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ABSTRACT: Biomass burning (BB) is a major organic aerosol source during I

urban winter pollution events. BB particles are rich in brown carbon (BrC) and —\O,—
absorb light to produce photooxidants such as oxidizing triplet excited states of Bre JJJ‘) i
organic chromophores (*C*). In midlatitudes, semivolatile phenols (ArOH) from R@_on ™

BB are oxidized to form phenolic secondary organic aerosol (SOA) under —————— phenols + 3c*

moderate temperatures and sunlight. Here, we explore whether phenolic SOA is izl |

also formed in a cold, relatively dark, high-latitude city during winter. We use e égs
measurements from the 2022 ALPACA field campaign in Fairbanks, Alaska, SOA &
incorporated into the PACT-1D model with added emissions, partitioning, and o

chemistry for 34 semivolatile BB phenols. The model includes phenol oxidation in
the gas phase and in two populations of particles—aqueous and organic. Despite
short pollutant residence times within the polluted surface layer, simulated
phenolic SOA formation is fast, generating up to 4.5 ug m—>, with 99% produced
by *C* in organic particles. The modeled phenolic SOA explains up to 34% of measured daytime oxidized organic aerosol (OOA),
indicating it is a significant portion of the poorly understood OOA in Fairbanks. Our results reveal that BrC photochemistry can be
an important source of atmospheric oxidizing capacity even during high-latitude winters.

KEYWORDS: Multiphase chemistry, winter pollution, atmospheric inversions, biomass burning, photooxidants, triplet excited states

Bl INTRODUCTION

Severe winter pollution events consistently make Fairbanks,
Alaska one of the US cities with the worst 24-h PM,
pollution." In winter, multiday temperature inversions trap
local emissions and drive high PM, concentrations in
Fairbanks and other northern cities.”” Although multiphase
chemistry in high-latitude winter atmospheres is traditionally
expected to be negligible,” reports from the Alaskan Layered
Pollution and Chemical Analysis (ALPACA) field campaign in
the winter of 2022 found this is not the case, at least for
Fairbanks.”® Secondary sulfate, nitrate, and hydroxymethane-
sulfonate (HMS) were found to be major components of
Fairbanks’ PM pollution,” " revealing the important role of
multiphase processes.

Biomass burning is widely considered to be a dominant
primary PM source during Fairbanks winters."'~'* Organic
aerosol (OA) is the dominant component of winter PM,
accounting for 66% of fine particle mass in 2022.'"'* Biomass-
burning organic aerosol (BBOA) is a major primary OA
source, accounting for 30—80% of OA during ALPACA,
depending on the measurement technique."'™"” Oxidized
organic aerosol (OOA) accounts for roughly half of OA
across recent winters, yet its sources are poorly understood."”
At lower latitudes, SOA is an important OOA component.'”">

© 2026 The Authors. Published by
American Chemical Society
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Phenols (ArOH), a class of SOA precursors abundantly
emitted in woodsmoke, have cumulative gas and particle
emissions equivalent to 38—57% of total particulate wood
smoke emissions.'°”"® Phenols can be oxidized in the gas
phase and in particles to form phenolic SOA'®™** which has
been identified in winter PM pollution at lower latitudes.'®*’

In Fairbanks during winter, it is unclear whether significant
SOA formation is possible. Traditional SOA formation
mechanisms, such as gas-phase reactions of VOCs with *OH
or O3, are slow due to low actinic fluxes and low gas-phase
oxidant concentrations.” As an alternative, we hypothesize that
brown carbon (BrC) photochemistry in particles forms
significant phenolic SOA.*'®**** BB emissions make particles
in Fairbanks rich in brown carbon (BrC), which absorbs longer
wavelengths of light to form photooxidants such as oxidizing
triplet excited states of brown carbon (*C* or triplets), singlet
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Figure 1. Conceptual model of the formation of phenolic (ArOH) secondary organic aerosol (SOA) in PACT-1D. ArOHs are assumed to come
only from residential and commercial wood burning. Externally mixed aqueous and organic particles contain water-soluble BrC (WSBrC) and
organic-soluble BrC (OSBrC), respectively, which absorb light to form *C*, '0,*, and *OH. O;, NO;, and *OH partition into particles from the
gas phase. Phenols are oxidized to form SOA in the gas phase (gSOA), aqueous particles (aqSOA), and organic particles (orgSOA). The box
represents homogeneous vertical layers over a 4 X 4 km area of Fairbanks simulated in PACT-1D. Air is lost horizontally due to wind and vertically

due to mixing with clean background air.

molecular oxygen ('0,*), and hydroxyl radical
(*OH).****°"* These oxidants can chemically react with
ArOH to form phenolic SOA,"”***°7** but are rarely included
in SOA models.'¥*>*> Moreover, most studies neglect
photooxidants from organic-soluble BrC (OSBrC), which
during ALPACA absorbed three times more sunlight than
water-soluble BrC (WSBrC)%4 and is likely an important
photooxidant source.™

In this work, we explore whether phenolic SOA formation is
significant during winter pollution events in Fairbanks. We
simulate ArOH chemistry using the Platform for Atmospheric
Chemistry and Transport in One Dimension (PACT-1D)
optimized for Fairbanks’ winter atmospheric dynamics.”*® We
extend the multiphase kinetic mechanism in PACT-1D by
adding BrC photooxidant production and phenolic SOA
formation. This includes: (1) BrC photooxidant formation in
aqueous and organic particles from water- and organic-soluble
BrC, respectively; (2) emissions and gas-particle partitioning of
34 semivolatile phenols; and (3) gas- and particle-phase
phenolic SOA formation during a 2022 winter pollution event
in Fairbanks to quantitatively assess if phenolic SOA formation
is possible.

B METHODS

PACT-1D is a MATLAB-based, one-dimensional chemistry and
transport model developed to interpret the near-surface distribution
of atmospheric trace gases using explicit chemical kinetics.”” The
model was optimized to match the meteorology and multiphase
chemistry during winter 2022 in Fairbanks, Alaska,9 36,38 resulting in
excellent agreement with measurements of SOZ, ozone, nitrogen
oxides, nitrous acid, formaldehyde, nitrate, and sulfate.”*® In this
work, we expand upon PACT-1D by adding kinetic processes to
simulate BrC photochemistry and multiphase phenolic SOA
formation (Figure 1).

ALPACA PACT-1D

For ALPACA, PACT-1D models a 4 X 4 km area that covers both
downtown Fairbanks and residential neighborhoods.***® The model
assumes horizontal homogeneity. Vertical mixing is described by eddy
diffusion coeflicients derived from measured boundary layer heights
and horizontal transport is constrained by measured wind speeds.
Emissions of gases and particles are modeled using the emissions

22749

inventory developed by the Environmental Protection Agency (EPA)
and the Alaska Department of Environmental Conservation.”” PACT-
1D simulates gas-phase photochemistry with the RACM-2 chemical
mechanism and actinic flux measurements,” and aqueous chemistry
with Henry’s Law partitioning and aqueous-phase reactions.” In this
work, we added organic particles as sites for multiphase chemistry, as
described below. The loss of gases and particles in PACT-1D is due to
deposition and mixing with clean background air.”

Particle Composition. Winter PM in Fairbanks contains
significant amounts of aerosol liquid water (ALW)* and high
concentrations of organic matter, with an average (+l6) ALW
concentration of 8.5(+8.0) Hg m~> and an average OA concentration
of 6.8(+8.1) yug m™ between 1/28/2022 and 2/11/2022 (Figure
$2).'"'* We simulate two externally mixed populations of 300 nm
diameter particles—one aqueous and one organic—that each interact
with the gas phase. During ALPACA, both inorganic species and
organic aerosol uptake significant ALW,"" and single particle
measurements reveal multiphase processing on aqueous and biomass
burning particles.'” The ALW formation rate and OA emission rate
are calculated by scaling the EPA methane emissions from wood
burning so that modeled concentrations of ALW* and OA (from
AMS)"" mimic measurements from ALPACA (Figure S2). The total
OA is then divided into water-soluble OA in aqueous particles and
organic-soluble OA in organic particles based on the measured ratio
of light absorption from water- and methanol-soluble BrC (Section
S6).

Biomass-Burning Phenols. We created emissions profiles of 34
semivolatile ArOHs from wood smoke (Table S1 and Section S1)."”
We first generated a levoglucosan emissions profile by scaling the
methane emissions from wood smoke so that modeled levoglucosan
concentrations matched measurements (Figure S3a)."" We then
apportioned levoglucosan to hardwood and softwood (Figure $3b)"!
and used measured emissions ratios of phenols to levoglucosan (Table
S2) to generate phenol emissions profiles.'” As our base case, we
assume all ArOHs are initially emitted in organic particles, from which
they partition into the gas phase and aqueous particles. We assess this
assumption with a sensitivity simulation with all phenols emitted as
gases: as shown in Figure S9, this change makes aqueous and
nontriplet reactions more significant but *C*-mediated reaction in
organic particles still dominate during polluted periods when phenolic
SOA is most significant. Our simulations only account for phenol
emissions from biomass burning, which is likely the dominant source,
but might neglect other sources such as vehicle exhaust and coal
combustion,**~**

https://doi.org/10.1021/acs.est.6c03997
Environ. Sci. Technol. 2026, 60, 22748—22758
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Gas-particle partitioning in PACT-1D”*"* is determined using
uptake and evaporation rates calculated with mass transfer continuum
regime kinetics*® and the Fuchs-Sutigin kinetic regime correction
(Section S2).*” Mass accommodation coefficients (Table S3) were
temperature corrected (Section S3). Gas-aqueous partitioning is
constrained by Henry’s law (Table S4), adjusted to the ambient
temperature and, for phenols, corrected for ionic strength (Section
S4). Gas-particle partitioning in organic particles is governed by
Pankow’s adsorption model (i.e., C;* partitioning, Table S4), adjusted
to winter temperatures in Fairbanks (Section SS), and assumes
activity coefficients of unity.

Photooxidant Production. Measurement-based kinetic models
are the most robust tools for predicting *C*, 'O,* and °*OH
concentrations in particles.”**® We update the kinetic photooxidant
scheme built with oxidant measurements in illuminated aqueous
extracts of wintertime Fairbanks PM® and incorporate it into PACT-
1D.

