study we observed initial branching fractions of
phenol of < 5%. We also observed that the branching frac-
tion of phenol decreases with decreasing NO, consistent with
past studies showing the mechanism for phenol formation de-
pends on the NO mixing ratio (Xu et al., 2020). Both mecha-
nisms of C6 formation described in this section are illustrated
in Fig. 1.

We also observed many C6 products in the aerosol phase.
Phenol, catechol, and other C6 aromatic compounds re-
act rapidly with OH to form other oxygenated aromatic
compounds (≤ 2.7× 10−11 cm3 per molecule per second)
(Calvert et al., 2002). We hypothesize many of the C6 com-
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Table 4. Branching fraction results of gas-phase experiments.

Hydroxybenzyl 5-hydroxy-4-
Experiment alcohol Benzaldehyde oxo-2-pentenal Phenol

1000 ppb NO (30± 14)% (22± 6.0)% (4.0± 1.6)% (1.3± 0.58)%
500 ppb NO (40± 20)% (19± 12)% (8.8± 2.7)% (4.2± 1.9)%
50 ppb NO (37± 19)% (21± 6.0)% (8.6± 3.0)% (2.6± 1.2)%
44 ppb NO (39± 20)% (31± 20)% (5.9± 2.3)% (1.2± 0.58)%
0 ppb NO (34± 17)% (14± 4.0)% (3.4± 1.4)% (1.3± 0.58)%
Mean (36± 18)% (21± 10)% (5.5± 1.9)% (2.1± 0.97)%

Figure 1. Primary reactive pathways for OH-initiated oxidation of benzyl alcohol.

pounds we observed in aerosol experiments are likely oxida-
tion products of catechol.

3.2 Particle-phase results

We estimate the relative contributions of HBA and benzalde-
hyde to benzyl alcohol SOA formation by conducting indi-
vidual SOA yield experiments using HBA and benzaldehyde
as the VOC precursors. Conditions for SOA experiments
were selected to match those of the benzyl alcohol SOA yield
experiments in Charan et al. (2020). In brief, experiments
were conducted with ∼ 80 ppb of initial NO, ∼ 80 ppb of
VOC precursor, and ∼ 1× 104 cm−3 inorganic seed aerosol.
SOA yield results were calculated using two treatments: one
where the proportionality factor, ω, was set to unity and an-

other in which ω = 0. In the ω = 0 case, oxidation products
with a sufficiently low vapor pressure to condense were as-
sumed to do so only on suspended particles and not on par-
ticles that had deposited on the chamber walls (Weitkamp
et al., 2007). When ω = 1, on the other hand, condensable
oxidation products and particles deposited on the chamber
walls during the experiment were assumed to be in equilib-
rium with one another (Weitkamp et al., 2007).

Figure 3 shows results for SOA yield experiments us-
ing benzaldehyde and HBA. Note the OH exposures for
benzaldehyde and HBA in these experiments were approx-
imately 2.8× 1010 cm−3 per molecule per second and 1.4×
1010 cm−3 per molecule per second, respectively, which cor-
responds to ∼ 26 to 52 min of OH exposure on a typi-
cal Los Angeles summer day (Appendix F) (Griffith et al.,
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Figure 2. Following the addition of OH to the aromatic ring, a bicyclic intermediate can form which can eventually fragment. Here, we
detect products with masses congruent with both the 5-hydroxy-4-oxo-2-pentenal and epoxide products.

2016). Both experiments were allowed to react for the same
amount of time, ∼ 350 min, to compare them to the SOA
yield experiments conducted in Charan et al. (2020). There-
fore, we report the SOA yields of HBA and benzaldehyde
at t = 350 min (SOA Y350min) rather than at an equilibrium
point. At the upper bound (ω = 1), SOA Y350 min of HBA is
(82± 9)%, and at the lower bound (ω = 0), SOA Y350 min
of HBA is (69± 9) %. For benzaldehyde, we report an upper
bound of SOA Y350 min of (67± 17)% and a lower bound of
(46±17)%. While comparing SOA Y350 min is helpful in de-
termining which pathways (addition versus abstraction) con-
tribute to the high SOA yield of benzyl alcohol, this value
does not necessarily inform atmospherically relevant SOA
yields of benzaldehyde and HBA as inputs for models be-
cause modeled reaction time and conditions may not exactly
match experimental ones. Therefore, we report the param-
eterized fit of the SOA yields as a function of absorbing
organic mass concentration (M). In either case, it is clear
that the subsequent oxidation of benzaldehyde and HBA con-
tributes significantly to the total SOA yield observed in Cha-
ran et al. (2022).

We follow a one-product parameterization method that fol-
lows the multiple parameterization described in Odum et al.
(1996), where

Y =Mo×

n∑
i

αi ×Kom,i

1+Kom,i ×Mo
. (6)

Here Kom is the partitioning coefficient and α is a constant
relating the total concentration of products formed with the

amount of organic gas-phase mass reacted. Two parameters
were used to fit the present data. The parameters in Eq. (6)
were chosen by minimizing the least square fit to the data.
Results for benzaldehyde SOA yield are graphed in Fig. 4
for i = 2 (α[i=1] = 0.64 and α[i=2] = 0.64; Kom,[i=1] = 0.17
and Kom,[i=2]= 0.73). For HBA, this approach becomes
more complicated. The Odum et al. (1996) approach uses
the steady state approximation (SSA) which states that the
derivative of the concentration of an intermediate species ap-
pears to be zero. In other words, we assumed an approximate
steady state of first-generation oxidation products which are
reacting at roughly the same rate as their formation. The rates
of reaction of HBA and subsequent oxidation products were
likely unequal because the HBA reacts away early in the ex-
periment; therefore, the SSA was not a sufficient approxima-
tion, and so we did not use the two-parameter Odum et al.
(1996) fitting for HBA.

At t = 350 min, unreacted benzaldehyde remained in the
chamber, whereas all of the HBA reacted within the first hour
of the experiment. This may indicate that the SOA formed in
the benzaldehyde experiments is from the very rapid chem-
istry of subsequent-generation oxidation products, as is the
case with toluene. In the HBA experiments, most of the SOA
is likely also generated from the oxidation of later-generation
products, such as catechol.

HBA and benzaldehyde both exhibit potential for high
SOA yields. HBA may have a slightly higher SOA yield than
benzaldehyde and a large branching fraction from benzyl al-
cohol oxidation; therefore HBA contributes significantly to
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Figure 3. Wall-loss-corrected SOA yields of benzaldehyde (a) and HBA (b). Solid yields are calculated assuming ω is zero. Dotted yields
are calculated assuming ω equals unity. Red data are the amount of VOC precursor reacted in micrograms per cubic meter (µg m−3). Data
displayed in blue are SOA formed in micrograms per cubic meter (µg m−3). Note that the first 10 min of SOA yield data is excluded because
of the relatively low sensitivity and thus high errors in detecting the amount of hydrocarbon reacted and SOA formed at the start of an
experiment.

Figure 4. Parameterization of SOA yield data as a function of or-
ganic mass reacted. Because SOA yields did not stabilize in these
experiments, parameterization can be useful in contextualizing SOA
yields under atmospherically relevant conditions.

the large measured SOA yield of benzyl alcohol in our ex-
periments. In aromatic oxidation chemistry, the addition of
electron-donating groups (such as OH) lowers the barrier of
reaction for additional OH chemistry (Calvert et al., 2002).
In previously studied aromatic systems, adding electron-
donating substituent groups can increase reactivity with OH
(Calvert et al., 2002). In the benzyl alcohol system, after ev-
ery subsequent reaction with the OH radical, we anticipate
that the kinetics of HBA quickly lead to low-volatility, highly
oxygenated products that readily partition into aerosol. The
rapid reaction of HBA leads to catechol and other products
that react quickly with OH.

3.3 Comparison with past work

Past studies have detected HBA and benzaldehyde from the
oxidation of benzyl alcohol (Wang, 2015; Bernard et al.,
2013; Harrison and Wells, 2009). We estimate the branch-
ing fraction to HBA to be (36±18) %. In comparison, Wang
(2015) calculated o-HBA branching of 11% using theoretical
methods, while Bernard et al. (2013) estimated the branch-
ing fraction to be 21%. The differences from Bernard et al.
(2013) likely reflect the challenges of quantifying HBA and
accounting for its very fast reactivity.