BrC Light Absorption. BrC photooxidant formation is simulated by
calculating the rate constant for BrC sunlight absorption (jg,c,qpe mol-
photon mol-C'™ s7') between 310 and 550 nm with

550 nm
= ) (MAC, X I'; 5 X AL X M X (A + 1) X 2.5)

310 nm
1)

where MAC,; is the dissolved organic carbon (DOC)-normalized mass
absorption cross section measured during ALPACA (cm? g—C_l),8
I'; ax is the measured actinic flux (mol-photon cm™ nm™ s, Alis
the wavelength interval (1 nm), M is the molecular weight of carbon
(12.011 g mol™"), A is the albedo (unitless), and 2.5 is a unitless
factor to account for the optical confinement of sunlight inside
particles.”” Because we do not have MAC measurements of OSBrC,
we assume they are equal to WSBrC MAC. Though this might be an
underestimate of OSBrC MAC, the resulting ratio of jp,c ., in both
particle types is equal to the ratio of absorption of PM extracted into
water and methanol.*’

*OH and 3C* Production. The first-order rate constants for *OH
and *C* formation from brown carbon (j,,, mol-ox mol-C'~ s7') are
calculated with

J BrC,abs

jox = jBrC,abs X (DOX (2)

where @, is the *OH or *C* quantum yield measured in water
extracts of ALPACA PM.® @ represents the subset of 3C* which
are oxidizing, determined by their ability to react with syringol (with
an oxidation potential of ~1.17 V vs SHE).****! ®__were measured
on composites of 2—13 daily filters and therefore have limited time
resolution.”® Because of a lack of data, we assume @, for OSBrC are
equal to those measured in aqueous extracts.

Next, the *OH and 3C* production rates in particles (P mol L'
s7') are calculated using

Pox,i = jox [DOC]; 3)

where [DOC]; is the concentration of dissolved organic carbon in
particle-type i (i.e., either aqueous or organic particles; mol-C L™,
derived in Section S6).

'0,* Production. In PACT-1D, '0,* is produced from 3C*. ®, ¢«

cannot be applied to (eqs 2 and 3) to calculate P,q,, in particles”

because P, is not proportional to DOC concentration.”* Py is
instead determined with

1
Plo’;,,- = kycryool =7
ox—3C*

][3c*],-[oz]‘-fA
4)

Where kjcx,0, is the second order rate constant for energy transfer of
3C* and O, (2.8 X 10" M™! s71),*® £ ... is the fraction of *C* that
are oxidizing (estimated as 0.35),”” and f, is the fraction of 3C*-O,
interactions that form '0,* (estimated as 0.43).>>

Photooxidant Sinks. Table S6 includes the rate constants for the
dominant photooxidant sinks.*>**” We assume the rate constants are

equivalent in aqueous and organic particles unless otherwise noted,
because most kinetics are not known in organic particles. For *OH,
sinks include reactions with DOC (kpoceon = 3.8(1.9)x10% L mol-
Cl=s7h),? levoglucosan (ki eon = 2.4(£0.02)x10° M~ s71),>* and
phenols (Table S8). 3C* sinks include reactions with O,, DOC
(kpocsscr = 7.0 X 107 L mol-C'~ s71),%” and phenols (Table S8). The
major '0,* sinks are DOC (k;o+,poc = 1.6 X 10° L mol-C!~ 577,
measured as described in Section S7), phenols (Table S8), and
solvent deactivation. kjopsipo is well-defined (2.76(+0.02) X 10°
s71)*° but the equivalent value in organic particles is unknown so
assumed equal to ko« 0

Phenolic SOA Formation. PACT-1D includes multiphase SOA
formation in the gas phase, in aqueous particles, and in organic
particles. Gas-phase ArOH reaction pathways are direct photo-
degradation (for phenolic carbonyls) and with *OH, Oj, and NO,.
Condensed-phase ArOH reaction pathways are direction photo-
degradation and with *OH, 3C*, '0,*, O, and NO;. The rate of

phenolic SOA production (P, z0n soaw molecules cm®-air s™! or mol
L' s7') in phase p is
Pox,ArOHSOA,p = kox+ArOH[0X]p [ArOH]p X Yox+ArOH (5)

where ko, aon is the second-order rate constant of a given phenol and
oxidant in the gas phase (cm®-air molecule™ s, Table S7) or in
particles (L mol™ s7', Tables S8 and S9) and Y, 0n is the SOA
yield (Tables S10 and S11). Rate constants are temperature corrected
(Section S9) with activation energies compiled in Tables S12 and
S13. We assume equivalent rate constants in organic and aqueous
particles due to a lack of measurements in organic media. For direct
photodegradation reactions, Keaon[0x], is substituted with the
direct photodegradation rate constant (jArOH,pJ s7!, Section S8). In
aqueous particles, we account for ionic strength using Setchenow
coefficients (Table $5)°° to calculate phenol activities ({ArOH},,)
and substitute them into eq S (Section S4). Oxidant activity
coeflicients in both particle t);pes are assumed to be unity. Salts can
also alter reaction kinetics,””">® though this is not accounted for in
PACT-1D due to limited studies of this effect on reactions of 3C*
with phenols. We do not include a chemical sink for phenolic SOA
because the polluted air-mass residence time is ~hours,”*® shorter
than aqueous phenolic SOA chemical lifetimes.*” Section S10 outlines
additional uncertainties.

B RESULTS AND DISCUSSION

We simulate multiphase phenolic SOA formation in Fairbanks,
Alaska during the ALPACA field campaign from January 28th
to February 11th, 2022. This includes a S-day pollution
episode (1/29/22 to 2/3/22) during which PM,; exceeded
the EPA 24-h standard of 35 ug m™>, followed by an extended
clean period (2/4/22 to 2/11/22, Figure S4) with 10-times
lower PM, 5. Unless otherwise noted, numerical values quoted
in the following text are 1:00 PM (solar noon) values averaged
from 1/29/22 to 2/2/22.

Organic Aerosol

Strong surface-based inversions trap high concentrations of OA
during polluted periods (Figure 2a). Field measurements show
fast diurnal variability in the OA composition: OOA accounts
for 17(+4)% of OA at 5:00 AM but increases to 40(+4)% at
1:00 PM during the pollution event (1/31 to 2/2, Figure
S1)."" The rapid changes in PM composition are partially
explained by the short residence time of pollutants at the
surface of 1-3 h.”*

Sunlight Absorption by Brown Carbon

Fairbanks winter OA is rich in light-absorbing BrC, resulting in
large sunlight absorption rates (Figure 2b) similar to rates in
. . . 8,29 .
polluted urban winter sites at lower latitudes.”” As reflected in
measurements and implemented in PACT-1D, two-thirds of

https://doi.org/10.1021/acs.est.6c03997
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Figure 2. (a) Stacked plot of organic aerosol (OA) concentrations in
aqueous (blue) and organic particles (green) overlaid with the
measured hourly average OA concentration (black line)."" (b) Line
plot (i.e, not stacked) of rates of brown carbon (BrC) sunlight
absorption per liter of particle volume. (c) Stacked plot of BrC
sunlight absorption rates normalized to air volume.

the total BrC light absorption is by OSBrC.”**°~®* We observe
little variation in particle- volume-normalized rates of sunlight
absorption by BrC across the campaign because the BrC
character changes minimally between clean and polluted
periods,” as seen in the small range of BrC MAC;4 during
ALPACA of 0.58—1.1 m® g—Cl_.8 In contrast, the concen-
tration of BrC-rich particles at the surface increases
significantly during polluted periods. Because of this, on an
air-volume-normalized basis, high OA concentrations drive an
8-factor increase in the rate of light absorption by BrC during
the pollution episode (1/31) compared to the subsequent
clean period (2/6 to 2/11, Figure 2c).

Particle Photooxidant Production

This work represents the first time that photooxidant
production has been modeled from OSBrC. We find that
oxidizing triplets are rapidly produced in both aqueous and
organic particles, with highest rates during the polluted period
when high BrC light absorption rates coincide with the peak
3C* quantum yield (Figure S5).° Triplet concentrations are
similar in aqueous and organic particles, with midday values of
1.1(£0.08) X 107'* and 1.0(+0.08) x 107> M, respectively
(Figure 3a). Though the *C* production rates in organic
particles are twice as fast as in aqueous particles, the *C*
lifetime in organic particles (~0.4 ns) is half the value in
aqueous particles, leading to comparable concentrations in
both particle types. Accounting for OSBrC doubles the total
atmospheric *C* concentration and triples the total *C*
production rate, demonstrating it is an important *C* source.

The dominant *C* sinks in organic particles during the
pollution episode are organic carbon (67(+6)%), oxidation of
phenols (32(+6)%), and energy transfer to O, (1(£0.2)%).
Oxygen is a small triplet sink despite estimated dissolved
oxygen concentrations in organic particles roughly 18 times
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Figure 3. Steady-state concentrations of (a) *C*, (b) '0,*, and (c)
*OH in aqueous (blue) and organic (green) particles. The gray-
shaded regions are the ranges of oxidant concentration in particles
from Davis, CA on the winter solstice, which are (0.4—13)x107"2 for
3C*, (1—-8)x107™2 M M for '0,*, and (8.8—13)x107** M for *OH.”’
For Panel (c), the Davis, CA values are larger than the y-axis range.29

higher than in water.”* Phenols are treated as explicit *C* sinks
distinct from DOC. While chemical reactions dominate the
interaction of 3C* with phenols,'®***>**% it is unclear what
fraction of triplet-DOC interactions result in chemical change
of the organic molecule. Triplets can chemically react with
several classes of organic compounds in addition to phenols,
includin§ anilines, alkenes, and organics with reduced sulfur
atoms,’° but some triplet-organic reactions (e.g, with
dienes)®” result in physical quenching that causes no chemical
change in the organics.”” Recent work by Hoffmann et al.
assumed that triplets are only physically quenched by organic
compounds,™ but this ignores the oxidation of phenols and
other organic molecules and so it underestimates the
atmospheric significance of triplets.

In the aqueous particles, more than 99% of *C* are lost to
organic carbon. Phenols, which again are treated as explicit
3C* sinks distinct from DOC, are negligible triplet sinks in
aqueous particles because high ammonium sulfate concen-
trations salt out ArOHs.>® O, is a negligible *C* sink because
O, concentrations in aqueous particles are much smaller than
DOC concentrations. The stark difference in *C*-driven
chemistry in aqueous and organic particles demonstrates that
the significance of *C* chemistry depends on the availability of
reactive triplet sinks such as phenols.

'0,* production is distinct in aqueous and organic particles.
'0,* concentrations in organic particles are 1.1(%0.2) X 107"
M, an order of magnitude higher than the 0.13(+0.02) x 107"
M in aqueous particles, because of the higher O, concentration
in organic particles. As a result, 'O,* and *C* concentrations
are similar in organic particles, whereas triplet concentrations
in aqueous particles are 8-times larger than 'O,*. In both
particle types, we find significantly lower particle 'O,*
concentrations than past work’”*’ because our measured
rate constant for 'O,* interactions with organic carbon
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(kyoztspoc = 1.6(0.1)x10% M~ 571, Section S7) is 16-times
higher than previous estimates.”"*”*’

In PACT-1D, 'O,* production in particles is determined
using the reaction rate of °C* and O, (eq 4), because @, ¢, in
particles differ from dilute solution.”***” Indeed, the effective
'0,*quantum yields in ALW modeled here are 200 to 8000
times smaller than those measured in dilute extracts of
Fairbanks PM (Figure S6). This agrees with previous kinetic
modeling of 'O,* in ALW: high concentrations of DOC
suppress *C* concentrations, limiting 'O,* production, and
become an important 'O,* sink.”*

Quenching by organic carbon is the dominant 'O,* sink in
aqueous and organic particles, accounting for more than 98%
of '0,* loss; it is unclear what fraction of these DOC—'0,*
interactions are chemical reaction versus physical quenching.
Chemical reactions with phenols are a negligible 'O,* sink,
resulting in insignificant ArOH oxidation by 'O,*. Though not
included here, other compound classes with larger 'O,*
chemical reaction rate constants, such as substituted furans,””
may be more important 'O,* sinks.

Both aqueous and organic particles produce significant
daytime *OH. *OH production and loss rates are two times
faster in organic particles than aqueous particles, leading to
comparable steady-state *OH concentrations in both particle
types (Figure 3). Based on measurements,” the dominant
aqueous "OH sources in Fairbanks are reactions of HOOH
with reduced iron and copper, with minor contributions from
nitrate and nitrite photolysis. We capture these *OH sources in
PACT-1D using measured *OH quantum yields.” Unspeciated
DOC is the dominant *OH sink in particles, accounting for
90(£1)% and 89(+3)% of *OH loss in aqueous and organic
particles, respectively. Chemical reactions with phenols are a
negligible *OH sink in aqueous particles, but account for up to
11(£3)% of *OH loss in organic particles.

During clean periods, BrC photooxidant chemistry is slow
for all three oxidants. Compared to the polluted period
described above, photooxidant concentrations within particles
are 4—38 times lower during clean periods due to smaller MAC,
and lower ®_,. More importantly, low OA concentrations lead
to small air-volume-normalized photooxidant concentrations
during clean periods (Figure S7).

Biomass-Burning Phenols

The model includes 34 semivolatile phenols, with a total
concentration up to S ug m~> (Figure 4a); structures of each
ArOH are listed in Table S1. Higher-volatility species such as
phenol (C,H;OH) and cresols are the most abundant ArOHs
in wood smoke (Table S2), making the gas phase the
dominant ArOH reservoir. The average simulated nighttime
gas-phase mass fraction of phenols is 63(+7)%, though at 1:00
PM this increases to 95(22)%. Organic particles are the other
important ArOH reservoir, containing 4—49% of the total
phenol mass during the pollution event. In contrast, aqueous
particles are a negligible phenol reservoir. Though Ky are
roughly 150-times higher at —20 °C than at 25 °C, high ionic
strengths in aqueous particles salt out ArOHs, effecting a 10—
90 fold decrease in Ki.>° We do not consider the poorly
understood temperature dependence of Setschenow coeffi-
cients,”’ " which should be characterized to assess aqueous
particles as a phenol reservoir.

Gas-Particle Partitioning. Phenols have a wide range of
volatilities, with simulated saturation concentrations (C;*)
ranging from 0.05 to 4 X 10* ug m™> at 8:00 AM on 1/31/22,

6
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Figure 4. (a) Summed concentrations of all 34 modeled biomass-
burning phenols (ArOH) in the polluted surface layer (1-3 m).
Concentrations are shown as stacked values in the gas phase (black),
aerosol liquid water (ALW, blue but not visible at this scale), and
organic aerosol (OA, green); the magenta line is an overlay of
measured levoglucosan (LG) concentrations."" (b) Modeled gas- and
particle-phase fractions of all 34 phenols as a function of saturation
concentration (C;*). Bars are colored to show fractions in the gas
phase (black), aqueous particles (blue), and organic particles (green)
at 8:00 AM on 1/31/2022 (=34 °C). The gray X’s denote the
measured particle-phase fraction (Xpy) of 16 phenols for the same
day and time.”® Figure S8 depicts an analogous plot for 1:00 PM on
1/31/2022 (—30 °C). Phenol names organized by C;* are in Table
S14.

resulting in modeled particle-phase fractions (Xpy) from
<0.3% to 99% (Figure 4b). At night, gas-particle partitioning in
the model approaches equilibrium because ArOH chemical
loss is slow. Two instruments were used to measure gas-
particle partitioning of semivolatile compounds during
ALPACA, with SV-TAG finding almost 100% of phenols in
particles (Figure 4b)”° and the CHARON-PTR reporting Xpy
of semivolatile compounds (including phenols) between 50
and 80%.”" Despite PACT-1D not accounting for nonideal
behavior (i.e., viscosity),””~"* simulated nighttime Xpy; values
generally fall within the wide measured range.

During daylight, rapid photochemical phenol loss in particles
makes modeled Xpy, values lower than nighttime values, which
are near equilibrium (Figure S8b). This chemistry is driven by
triplets which account for 98(£1%) of phenol loss. Rapid
condensed-phase chemistry can be fast enough that it
competes against mass transport from the gas phase, limiting
particle ArOH concentrations and suppressing the steady-state
Xpy” Sensitivity tests reveal that the phase in which phenols
are emitted impacts Xpy (Figures S9a—c). Under our base
case, where we assume all phenols are emitted in organic
particles, the average Xpy of particles in the polluted surface
layer decreases on average (£10) by 8(+9)% between 8 AM
and 1 PM (Figure S8) because of mass-transport limitations. In
our limiting case where phenols are emitted into the gas
phase—a scenario which is unrealistic but reveals this
sensitivity in our simulation, the average Xpy in the polluted
surface layer decreases by 37(+28)% from 8 AM to 1 PM,
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because chemical loss of phenols in particles competes against
uptake of phenols from the gas phase. In this extreme
sensitivity test, lower particle phase phenol concentrations also
lead to an average 33(+15)% decrease in the phenolic SOA
concentration. The phase of phenol emissions does not
significantly affect other model results, including nighttime
Xpy values and photooxidant concentrations.

Atmospheric Lifetimes of Phenols. During the pollution
event, rapid particle photochemistry leads to short midday
phenol lifetimes. The median phenol lifetimes is 11 min when
considering the total (gaseous and particulate) amount of a
given phenol (Figure S10), which is significantly shorter than
the airmass lifetime (1—3 h).’ Nighttime chemical ArOH loss
is negligible, with a median phenol lifetime of several days.

Lifetimes are only short in organic particles (Figures S11 and
$12), revealing that photochemistry in organic particles drives
the short ArOH atmospheric lifetimes. Organic particles
dominate phenol loss because they are a significant phenol
reservoir and have fast chemical loss. Aqueous particles are a
minor phenol sink because they are a negligible phenol
reservoir, a result of high ionic strengths. Though the gas phase
is an important ArOH reservoir, chemical loss is slow, leading
to long gas-phase phenol chemical lifetimes. In organic
particles, all phenols undergo rapid oxidation (Figure S13a—
c), but the least volatile species have the highest values of Xpy,
and therefore the shortest atmospheric lifetimes with respect to
the total (i.e., gas and particle) amount of phenol (Figure
S13d—f).

Multiphase Phenolic SOA Formation

Phenolic SOA is formed when a phenol is oxidized to low-
volatility products, either by gas- or particle-phase reactions.
For simplicity, here we consider all phenol oxidation reactions
as a source of SOA even though oxidation of ArOH that
predominantly exist inside particles (i.e., high Xpy,) represents
the chemical transformation of OA rather than the formation
of new PM mass.

The mass concentration of phenolic SOA formed during
daytime peaks during the pollution event at 4.5 yg m™> and
accounts for up to 34% of the measured oxidized organic
aerosol (OOA, Figure Sa).'' HMS and other organo-S(IV)
adducts are also expected to be OOA, with up to 2.1 yg m™>
measured during the pollution event.’ Accordingly, our
simulations demonstrate that phenolic SOA is more significant
than HMS as a source of secondary PM.'' During the night,
photochemistry ceases which leads to low simulated phenolic
SOA concentrations of 0.07(+0.02) g m™> at midnight. When
measured OOA is normalized by levoglucosan (LG) to remove
variability in emissions and meteorology (Figure 5b), the data
reveal a strong correlation between the measured OOA and
modeled phenolic SOA during the pollution event. When the
correlation is weak, we suspect that unknown sources
dominate OOA formation.

The average daytime (9 AM to S PM) phenolic SOA
formation rate during the pollution episode was 6(+2) yg m™
hr™". In our model, 98(+1)% of phenolic SOA is formed in
organic particles (Figure Sa), nearly all from *C* (Figure Sc).
Aqueous particles are minor sources of phenolic SOA due to
high ionic strengths limiting aqueous phenol concentrations.
'0,* does not form significant phenolic SOA because of small
reaction rate constants. This disagrees with recent work that
suggested similar phenolic SOA formation from 'O,* and *C*
in ALW;'® the authors used 'O,* concentrations in ALW from
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Figure 5. (a) Stacked plot of modeled phenolic secondary organic
aerosol (SOA) concentrations in the polluted layer (1—3 m above
ground level) formed in the gas phase (gSOA, black), aqueous
particles (aqSOA, blue), and organic particles (orgSOA, green), as
well as the simulated hydroxymethanesulfonate (HMS) reported by
Kuhn et al.” (yellow) on the left y-axis. The magenta line is an overlay
of the measured 1 h average concentration of oxidized organic aerosol
(OOA, right y-axis)."" Note the difference in the y-axis scales. (b)
Timeseries of modeled phenolic SOA normalized by simulated
levoglucosan (LG) (green, left axis) and 2-h average of OOA
normalized to measured LG (black, right axis). (c) Bar chart depicting
fraction of phenolic SOA formation rate from *C* in organic particles
(green), *C* in aqueous particles (blue), and all other pathways
(white). In panels (a) and (c), the blue and black contributions are
too small to be seen.

Kaur et al.,”” which we recently showed are 10 to 100 times
too high.”* Gas and particle *OH are negligible ArOH oxidants
because *OH concentrations are too low to form significant
phenolic SOA. Similarly, gas and particle reactions of ozone are
slow because high NO concentrations titrate ozone to less than
1 ppb, as elucidated by measurements and by PACT-1D
simulations.”*””® These low ozone concentrations in turn
restrict nitrate radical formation, explaining the negligible
nighttime phenolic SOA from ozone and nitrate radical.