We observed only one isomer of HBA which we assume
to be the ortho product. This assignment is based on past
work that suggests the ortho position is a major product in
aromatic oxidation chemistry by OH (Harrison and Wells,
2009; Finlayson-Pitts and Pitts, 1986; Baltaretu et al., 2009).
Similarly, Wang (2015) predicted a single stable isomer of
HBA: ortho. If additional HBA isomers existed in our sys-
tem, it is likely they would have eluted at higher tempera-
tures than were allowed by the current GC temperature pro-
files and were therefore undetected. However, secondary iso-
mer formation is typically considered to be minor in other
aromatic systems (Finlayson-Pitts and Pitts, 1986; Baltaretu
et al., 2009).

Bernard et al. (2013) also reported a benzaldehyde yield
of (25± 4)% (which was used as input for the computations
performed in Wang, 2015), while Harrison and Wells (2009)
report a yield of 24% (no error provided) (Bernard et al.,
2013; Wang, 2015; Harrison and Wells, 2009). We report a
benzaldehyde-averaged branching fraction of (21±10)%, in
close agreement with these studies.
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4 Conclusions

Benzyl alcohol oxidizes via OH to primarily form HBA
and benzaldehyde. Significant additional chemistry occurred
via endo cyclization following the addition of oxygen to
fragmentation products such as 5-hydroxy-4-oxo-2-pentenal
and butadiene. We found that [NO] does not affect prod-
uct yields for HBA, benzaldehyde, or 5-hydroxy-4-oxo-2-
pentenal. HBA was the dominant first-generation product
with a branching fraction of ∼ 36% over a range of NO con-
ditions. The branching fraction of benzaldehyde is estimated
to be ∼ 21%.

Both HBA and benzaldehyde go on to form highly oxy-
genated gas-phase products. HBA oxidation leads to the for-
mation of catechol and dihydroxybenzyl alcohol. Similarly,
benzaldehyde oxidation forms products such as dihydroxy-
benzoic acid. These products indicate that subsequent OH
addition to the aromatic ring occurs in both pathways. Both
the addition and abstraction routes may also contribute to the
formation of C6 products.

Aerosol yield studies using HBA and benzaldehyde as the
precursors suggested that the HBA pathway is a very impor-
tant contributor to the high SOA yields observed in benzyl
alcohol oxidation. HBA is quickly oxidized by OH to form
catechol and subsequently to low-volatility products which
rapidly partition to the particle phase, thus contributing to the
high SOA yield of benzyl alcohol. Though VCPs have been
identified as increasingly important to SOA formation, key
VOC components of VCPs remain uncharacterized. Products
from benzyl alcohol oxidation via OH were identified here,
elucidating its fast reactivity and high aerosol mass yields.

Appendix A: Experimental conditions

CH3ONO (synthesized following Taylor et al., 1980) and NO
(1993± 20 ppmv, Matheson) were injected into Chamber G
(∼ 800 L) in a similar fashion. The analyte is introduced to an
evacuated 0.5 L glass bulb and is serially diluted with N2 un-
til the desired mixing ratio is achieved. CH3ONO was quan-
tified via FTIR spectroscopy using a tabulated cross section
prior to being injected into Chamber G. Ultraviolet lights
(eight bulbs, Sylvania F40/350BL 40 W) centered around
350 nm were used. The measured jCH3ONO and inferred jNO2

from these lights are 1.1× 10−3 s−1 and 4.4× 10−3 s−1, re-
spectively, for Chamber G.

Appendix B: CIMS calibration and instrument
sensitivity

CF3O− ions are produced by flowing the reagent ion source
(CF3OOCF3) through a radioactive source (210Po). Simi-
larly, NO+ ·H2O is formed by flowing NO. In negative mode,
CF3O− ions react with multifunctional organic compounds
to form either clusters (Eq. B1) or F− transfer ions (Eq. B2).

CF3O− CIMS chemistry has been documented extensively
in past studies (Vasquez et al., 2018; St. Clair et al., 2010;
Crounse et al., 2006).

M +CF3O−↔M ·CF3O− (B1)
M +CF3O−→M ·F−+CF2O (B2)

In positive mode, NO+ ·H2O is used (Eq. B3). The NO+ ·
H2O binds to less-oxygenated species than CF3O− including
carbonyls such as benzaldehyde.