As shown in Figure 6, SOA formation is dominated by a
small number of phenol species. During the day, five
phenols—syringol, guaiacyl acetone, ethylsyringol, tyrosol,
and homovanillic acid—account for 49% of the total phenolic
SOA mass. The contribution of a given phenol to SOA
formation is largely a function of two factors: the emissions
rate (Figure 6a) and their saturation concentration (Figure
6b), which control phenol concentrations in organic particles
(Figure S14). The relative importance of an individual BB
phenol as a source of SOA is a product of the cold and OA-rich
conditions of Fairbanks during winter. For example, under
relatively clean conditions (OA = 5 ug m™) at 20 °C, 1.9%
percent of syringol should be present in organic particles, but
under polluted ALPACA conditions (25 ug m™ OA and —30
°C), the value increases to 18%, accelerating SOA formation.

https://doi.org/10.1021/acs.est.6c03997
Environ. Sci. Technol. 2026, 60, 22748—22758

9z0z 1snbny 2z uo 1senb Aq ypd-166£029°'159°598/20025£99/8Y £ 22/2E/09/3pd-801e/Beyse/bio soesqnd wou pepeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.6c03997/suppl_file/es6c03997_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c03997?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c03997?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c03997?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.6c03997?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.6c03997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Emissions
(ug m™ hr'")
o
N

ArOH SOA
fArOH SOA

ol
ol
0
vde
yde
Pnol
one
|
hydroquihione
y!
henol

!
0-Creso

acetovanilt

oo
Sc
[=1°}

£L
>0
® .

ehyde
syringol
catcchol
prop-
0S

d
et
ladeh
i
p
butyrylsyringol

Ieu
Y

_resorcinol

iac
eﬂxylsvnng
i
gl
t
syring.
sinapyl
cerul

y!
coni erla
methylcatechols

propiony
act
metg?x
meertw
hydroxybenzaldehydes

cis-syring

=z
o
I

Figure 6. (a) Phenol emission rates, (b) phenol saturation
concentrations at —30 °C (on a log scale), and (c) concentrations
of secondary organic aerosol (ArOH SOA) formed from individual
phenols, organized on the x-axis by SOA formation rate at 1:00 PM
on 1/31/2022. In panel (c), the gray symbols (right y-axis) show the
cumulative fraction of phenolic SOA formed by all phenols up to, and
including, that species.

Thus, the relative and absolute importance of individual
phenols as source of SOA will depend on location, season, and
conditions (e.g., temperature, OA, and BrC).

B IMPLICATIONS AND FUTURE DIRECTIONS

Our simulations of a winter pollution event in Fairbanks,
Alaska demonstrate rapid daytime phenolic SOA formation,
predominantly from BrC-derived triplet excited states in
organic particles. In contrast to the traditional paradigm that
SOA formation is mostly significant under conditions of high
temperature and abundant sunlight, we find significant
amounts of SOA formation in the winter in a location with
very low temperatures and very little sunlight. This rapid SOA
formation is possible because of high woodsmoke emissions,
significant light absorption by brown carbon, and because
surface-based inversions trap high concentrations of phenols
and biomass burning particles, enhancing phenolic SOA
formation rates. Moreover, accounting for OSBrC doubles
the total atmospheric *C* concentration and triples the total
3C* production rate, revealing the important role of OSBrC as
a *C* source. The transport model further demonstrates that
phenolic SOA formation outcompetes the short air-mass
residence time in the polluted surface layer, which otherwise
fundamentally limits secondary chemistry. The results high-
light the unexpected ability of brown carbon photochemistry to
transform the composition of organic aerosol in high-latitude
cities which notoriously experience severe winter pollution
events.

We expect the largest sources to be steady-state °*C*
concentrations and particle-phase phenol concentrations.
PACT-1D incorporates state-of-the-art kinetic models to
predict photooxidant concentrations,”>**” but direct measure-

ments of >C* in droplets are needed to validate these kinetic
models. Similarly, while simulated phenol concentrations are
validated by measurements (Figure S16),”° improved high
time resolution gas and particle measurements of the most
important SOA precursors are needed to confirm simulated
concentrations. A quantitative understanding of particle
viscosity is essential for characterizing wintertime multiphase
chemistry during, although viscosity was beyond our scope due
to the abundant evidence of multiphase chemistry.””"
Furthermore, identifying ambient phenolic SOA requires a
technique to distinguishing phenolic SOA from the ambient
OA. Additional laboratory measurements are needed to
understand winter phenolic SOA, including temperature-
dependent kinetics and SOA yields from phenol oxidation,
especially via oxidizing triplet excited states. Lastly, more
studies regarding the (photo)chemistry of OSBrC are needed,
with initial studies suggesting OSBrC has higher photooxidant
quantum yields than WSBrC,” indicating that our simulations
likely underestimate photooxidation production in OA.
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Section S1. Predicting emissions of semi-volatile phenols

First, we calculated the emissions ratio of each phenol (ArOH) to levoglucosan. Schauer et al.!
report phenol and levoglucosan emissions from hardwood and softwood in units of mg per kg
wood burned. We calculate the emissions ratio (ER) for each phenol relative to levoglucosan
with

ER = Ao (S1)
eLG

where ER is the emissions ratio either for hardwood or softwood specifically (mg-ArOH mg-

levoglucosan™), earon is the emissions of a given phenol reported by Schauer (mg-ArOH kg-

wood burned™) for that wood type, and e is the emissions of levoglucosan for that wood type

(mg-levoglucosan per kg-wood burned).

Next, we next created an emission profile for levoglucosan by scaling emissions of methane
from wood burning reported in the EPA’s emission inventory so that the PACT-1D modeled
levoglucosan concentrations matched the measured values. We designate a fraction of the
levoglucosan as hardwood and softwood using data from ljaz et al. (2025), who used positive
matrix factorization of CHARON-PTR-ToF-MS data from ALPACA to identify a hardwood and
softwood factor in organic aerosol (Figure S3).2 We assume that the sum of the hardwood and
softwood organic aerosol identified by positive matrix factorization is equal to the total biomass
burning organic aerosol concentration, and therefore designate the fraction (F) of levoglucosan
as originating from hardwood (HW) and softwood (SW) burning based on

OA
— HW or SW (82)
OAxgw+OAsw

where OAnw and OAsw are the OA concentrations identified as originating from HW or SW
determined by positive matrix factorization, as depicted in Figure S4. Next, we combine the
emissions profiles of hardwood and softwood levoglucosan and the emissions ratios of phenols
to calculate the emissions profile of 34 phenols from hardwood and softwood smoke with:

MWarou

_ MW aroH
Earonp = ELg X (FHW X ERyw X — oo

X Xpuw + Fsw X ERgw X W

xXpsw)  (S3)

LG LG

where: Earon,p IS the emissions profile of a given phenol (ArOH) in phase p (either gas phase or
organic particle, mlc cm-air? s1); ELc is the total emissions rate of levoglucosan (mlc cm-air? s
1: ERaron,#w and ERaron sw are the emissions ratios of each ArOH from HW and SW (mg-
ArOH mg™-levoglucsoan), respectively;! MWaron and MW are the molecular weights of a
phenol and levoglucosan, respectively; and Xp sw and Xpnw are the reported fraction of the
phenol emitted in phase p (either gas phase or organic phase, Table S2). We assume the 34
phenols reported by Schuaer et al.[ref] and included here account for the majority of phenols
relevant to phenolic SOA formation.
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Section S2. Mass transfer: uptake and evaporation rates

The rate constant for uptake of a phenol into a particle is calculated using the mass transfer
continuum regime framework:?

kC,in = 4T[RngNp (84)

where Kkc,in is the rate constant for uptake in the continuum regime (s), Ry is the particle radius
(m), Dy is the gas diffusion coefficient for each species (m? s%), and N, is the particle number (m"
%). The Fuchs-Sutugin approach? is used to correct for the transition regime with

0.75 a (1+Kn)
ktin = kc,in
’ 11 Kn2+Kn+0.283 Kn a+0.75 o

(S5)

where kr.in is the rate constant for uptake in the transition regime (s?), o is the mass
accommodation coefficient (Section S3 and Table S3), and Kn is the Knudsen number
(unitless).* Uptake rates are calculated with

Ry, = kT,in [i]g (S6)

where Rin is the rate of uptake (mlc cm™ st) and [i]q is the gas-phase concentration of the species
i (mlc cm®). Equations for Dg and Kn can be found in past PACT-1D publications.>®

As described in past work,>® we combine the uptake rate constant and the equilibrium constants
from Henry’s Law and Pankow’s partitioning scheme to calculate the evaporation rate constant
using

KEE x V = 2 — Lnin (S7)

i]g kout

where K& is the equilibrium partitioning constant (m*-particle m-air, where cc denotes the

equilibrium constant is in units of concentration per concentration: the units are equivalent to

mol/
m3—particle

mol
/m3—air

(m3-OA m3-air) for organic particles, [i]p is the concentration of i in phase p (mlc cm3-air), [i]q
is the concentration of i in the gas phase (mlc cm-air), kin is the rate constant for uptake (s*),
and Kout is the evaporation rate constant (s*). Equation S7 can be rearranged to solve for kout with

), V is the ALWC (m3-aq m3-air) for aqueous particles and the volume of OA

k _ kT,in (88)

out ™ ggexv

For the agueous phase, K¢g is the Henry’s Law constant corrected for temperature and ionic
strength (Section S4) and transformed to its dimensionless form (Section S5).° For the organic
phase, Kgq is the Kpi partitioning constant converted to its dimensionless form (Section S5). The
evaporation rate (Rout, mlc cm s) is then calculated with

Rout = Kout [i]p (S9)
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Section S3. Temperature correction to accommodation coefficients

Accommodation coefficients with respect to water have been reported for a small number of
phenols and range between 3.7x107° and 0.022.1%!! These values were derived from experiments
performed with wetted flow tube reactors for phenol, 3-methylphenol, 2,5-dimethylphenol, and
2,6-dimethylphenol, which were then applied to all 34 phenols included in our simulations.
PACT-1D calculates temperature-dependent accommodation coefficients with the equations
listed in Table S3. For organic particles, measurements of accommodation coefficients of semi-
volatile organic compounds are generally between 0.1 and 1.12-*4 However, we know of no
measurements of accommodation coefficients of substituted phenols to organic particles. In
PACT-1D, we assume these values are equivalent to those measured in water. Once corrected for
the low temperatures in Fairbanks during ALPACA, the resultant accommodation coefficients
are predominantly between 0.1 and 1, within the range of available measurements.'** Because
accommodation coefficients for organic particles in PACT-1D are calculated with respect to
water, they are likely a lower bound, as the solvation barrier of phenols is likely lower for less-
polar organic aerosol than it is for polar aqueous droplets.
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Section S4. Gas-aqueous partitioning: temperature and ionic strength correction for Henry’s Law

I. Temperature correction

Henry’s Law constants are corrected for temperature using the Van’t Hoff equation

KH,TZ = KH,Tl exp <— T (T_z — T_1)> (810)

where Ky 12 is the temperature-corrected Henry’s Law constant (mol L™ atm™), Ky 11 is the value
at standard temperature (mol L atm™), AH,,, is the enthalpy of dissolution (J mol), R is the gas
constant (8.314 J mol K1), T, is the target temperature (K), and T1 is the standard temperature

(K). The Henry’s law constants and — % values are listed in Table S4.

I1. lonic strength correction

The Henry’s law constant is corrected for ionic strength using the Setschenow equation

~Kysanlsalt] = 10g (vsar) = log (‘2220) (511
where Kssait is the Setschenow coefficient for a given compound and salt (L-aq mol™?, Table S5),
[salt] is the concentration of a salt (mol L™-aq), ysart is the activity coefficient of the phenol
(dimensionless), Ki nzo is the Henry’s Law constant in pure water (mol L™ atm™), and K sait is
the Henry’s Law constant corrected for ionic strength (mol L atm™). Equation S11 can be
rearranged as

Kii,saie = Kippzo X 107 Kssailsalt] (S12)

Sulfate is the dominant inorganic species during ALPACA. McFall et al. (2020) measured Ks
values for eight semi-volatile phenols with five salts: ammonium sulfate, ammonium nitrate,
potassium nitrate, sodium chloride, and ammonium chloride*® As sulfate is the dominant salt in
winter Fairbanks particles, we only account for ammonium sulfate in our activity coefficient
calculation. lonic strength due to sulfate is calculated using measured sulfate concentrations and
aerosol liquid water content.®!’ There are two dominant sulfate sources in two distinct particle
modes: primary sulfate forming small ~100 nm particles and secondary sulfate on larger 300-500
nm biomass-burning particles..!®*° In our calculation of sulfate molarity, we only include the
sulfate expected to be on the larger particles which are sites of secondary chemistry.® To do this,
we apply the campaign average of 62% of sulfate originating from primary sources®?° only
including the 38% considered secondary sulfate in our calculations of sulfate molarity on
secondary particles.}”?! Once Ky is corrected for temperature and ionic strength, it is converted
to its dimensionless form (K%, saie, m*-air m-aq) with

Ko sae = Kia,sae X R X T (S13)
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Section S5. Gas-organic partitioning: Pankow’s adsorption calculation and temperature
correction

Gas-organic partitioning is simulated with Pankow’s Adsorption model, which calculates the
saturation concentration (Ci*) of each species using its temperature-corrected saturation vapor
pressure (psatt2). Psat,2 is calculated with the Clausius-Claperyon equation

psat,Tz = psat,T1 X exp (_ T (T_2 - T_1)> (814)

where psat 71 IS the saturation vapor pressure of species i at standard temperature (atm), AHy,p, is

the enthalpy of vaporization of species i (L atm™ mol™). The gas-organic partitioning constant
(Kp,i, m® pg?) is then calculated with

R XT
K, = X2 (S15)

MWayg X Psat,T2 X 106

where R is the gas constant (8.2057 x 10° m® atm mol™? K1), MWayq is the average molecular
weight of species in OA (250 g mol™?)?2-2* and 10° is a unit conversion from g to ug. Finally, Ky,
is converted to its dimensionless form. Kp;i is defined as

r
ci®

Kp,i = &3S (816)

Coa
where C3¢" is the saturation concentration of species i in the particle (ug-i m=-air), Cfas is the
gas-phase saturation concentration of i (ug-i m=3-air), and Coa is the concentration of organic

aerosol (ug-OA m=3-air)?>% The dimensionless Pankow partitioning constant
ug—i—gas/

cc 3_qi .
(Koo 1e=i=p /m 4t ) can be calculated with
m3—-0A
Kpi = Kpi x 102 X po, (S17)

where 102 converts units from pg-OA to m3-OA and poa is the density of OA (g cm™). The
time-resolved OA density is calculated as described by Kuwata at al. (2012)?" using the O:C and
H:C measured by ljaz et al. (2025)?* with

12+1(H:C)+16(0:C)

Poa = 1000 7.0+5(H:C)+4.15(0:C)

(S18)
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Section S6. Predicting DOC concentrations

To estimate the total methanol-soluble organic carbon concentrations in Fairbanks particles, we
use the total organic aerosol concentrations measured during ALPACA (Figure S1)?! and assume
that methanol extracts 90% of the total organic carbon mass, as reported by Atwi et al.?® As an
approximation, we assume that this reported 90% of methanol-extractable carbonaceous mass
includes both the methanol-extractable and water-extractable fractions. The concentration of
dissolved organic carbon in a given phase i (aqueous or organic), [DOC]Ji (mol-C L), is then
determined with

[0A]
2 X 10% XVp x12.011

[DOC]; =

X 0.9 X Z; (S19)

where [OA] is the total concentration of organic aerosol modeled by PACT-1D (ug m), the
factor of 2 converts OA mass to organic carbon mass assuming an OM/OC ratio of 2, 10° is the
combined unit conversion from pug to g and from m=to L%, V, is the volume of the phase of
interest (either ALW or OA, m3-phase m--air), and 12.011 g mol™ is the molecular weight of
carbon. The 0.9 factor is the fraction of organic carbon that is soluble in methanol.?® We adopt
this number because we assume only water-extractable or methanol-extractable BrC can produce
photooxidants. Finally, Z; is the fraction of particulate organic carbon that is extracted into water
(40%) or methanol (60%), which is also from Atwi et al. (2022).2®
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Section S7. Measurement of kio2++poc in DO

Previous work has estimated the rate constant for interactions of 10,* with DOC using
measurements in ambient aged woodsmoke extracts.?*=! Here, we prepare fresh, lab-generated
woodsmoke extracts and use them to measure ki02++poc.

To determine the rate constant of 1O.* by dissolved organic carbon (DOC) in fresh woodsmoke,
we measured the quenching of time-resolved O2* phosphorescence signals as a function of
woodsmoke extract addition. Woodsmoke extracts were prepared by burning birch firewood
from Fairbanks, Alaska in a 40 L smoldering combustion chamber, collecting smoke on filters,
and extracting them into DO by sonication for 2 h. The extracts were first vacuum filtered
through a glass microfiber filter and then syringe filtered with a 0.45 um PVDF filter. In the
stock woodsmoke extract, the DOC concentration was 1.58(+0.03) mol-C Lt and the ratio of
DOC to the measured absorbance at 365 nm was 14 mol-C L™t cm™. DOC was measured with
Shimadzu Total Organic Carbon Analyzer (TOC-V CSH) and the UV-Vis absorbance spectrum
was measured in 1 cm quartz cuvettes (Starna Cells) with a Shimadzu UV-2501PC
spectrophotometer.

Time-resolved *O,* phosphorescence measurements were collected using a spectrometer (LP-
980, Edinburgh Instruments, UK) equipped with a near-infrared photomultiplier tube detector
(H10330C-45-C2, Hamamatsu, Japan). 1O2* phosphorescence was detected at 1275 nm with a 5
nm monochromator bandwidth. Excitation light at 530 nm was provided by a wavelength-
tunable laser (Radiant QX8130, OPOTEK, U.S.A) that operated at a repetition rate of 10 Hz with
6 ns pulse widths. Rose Bengal (95%, Sigma Aldrich) and D20 (99.9%, Sigma Aldrich) were
used as purchased.

To measure the quenching of O2* by DOC in the woodsmoke extract, O2* signals were
generated from 12.5 uM Rose Bengal solutions in D2O containing different volumes of
woodsmoke extract. The YO,* kinetic traces generated from these solutions were fit using a
mono-exponential decay equation to yield *O,* decay rate constants (k’), which were used to
calculate the quenching rate constant of *O,* with woodsmoke extract (kq) using equation S19:3

k' = kq + ki02.+p0c[DOC] (S20)

where Kq is the measured deactivation rate constant for 102* in D2O without any woodsmoke
extract, kio2=+poc IS the total (physical quenching and chemical reaction) rate constant for
woodsmoke DOC with *0,*, and DOC is the concentration of woodsmoke DOC in the
illuminated solution. 1O2* kinetic traces are provided in Figure S15a.

Without any woodsmoke extract, we observed a 1O2* lifetime of 68 ps, on the higher side of
previously reported values of 44-70 us for 102* in D,0.3® With increasing concentrations of
woodsmoke extract, &’ increased (i.e., 1O,* lifetimes decreased), indicating quenching/reaction of
10,* by woodsmoke extracts (Figure S15). Using this plot (Figure S15b) and equation S19, we
calculate a quenching rate constant of 1.6(+0.1)x10° L mol-C* s*. This value is approximately
16 times higher than the upper bound estimated for summertime woodsmoke particles collected
from Northern California, suggesting that 1O2*-reactive organics in BBOA are lost during
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atmospheric transport. However, the difference could also be due to differences in BBOA
composition. For example, 102* quenching rate constants for aquatic dissolved organic matter
isolates® range from 1.5x10° L mol-C* s for Suwannee River fulvic acid to 1.3x10° M-C* s!
for Pony Lake fulvic acid.
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Section S8. Calculating direct photodegradation rate constants for phenolic carbonyls

Ten of the phenols included in PACT-1D have a carbonyl group on the aromatic ring and thus
undergo direct photodegradation. We calculated the time-dependent rate constant for this process
for each of the ten phenols using in aqueous and organic particles with.

. P 2.303 x 103
Jaronpm = X 1I'x earonp Paronpy———— X 2.5 (S21)

Np
where jaron,pm IS the rate constant for direct photodegradation of a given phenol in aqueous and
organic particles (s), I’ is the photon flux® at wavelength A (photon cm™? nm™ s%), earon. is the
base-10 molar absorption coefficient of a given ArOH at wavelength A (M™* cm™), ®arompm iS
the quantum yield for direct photodegradation of a given phenol,*® 2.303 is the log
transformation, 10° is the unit conversion from L™ to cm, Na is Avogadro’s number, and 2.5 is
a unitless factor which accounts for optical confinement inside particles.®” Table S9 shows
jaron,pm Values in the condensed phases, at solar noon on 1/30/22 in Fairbanks, Alaska. In the gas
phase, we use a similar equation

2.303 x 103
Na

Jjarongas = % 1'a €aron Paron,gas (822)
where ®aroH,gas IS the gas-phase photodegradation quantum yield calculated as described in
Smith et al. (2016) by multiplying the measured particle-phase j-values by 7, based on the
estimated ratio of ®aro,gas:®AroH.aqueous TOr phenol photolysis.® Gas-phase photodegradation rate
constants are in Table S7.
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Section S9. Temperature correction of reaction rate constants

Temperature-corrected reaction rate constants (krz, cm3-air mic* s or L mol* s*) are calculated
with the Arrhenius equation

kpy = kpy X €Xp (— N (Ti - Ti)) (S23)

where kr1 is the rate constant at temperature T1 (cm®-air mic? s* or L mol? s?) and Ea is the
activation energy (kJ mol™). Ea values are listed in Tables S12 and S13.
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Section S10. Uncertainties in PACT-1D simulations relating to (a) photochemistry of organic-
soluble brown carbon, (b) activity coefficients in aqueous and organic particles, and (c) viscosity.