NO+ ·H2O+M→M ·NO++H2O (B3)

The CIMS and GC-FID in experiments in Chamber P were
calibrated for benzyl alcohol and benzaldehyde, respectively.
The GC-CIMS and GC-FID in experiments in Chamber G
were calibrated for phenol and benzaldehyde, respectively.
Individual calibrants were injected into a ∼ 100 L Teflon pil-
low bag using the same injection method as described previ-
ously. The sample was then measured via a Fourier transform
infrared (FTIR) spectrometer with a path length of 19 cm.
The reference FTIR spectrum from the Pacific Northwest
National Laboratory (PNNL) database was used to tabulate
cross sections to determine the exact concentration of the cal-
ibrant (Schwantes et al., 2017). The pillow bag was then di-
luted using dry N2 and sampled to determine the instrumental
sensitivity.

Standards of catechol and decamethylcyclopentasiloxane
(D5) phenol were prepared from temperature-controlled per-
meation tubes which were weighed periodically to quantify
their emission rates. These standards were then used to cali-
brate the GC-CIMS for these compounds. The measured and
calculated catechol sensitivities (determined relative to phe-
nol) agree within 28% of each other.

For other less-volatile analytes the calculated ion–
molecule collision rate was used, relative to phenol (for G1–
G4) or benzyl alcohol (for P1), to estimate the CIMS sensitiv-
ities. The sensitivities of o-HBA, p-HBA, 5-hydroxy-4-oxo-
2-pentenal, catechol, and benzyl alcohol (G1–G4) were esti-
mated in this way. Average dipole moments at 298 K and po-
larizabilities (at B3LYP/cc-pVTZ level) were calculated for
all analytes of interest (Table B1). These were used to calcu-
late the ion collision rate between analytes and reagent ions
as described in Su and Chesnavich (1982). Assuming that the
clusters are well bound, the sensitivity for a given analyte rel-
ative to a reference (here phenol) has been shown to be well
represented by the ratio of their ion–molecule collision rates
(Murphy et al., 2023).

For particle-phase experiments, HBA was calibrated on
the CIMS relative to the CIMS sensitivity of benzyl alco-
hol by comparing the relative GC-CIMS sensitivities of HBA
and benzyl alcohol in gas-phase experiments.
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Table B1. Quantum calculations of dipole moments and polariz-
abilities (at the B3LYP/cc-pVTZ level).

Average dipole Polarizability
Compound (D) at 298 K (Å3)

Phenol 1.828 10.07
Catechol 2.364 10.76
o-Hydroxybenzyl 2.109 12.63
alcohol (o-HBA)
p-Hydroxybenzyl 1.286 12.76
alcohol (p-HBA)
Benzyl alcohol 1.457 1.780
Z-5OH-4CO-pent-2-enal 3.072 10.55
E-5OH-4CO-pent-2-enal 2.015 10.80
o-Hydroxybenzaldehyde 3.008 12.64

Appendix C: GC operation

In gas-phase experiments, analyte samples were cryogeni-
cally trapped for 10 min on the head of the 20 m Restek
Rtx-1701 at ∼−20 °C. The sample was then eluted through
the GC using a ramp of 10 °C min−1 to 55 °C and then
2.5 °C min−1 to 130 °C. The slower ramp rate from 55–
130 °C was used because most oxidation products eluted at
this time and using a slower ramp ensured relevant products
were sufficiently separated. When GC scans were not being
taken, the CIMS sampled directly from the reaction chamber.

For the particle-phase experiments, the GC-FID was run
from 40 to 250 °C with a ramp rate of 50 °C min−1. For gas-
phase experiments, however, where benzyl alcohol was used
as the precursor, we were interested in detecting and quanti-
fying both benzaldehyde and benzyl alcohol. A DB-5 column
in the GC-FID was used for all experiments.
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Appendix D: Oxidation products detected

Table D1. Compound assignments from CIMS data. Note that several of the compounds listed have many isomeric structures though only
one may be listed as an example.