(a) Photochemistry of organic-soluble brown carbon

Measurements of photooxidant production from organic-soluble BrC are scarce.’®*° To our
knowledge, this is the first kinetic model of photooxidant production which accounts for brown
carbon chromophores that are not water soluble but are soluble in polar organic solvents (i.e.
methanol).>>*3° We assume the photochemical properties of water-soluble BrC*-* apply to
organic-soluble BrC, yet this likely results in a lower bound of *C* reactivity.* Specifically, we
suspect our modeling is a lower bound for photooxidant generation in organic particles because
Sardena et al.*® found brown carbon extracted into acetonitrile has up to 4-times higher 3C*
concentrations and 5-times higher !0,* quantum yields than their aqueous counterparts.

Other components required in the kinetic model for photooxidant production and reactions in
organic particles are also poorly understood. Mass absorption coefficients of organic-soluble
chromophores are not known. The impact of the organic-rich solvation environment of organic
aerosols on the light absorbing properties of brown carbon are unknown. Organic solvents can
cause blueshifts in the molar absorption coefficients of individual chromophores, yet it is unclear
if a hypsochromic or bathochromic shift happens for chromophores in organic aerosols.®
Furthermore, we assume the properties of oxidizing *C* — including oxidation potential and
excited state energies — in aqueous and organic particles are the same, which allows us to assume
3C* have equivalent reactivity in both particle types.*’ For example, we assume the *C* and 'O,*
rate constants for quenching by DOC — the dominant sink for both oxidants — are equivalent in
both solvents, yet the values are not known in organic aerosols.?’ Lastly, without measurements
of dissolved O> concentrations in organic aerosol, we assume it is equivalent to the O2 solubility
in methanol (K methanol = 2.41x102 M atm™, calculated from O solubility in methanol compared
to water,*! temperature corrected with aqueous AHso).

(b) Activity coefficients in aqueous and organic particles

Activity coefficients are poorly understood in ALW and OA. In both particle types, we assume
photooxidant activity coefficients of unity, as values are poorly understood. In aqueous particles,
we calculate the ionic strength from sulfate measurements assuming internally mixed particles,
which likely overestimates the impact of ammonium sulfate on aqueous chemistry. This can be
seen in single particle measurements during the ALPACA field campaign, which show that 42%
of sulfate particles did not show evidence of secondary processing (i.e. did not contain
hydroxymethanesulfonate),'® indicating a large fraction of the primary sulfate particles were not
involved in the multiphase chemistry targeted by this study. As the majority of sulfate was
primary sulfate, this suggests our assumption of internal mixing overestimates the aqueous
sulfate concentrations and overestimates the suppression of aqueous phenolic SOA formation by
high ionic strength.

(c) Viscosity
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At cold temperatures, particle viscosity has the capacity to slow gas-particle partitioning.*>*

There is abundant evidence for multiphase chemistry during winter pollution events in
Fairbanks, including the formation of secondary sulfate,?’ hydroxymethanesulfonate,'****” and
oxidized organic aerosol/aged biomass burning particles,'”*"*¥ all of which confirm that
viscosity-driven uptake limitations do not prevent secondary multiphase chemistry. Nonetheless,
an increase in the viscosity of particles is possible, which may have varied impacts on multiphase
chemistry. For example, enhanced viscosity can slow gas-particle partitioning, generate
concentration gradients of phenols within particles, and lead to heterogenous photooxidant
generation (i.e. if the uptake of O is viscosity-limited, this might suppress Oz as a >*C* sink and
concurrently suppress 'O,* production), though the magnitude of these potential impacts is
highly uncertain. The aim of this work is to explore the potential role of multiphase brown
carbon photochemistry in urban winter pollution events, and therefore the intricate, varied, and
uncertain impacts of particle viscosity of multiphase are beyond the scope of this work but
should be explored in future work to understand its impact on multiphase chemistry in Fairbanks.
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Table S1. Names, molecular weights, and structures of the 34 biomass-burning phenols included

in our modeling.

Molecular
Compound Formula Weight Structure
(g/mol)
Phenols
OH
phenol CeHeO 94.11 @l
OH
CHs
o-cresol C7HgO 108.14 ©/
OH
m- and p-cresol C7HsO 108.14 Q on
CHj H:;C/©/
OH
. CHs
dimethylphenols 2 CsH100 122.16 C[
CHsy
Diols
OH
catechol CsHeO2 110.11 @:
OH
OH
resorcinol CsHeO2 110.11 Q/
OH
OH
hydroquinone CsHeO2 110.11 ©
OH
OH
tyrosol CoHioO2 | 138.16 . -
OH
methylcatechols C7HsO 124.14 /@
HaC OH
O._H
hydroxybenzaldehydes ¢ | C7HsO:> 122.12 é
OH
Guaiacols
OH
guaiacol C7HsO2 124.14 @/OC“S
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4-vinylguaicol CoH1002 150.18
OH
OCH3
4-methylguaicol CsH1002 138.16
CHg
\/@OH
4-ethylguaicol CoH1202 152.19 HsC ocH,
e
4-propylguaicol C10H1402 166.22 o ocH,
OH
eugenol C10H1202 164.2 ﬂ
H.C” OCHs
OH
cis- & trans-isoeugenol | CioH120; 164.2 /\/@
HaC™ OCHs
HO
homovanillic acid CoH1004 182.17 - m
(0] OH
CHs
guaicyl acetone C10H1202 180.2 Hom
OCHg
Syringols
OH
syringol CsH1003 154.16 H3C°\©/°°”3
4-methylsyringol CoH1203 168.19 ~ @o/
OH
OH
/0 O"\
HaC CHy
4-ethylsyringol C10H1403 182.22 \Qj
HaC
OH
ch/o O“CH3
4-propylsyringol C11H1603 196.25

CHj
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OCHE
OH
4-allylsyringol C11H1403 194.23 \/@:
HZC/ OCH3
OH
_0 0.
H4C CH4
4-propenylsyringol C11H1403 194.23
P
CHjy
OH
A0 N
HsC CHy
propionyl syringol C11H1404 210.25
0
CH;
OH
/O O‘-_
HsC CH4
syringyl acetone C11H1404 210.25 55/
o
CHy
OH
_0 0.
H4C CH4
butyrylsyringol C12H1604 224.26
o]
H4C
Carbonyls
OH
O‘\.
CHj
vanillin CgHgOs3 152.15 (?/
T
0
O-__CH;
acetovanillone CoH1003 166.17
/CH3
0
OH
HO
coniferylaldehyde C10H1003 178.18 - j@vvo
0 =
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o]
H3CO
_ H
syringaldehyde CoH1204 182.17 o
OCHj
Ow__CH;
acetosyringone C10H1204 196.19
HsCO OCH;
OH
sinapylaldehyde C11H1204 208.21 HOI;M
o}
-

& Includes all structural isomers of dimethylphenols with the methyl groups in the 2, 3, and 4
positions.

b Includes 3- and 4-methylcatechol.

¢ Includes 2-, 3-, and 4-hydroxybenzaldehyde.
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Table S2. Emissions ratios of phenols to Levoglucosan from softwood and hardwood*!

Emissions Ratios (ER) 2

Phase-specific Fraction (Xp) 2

€
Compound Ha(rgm(;od So(févol\%od Xarw | Xorw | Xasw | Xorgsw
Phenols
phenol 0.425 0.382 1.00 0 1.00 0
o-cresol 0.07 0.0652 1.00 0 1.00 0
m- and p-cresol 0.254 0.277 1.00 0 1.00 0
dimethylphenol 0.0718 0.0803 1.00 0 1.00 0
Diols
catechol 0.201 0.227 1.00 0 1.00 0
resorcinol 0.0432 0.0362 0.06 0.94 0.15 0.85
hydroquinone 0.0385 0.0277 0.45 0.55 0.52 0.48
tyrosol 0.288 0 0 0 0.05 0.95
methylcatechols 0.120 0.0472 0.16 0.84 0.66 0.34
hydroxybenzaldehydes 0.0207 0.0146 0.60 0.40 0.96 0.04
Guaiacols
guaicol 0.244 0.203 1.00 0 1.00 0
4-vinylguaicol ® 0.142 0.148 1.00 0 1.00 0
4-methylguaicol 0.143 0.247 1.00 0 1.00 0
4-ethylguaicol 0.142 0.148 1.00 0 1.00 0
4-propylguaicol 0.0448 0.0510 0.99 0.01 1.00 0
eugenol 0.0293 0.0419 0.99 0.01 1.00 0
cis- & trans-isoeugenol ° 0.0524 0.121 0.96 0.04 1.00 0
homovanillic acid @ 0.0752 0.177 0.43 0.57 0.95 0.05
guaicyl acetone 0.222 0.150 0.43 0.57 0.78 0.22
Syringols
syringol 0.565 0 0 0 1.00 0
4-methylsyringol 9.63x10° 2.19%x10* 1.00 0 0.97 0.03
4-ethylsyringol 0.277 1.64x10* 1.00 0 0.94 0.06
4-propylsyringol 0.115 0 0 0 0.81 0.19
4-allylsyringol 8.88x10°® 0 0 0 021 | 0.79
4-propenylsyringol 0.0531 0 0 0 0.03 0.97
propionyl syringol 0.0432 0.0362 0 0 0 1.00
syringyl acetone 0.0385 0.0277 1.00 0 0.03 0.97
butyrylsyringol 5.00x10* 0 0 0 0 1.00
Carbonyls
vanillin 0.0752 0.177 0.43 0.57 0.95 0.05
acetovanillone 0.0344 0.0369 0.61 0.39 0.95 0.05
coniferylaldehyde 0.0214 0.167 0 1.00 0 1.00
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syringaldehyde 0.0468 0 0.00 0 0.23 0.77

o

acetosyringone 0.0412 0.00 0.00 0.04 0.96

sinapylaldehyde 0.0261 0 0 0 0 1.00

& The Emissions Ratio (ER) is the ratio of ArOH emissions to levoglucosan emissions for a given
phenol (equation S1), with emissions values from Schauer et al.! in units of mg per kg wood
burned. We used pine as the surrogate for softwood and oak as the surrogate for hardwood.

b Assumed equal to 4-ethylguaiacol emissions ratios from hardwood and softwood.

¢ Emissions ratio is equal to the sum reported for cis- and trans-isoeugenol.

d Assumed equal to vanillic acid.

¢ All values are for the neutral form of the compound, unless otherwise noted.
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Table S3. Mass accommodation coefficients at 298 K, associated temperature adjustments, and
mass accommodation coefficients calculated at 248 K.

Compound | | 0 (298K) | T Adjustment a (248 K)

Phenols

phenol 1°

0.0022

1

or = 77—
((-742)+301 )31
e

(S24)

0.48

o-cresol @

m- and p-cresol ®1°

0.0018

ap = (S25)

<(—¥)+14.8)+1
e

0.033

dimethylphenol ¢!

3.7x10°

ar = 7.000 X 1016 x ¢~01643T (526)

0.14

Diols

catechol ¢

resorcinol ¢

hydroquinone ¢

tyrosol ¢

3.7x10°

methylcatechols ¢

hydroxybenzaldehydes ¢

o = 7.000 X 1016 x 01643 T (S526)

0.14

Guai

cols

guaicol ¢

4-vinylguaicol ¢

4-methylguaicol °

4-gthylguaicol

4-propylguaicol ¢

3.7x10°

eugenol ¢

cis- & trans-isoeugenol ¢

homovanillic acid ¢

guaicyl acetone ¢

o = 7.000 X 1016 x ¢~0-1643T (526)

0.14

Syringols

syringol ¢

4-methylsyringol ¢

4-ethylsyringol ¢

4-propylsyringol ¢

4-allylsyringol ¢

3.7x10°

cis-syringyprop-1-ene ¢

propionyl syringol ¢

syringy! acetone ¢

butyrylsyringol ¢

o = 7.000 X 106 x ¢~0-1643T (526)

0.14

Carbonyls

vanillin ¢

3.7x10°

acetovanillone ¢

o = 7.000 X 106 x ¢~0-1643T (526)

0.14
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coniferylaldehyde ¢
syringaldehyde ¢
acetosyringone ¢
sinapylaldehyde ¢

Inorganic Species

0,°¢ 0.01
e
8:’_' . 0600012 None 0.14
NOs© 0.04

& Assumed equal to m- and p-cresol.

b Muller & Heal (2002) reported a value for m-cresol.°

¢ Dievart et al. (2006) report values for 2,5-dimethylphenol and 2,6-dimethylphenol from 279-
293 K. We calculate an average of both values, fit an exponential function to the averaged data,
and use this to predict the accommodation coefficient at low temperature. The equation is
reported in the right column.

d Assumed equal to dimethylphenol.

¢ Citations listed in past PACT-1D publications®>2

" All values are for the neutral form of the compound, unless otherwise noted.
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Table S4. Gas-particle partitioning of phenols: Henry’s Law constants, enthalpies of dissolution, saturation vapor pressures, and

enthalpies of vaporization at (a) standard temperature (298 K) and (b) typical Fairbanks temperature during ALPACA (248 K).

(a) Quantities at 298 K

Henry's Law Pankow (Ci*) Partitioning
Compound ? 1 —AHgo| -1
Kn (M atm™) at 298 K — (K) Psat (atm) at 298 K AHygp (L atm mol™)
Phenols

phenol 6.19x102 249 6400 k° 3.89x10 %0 465 5t

o-cresol 4.30%x102 049 6550 X° 2.75%x10™ 50 739 %2

m- and p-cresol 8.86x102 ¢49 7275 k!9 2.03x104 "0 642 V2
dimethylphenol 4.1x102 99 6800 ™?° 1.38x104* 6427

Diols

catechol 4.6x10%%3 8300 ° 5.04x10° %0 855 >
resorcinol 1.0x10% %3 6300 ° 1.63x10°7"® 855 *
hydroquinone 2.2x107 2 8300 ° 2.45x1078s 855 *
tyrosol 3.5x107 915 7633" 1.80x10°"® 855 ¢
methylcatechols 3.5x10"® 7633" 1.46x10°¢ 855
hydroxybenzaldehydes 7.7x10° 10 7400 9 2.92x10%° 855 ¢

Guaiacols

guaicol 8.7x10? % 7900 ° 3.82x10% %0 640 >°
4-vinylguaicol 5.6x1029 7900° 1.01x10° 640P
4-methylguaicol 1.1x103 %6 7900° 7.82x10°° 700 %7
4-gthylguaicol 5.6x102 315 7900°P 1.01x10° U 640°F
4-propylguaicol 4.4x10% 1 7900° 2.80x10°s 770 %
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eugenol 9.3x102 1 9700 8 3.88x10° %0 654 %
cis- & trans- 1.7x10% 815 97004 5.01x10° § 682 5
isoeugenol
homovanillic acid 1.2x108" 970049 5.66x10° ¢ 640°
guaicyl acetone 1.2x10% 1 97004 2.99x107 ¢ 640°
Syringols
syringol 5.0x10% 1 7900° 4,04x10° 6607
4-methylsyringol 3.9x10% 315 7900° 2.63x10°° 6607
4-ethylsyringol 3.0x10° 315 7900° 8.39x107 © 660"
4-propylsyringol 2.2x10% 315 7900°P 2.80x107"S 6607
4-allylsyringol 6.4x10° 315 7900°P 3.07x10°7" 6607
4-propenylsyringol 6.4x10°" 7900° 3.07x107V 660"
propionyl syringol 3.8x107 o1 7900° 7.46x10°W 6607
syringyl acetone 1.2x107 1 7900° 7.46x10°W 6607
butyrylsyringol 3.8x107} 7900° 7.46x10°W 6607
Carbonyls
vanillin 1.72x10°° 7900° 3.31x107 %0 660 °
acetovanillone 6.4x10° %1 7900° 1.32x107"® 6607
coniferylaldehyde 4.5x106 %1% 7900° 1.37x107° 6607
syringaldehyde 3.7x107 315 7900° 8.54x1078s 6607
acetosyringone 5.1x107 315 7900° 8.76x1078 6607
sinapylaldehyde 3.1x108 315 7900°P 1.61x1078 6607

a Average Henry's Law values reported for phenol by Feigenbrugel et al. (2004).4°

b Average Henry's Law values reported for m- and p-cresol by Feigenbrugel et al. (2004).4°

¢ Average of m- and p-cresol reported by Feigenbrugel et al. (2004).4°

d Average of Henry's Law values reported for six dimethylphenols by Sander (2023).°

¢ Assumed equal to Henry's Law constant for tyrosol reported by McFall et al. (2020).%

" Average of 2-, 3-, and 4- hydroxybenzaldehyde reported by Sander (2023).° Note that the Henry's law values for these three isomers
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span three order of magnitude.

9 Assumed equal to Henry's Law constant of 4-ethylguaiacol.

h Assumed equal to the Henry's Law constant for guaiacyl acetone reported by McFall et al. (2020).

' Assumed equal to Henry's Law constant of allylsyringol reported by McFall et al. (2020).*

J Assumed equal to Henry's Law constant of propionyl syringol reported by McFall et al. (2020).%°

K Midpoint of highest and lowest values reported by Sander (2023).°

' Average of the highest and lowest values reported for m- and p- cresol by Sander (2023).°

m Assumed equal to 2,3-dimethylphenol reported by Sander (2023).°

" Average of 0-, m-, and p-benzenediol used here, all of which are reported by Sander (2023).°

° Average of 2- and 4-hydroxybenzaldehyde reported by Sander (2023).°

P Assumed equal to guaiacol reported by Saunder (2023).°

4 Assumed equal to eugenol reported by Sander (2015).%8

" p-cresol vapor pressure reported by Yaw (2015) chose to represent both.

* Determined using EPI Suite MPBPVP Method, the Environmental Protection Agency's peer-reviewed tool for estimating vapor
pressure (EPA, 2007).6°

t Assumed equal to vapor pressure of catechol reported by Yaw (2015).%°

Y Assumed equal to vapor pressure ot 4-vinylguaiacol determined with EPI Suite MPBPVP method.

vV Assumed equal to 4-allylsyringol as determined with EPI Suite MPBPVP method.

" Assumed equal to syringic acid as determined with EPI Suite MPBPVP method.

X Average of all values for o-cresol reported by Richard et al. (2007).%2

Y Average of all values reported for m- and p-cresol reported by Richard et al. (2007).%2

# Assumed equal to m- and p-cresol used here.

* Assumed equal to value reported for catechol by Verevkin & Schick (2000).>

P Assumed equal to value for guaiacol reported by Stephensen & Malanowski (1987).%°

¥ Assumed equal to value for vanillin reported by Stephensen & Malanowski (1987).%°

® These values were reported by McFall et al. (2020) and were determined using EPI Suite HENRYWIN Method, the Environmental
Protection Agency's peer reviewed tool for estimating Henry’s Law constants based on quantitative structure activity relationships
(EPA, 2007).%°
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(b) at 248 K

Compound | Ku(Matm?b) at 248 K | Psx (atm) at 248 K

Phenols

phenol 4.70x10* 8.41x10°

o-cresol 3.61x10* 6.21x107

m- and p-cresol 1.22x10° 1.02x10°°

dimethylphenol 4,08x10* 6.94x107

Diols

catechol 1.26x10° 4.37x108

resorcinol 7.10x10° 1.41x10710

hydroquinone 6.04x10° 2.13x10

tyrosol 6.12x10° 1.56x1010

methylcatechols 6.12x10° 1.27x10°°

hydroxybenzaldehydes 1.15x108 2.53x107
Guaicols

guaicol 1.82x10° 1.95x107

4-vinylguaicol 1.17x10° 5.16x10®

4-methylguaicol 2.30x10° 2.44x107

4-ethylguaicol 1.17x10° 5.16x10®

4-propylguaicol 9.22x10* 4.90x10°°
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eugenol 6.59x10° 1.77x1077
cis- & trans-isoeugenol 1.20%x10° 1.81x1077
homovanillic acid 8.50x10® 2.89x10
guaicyl acetone 8.50x108 1.53x107°
Syringols
syringol 1.05x108 1.75x1078
4-methylsyringol 8.17x10° 1.14x10®
4-ethylsyringol 6.29x10° 3.63x10°
4-propylsyringol 4.61x10° 1.21x10°°
4-allylsyringol 1.34x108 1.33x107°
4-propenylsyringol 1.34x108 1.33x107°
propionyl syringol 7.96x10° 3.23x101t
syringyl acetone 2.51x10° 3.23x10
butyrylsyringol 7.96x10° 3.23x10
Carbonyls
vanillin 3.60x10’ 1.43%x10°°
acetovanillone 1.34x108 5.72x10°10
coniferylaldehyde 0.43x108 5.94x10710
syringaldehyde 7.75x10° 3.70x10°10
acetosyringone 1.07x10% 3.80x10710
sinapylaldehyde 6.49x10%° 6.98x10

S27




Table S5. Setschenow coefficients for ammonium sulfate

Compound Ks (M)
Phenols?
phenol 0.36°
o-cresol 0.36°
m- and p-cresol 0.36°
dimethylphenol 0.36°
Diols?
catechol 0.36°
resorcinol 0.36°
hydroquinone 0.36°
tyrosol 0.36°
methylcatechols 0.36°
hydroxybenzaldehydes 0.36°
Guaiacols?
guaicol 0.36 1°
4-vinylguaicol 0.46°
4-methylguaicol 0.46°
4-ethylguaicol 0.46°
4-propylguaicol 0.46 1°
eugenol 0.40 %
cis- & trans- 0.40¢
isoeugenol
homovanillic acid 0.40¢
guaicyl acetone 0.51 %
Syringols ?
syringol 0.51°¢
4-methylsyringol 0.51°¢
4-ethylsyringol 0.51°¢
4-propylsyringol 0.51°
4-allylsyringol 0.51°¢
4-propenylsyringol 0.51°¢
propionyl syringol 0.51°¢
syringyl acetone 0.51°¢
butyrylsyringol 0.51°¢
Carbonyls?
vanillin 0.65
acetovanillone 0.65"
coniferylaldehyde 0.65f
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syringaldehyde 0.65f
acetosyringone 0.65f
sinapylaldehyde 0.65f
Inorganic Species
07} 0¢
O3 0.184"
‘OH 0
NOs 0

4In PACT-1D, we use the Ks for phenols with ammonium sulfate as a proxy for the Ks for the
entire system because ammonium sulfate is the dominant salt (see section S4). Here, we show
the Ks values for phenols with ammonium sulfate.

b Assumed equal to guaiacol due to ammonium sulfate.