VOC compound (m/z) Structure Formula Observed m/z and reagent ion

Benzyl alcohol (108) C6H5CH2OH 193 (CF3O−)

Benzaldehyde (106) C6H5C(O) 136 (NO+)

Hydroxybenzyl alcohol (124) C6H4OHCH2OH 143 (F−) and 209 (CF3O−)

Dihydroxybenzyl alcohol (140) C6H4OHOHCH2OH 225 (CF3O−)

Phenol (94) C6H5OH 113 (F−) and 179 (CF3O−)

Catechol (110) C6H4OHOH 129 (F−) and 195 (CF3O−)

Nitrophenol (139) C6H5NO3 158 (F−)

Dihydroxybenzoic acid (154) C6H3OHOHC(O)OH 173 (F−)

Tetrahydroxybenzene (142) C6H6O4 161 (F−)

Glyoxal (58) C2H2O2 88 (NO+)

Butenedial (84) C4H4O2 114 (NO+)

Oxopropanoic acid (88) C3H4O3 173 (CF3O−)

5-hydroxy-4-oxo-2-pentenal (114) C5O3H6 199 (CF3O−)

Hydroxyacetaldehyde (60) C2O2H4 145 (CF3O−)
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Table D1 summarizes masses detected by the GC-CIMS in
gas-phase experiments (G1–G3). While some products were
identified using authentic standards, other assignments are
based on masses detected and our chemical understanding of
this and other aromatic systems.

Appendix E: Estimation of uncertainty

In gas-phase experiments, the major source of error in our
calculation of branching ratios comes from the knowledge
of the CIMS sensitivity to the analytes measured. A part of
the uncertainty comes from propagating the error in phenol
calibrated via the permeation tubes since several of the ana-
lytes were calibrated relative to phenol. Some uncertainty is
also derived from the calculated ion–molecule collision rates
which were based on the computationally derived dipole mo-
ments and polarizabilities. A smaller part of the reported er-
ror is also determined from the standard deviation of signals.
This varies from compound to compound and is also depen-
dent on the reagent gas used. As an example, catechol was
calibrated using both the permutation tube method and the
computational method. The two calibration factors varied by
∼ 28 %. Based on this, we estimate the error for the normal-
ized branching fractions to be ∼ 45 %, congruent with past
work using similar experimental setups (Praske et al., 2018;
Yu et al., 2023). HBA branching ratios have a slightly higher
uncertainty because of our treatment of its secondary chem-
istry (see Sect. 2.3.2).

Appendix F: OH exposure

[OH] was calculated for SOA yield experiments using the
kinetic equation.

d[reagent]
dt

=−kOH[OH][reagent] (F1)

Here, d[reagent]
dt was determined by finding the log of the slope

of the starting reagent against time. For benzaldehyde, the
log of the slope over the entire experiment was used, also
assuming kOH= (1.29±0.32)×10−11 cm3 per molecule per
second. For HBA, the log of the slope for the first 15 min was
used to determine [OH] for the experiment, as well as assum-
ing kOH of HBA= (5.59±2.2)×10−11 cm3 per molecule per
second.

Appendix G: Wall loss

Particle wall loss was accounted for in SOA yield experi-
ments using methods described in Charan et al. (2020) and
Charan et al. (2018). In short, the SOA data were fit by pa-
rameterizing the eddy diffusivity coefficient (ke). The mean
electric field experienced within the chamber (E) was as-
sumed to be zero because the environmental chambers are
enclosed and undisturbed prior to the experiments and there-
fore have no charge source. For experiment P1, ke = 0.720
was used, and for experiment P2, ke = 0.346 was used.

Appendix H: Secondary chemistry

We use the kinetics of cresol to estimate kOH+HBA in order to
make secondary chemistry corrections for the branching ratio
of HBA. KOH+cresol is used because of its similar structure to
HBA. We use a structure additivity correction to account for
the abstractable hydrogens of HBA compared to cresol. We
find that this rate is broadly consistent with the observed time
dependence of HBA and catechol (Fig. H1).

Figure H1. Consistent with Bernard et al. (2013), catechol is a ma-
jor oxidation product of hydroxybenzyl alcohol (HBA). Note that
the compounds are displayed here as ×10 (HBA) and ×40 (cate-
chol).

Appendix I: Excluded data

One experiment was excluded from the data presented. This
gas-phase experiment was run under similar conditions to
those reported in the main text and with 0 ppb NO. This ex-
periment was excluded because the relatively low amount of
benzyl alcohol reacted resulted in very large uncertainty in
the branching fractions of HBA and benzaldehyde.
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