¢ Assumed equal to 4-propylguaiacol due to ammonium sulfate

d Assumed equal to eugenol due to ammonium sulfate|

¢ Assumed equal to guaiacyl acetone due to ammonium sulfate

f Assumed equal to vanillin due to ammonium sulfate.

9 Battino et al. (1983) report a Ks for Oz in ammonium sulfate of 0.212, which we have not
included in our model.®

" Miyamoto et al. (2014) report the K for Os in sodium sulfate at 278.15 K.*

' No data available. The value is assumed to be 0.

I All values are for the neutral form of the compound, unless otherwise noted.
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Table S6. Reaction rate constants of particle oxidants with some of their major sinks. Rate
constants for triplet excited states with phenols are in Table S8.

Oxidant Rate Constant (units) Value Source
‘OH k.or+poc (L mol2-C st) 3.8(+1.9)x108 62
10,* K'102%+H20 (1) 2.8(£0.02)x10° 63
kioz++poc (L molt-C s 1.6(+0.1)x10° This work (Section S7)
30 kscx+poc,syr (L molt-C st)@ 7.0x107 30
kacr+o2 (M1 ) 2.8x10° 31
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Table S7. Gas-phase rate constants

Rate Constants?

Compound * K.oH+aron (cm® mict s \ koz+aron (cm3 mic?t s \ knos+aron (€m® mlc? s) \ jaron (s1)*
Phenols
phenol 7.95%x10712 64 3.3x10°! 5.89x10712 6 0
o-cresol 4.30x10711 3x101967 1.56x10711 0
m- and p-cresol 5.45x10711 € 3.5x1019m 1.625x1071!s 0
dimethylphenol 4.88x10711P 3.3x10°°! 1.60x10711t 0
Diols
catechol 7.73x10713 64 13.5x1018¢68 1.60x10711¢ 0
resorcinol 2.62x10711 84 13.5x1018en 1.60x10711! 0
hydroquinone 4.40x10712 ¢4 13.5x1018en 1.60x10711t 0
tyrosol 4.40x1012°¢ 13.5x1018en 1.60x10711t 0
methylcatechols 4.40x101%¢ 13.5x1018en 1.60x10711! 0
hydroxybenzaldehydes 4.40x101%¢ 13.5x1018en 1.60x10711! 0
Guaiacols

guaicol 7.53x10711 66 0.4x10°18e68 2.69x10711 69 0
4-vinylguaicol 5.44x10d 2.1x10%7d 2.69x10t ed 0
4-methylguaicol 9.45x1011 66 2.1x1017° 2.4x10713 70 0
4-gthylguaicol 9.45x101tef 2.1x1017° 2.92x1012 " 0
4-propylguaicol 9.45x101tef 2.1x1017° 2.92x1012v 0
eugenol 5.91x1011 72 5.48x10716 72 2.92x1012v 0
cis- & trans-isoeugenol 5.91x1071t 9 5.48x10°6p 2.92x1012V 0
homovanillic acid 5.4x1012h 5.48x10°16P 6.38x1012W 0

guaicyl acetone 5.4x10712h 5.48x1076P 6.38x1012" 4.61x107

Syringols
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syringol 5.4x10712 7.84x1019 73 1.58x10106%¢ 0
4-methylsyringol 5.4x107121 7.84x1019d 1.58x10710 ex 0
4-ethylsyringol 5.4x107121 7.84x1019d 1.58x10710 ex 0
4-propylsyringol 5.4x107121 7.84x1071%d 1.58x10710 &x 0
4-allylsyringol 5.4x107121 7.84x1071%d 1.58x10710 &x 0
4-propenylsyringol 5.4x107%?1 7.84x1071%d 1.58x10710 &x 0
propiony! syringol 5.4x107121 7.84x1019d 1.58x10710 ex 1.76x10*
syringy! acetone 5.4x107121 7.84x1019d 1.58x10710 ex 1.76x10*
butyrylsyringol 5.4x107121 7.84x1019d 1.58x10710 ex 1.76x10*
Carbonyls
vanillin 5.72x10712 74 2.52x10718" 6.38x1012 74 4.70x10°
acetovanillone 5.72x10712 2.52x10718" 6.38x10712Y 3.45x10°
coniferylaldehyde 10.59x1012 2.52x10718" 6.38x1012Y 3.11x10%
syringaldehyde 12.25x10712 5 2.52x10718r 6.38x10712Y 1.76x10™
acetosyringone 12.25%x10712k 2.52x10718" 6.38x10712Y 1.93x10™
sinapylaldehyde 1.93x10°10¢d 2.52x10718" 6.38x10712Y 3.11x10%

& All values reported here were measured at 298 K unless otherwise noted.
b Calculated as the average of o-, m-, and p- cresol with "OH.

¢ Assumed equal to hydroquinone with ‘OH reported by Kilic et al. (2007).%4
d Calculated from EPI Suite, as described by McFall et al. (2020).%°

¢ Rate constant reported at 294 K.

" Assumed equal to 4-methylguaicol (creosol) with “OH.

9 Assumed equal to eugenol and "OH determined by Sun et al. (2021).7?

h Assumed equal to vanillic acid and ‘OH reported by Sun et al (2022).7

' Assumed equal to syringol and ‘OH.

J Assumed equal to vanillin and “OH reported by Sun et al. (2022).74

K Assumed equal to syringaldehyde and "OH reported by Liu et al. (2018).”
' Average of o-, m-, and p-cresol reported by Tomas et al. (2003).6”

m Average of m-, and p-cresol reported by Tomas et al. (2003).5”
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" Assumed equal to catechol and Os reported by EI Zein et al. (2015).%

° Assumed equal to 4-vinylguaicol and Oz determined by EPI Suite (see footnote c).

P Assumed equal to eugenol and Oz determined by Sun et al., (2021).”

9 Assumed equal to syringol and O3 reported by Liu et al. (2022).73

" Assumed equal to sinapylaldehyde and Oz determined by EPI suite (See footnote c).

s Assumed equal to average of NOs and m-cresol and p-cresol reported by Atkinson et al., (1991).%°

t Assumed equal to average of NO3 and m-cresol, o-creso, and p-cresol reported by Atkinson et al., (1991).%°

U Assumed equal to average guiacol and NOs reported by Lauraguais et al. (2012) at 294 K.%°

V' Assumed equal to NO3 + 4-ethylguaiacol reported by Wei et al. (2018) at 294 K.

W Assumed equal to vanillic acid and NOs reported by Sun et al. (2022).7

X Assumed equal to average syringol and NOj3 reported by Lauraguis et al. (2012) at 294 K.%°

Y Assumed equal to vanillin and NOs reported by Sun et al. (2022).7

Z All direct photodegradation rate constants were assumed to be 7 times larger than the corresponding agueous-phase j-value, based on
the estimated ®arom,gas/Paron.ageous ratio for phenolic carbonyl photodegradation estimated by Smith et al. (2016).%° See equations S20
and S21.

*All values are for the neutral form of the compound, unless otherwise noted.
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Table S8. Particle-phase rate constants |

Rate Constants (room temperature)

Compound ¥ k.on+aroH (L-ag mol ™ s) kscx+aron (L-ag mol™ s1) kio2*+aron (L-ag mol™ s2)
levoglucosan 2.4x10°7® 0? 0@
Phenols
phenol 1.8x10° be77 2.0x10° beT7 2.6x10° V-8
o-cresol 1.1x10%107 2.0x10° ben 9.6x10° VW
m- and p-cresol 1.2x10%°07 2.0x10° ben 9.6x10° V:78
dimethylphenol 1.15x10%0¢ 2.0x10° ben 9.6x108 VW
Diols
catechol 2.5%10° b7 2.5x10° e 2.9x107
resorcinol 1.6x10° be77 2.9x10° beT7 2x107 38
hydroquinone 1.4x109 e 2.6x109 e 3.8x107 :78
tyrosol 1.9x10° be77 2.6x10° beT7 2.9x107X
methylcatechols 1.4x10%0 80 2.6x10° beo 2.9x107X
hydroxybenzaldehydes 1.4x10%0&80 2.6x10° beo 2.9x107
Guaiacols
guaicol 6.8x10° be77 3.2x10° beT7 6x106 V78
4-vinylguaicol 6.8x10°f 3.2x10° bep 6x108Y
4-methylguaicol 6.2x10°8! 3.2x10° bep 6x108Y
4-gthylguaicol 6.2x10°9 3.2x10° bep 6x10%Y
4-propylguaicol 6.2x10%9 3.2x10° P 6x105Y
eugenol 6.2x10%9 3.2x10° P 6x105Y
cis- & trans- 6.2x10°9 3.2x10° PeP 6x108Y
isoeugenol
homovanillic acid 1x1010nbe 3.3x10° bea 6x108Y
guaicyl acetone 6.8x10° ¢82 3.3x10° beT7 6x106Y
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Syringols

syringol 1.5x10%0 be7 6.7x10° beT7 3.6x107 V-8
4-methylsyringol 1.5x100"be 6.7x10° ber 3.6x1072
4-ethylsyringol 1.5x100"be 6.7x10° ber 3.6x10772
4-propylsyringol 1.5x10101bc 6.7x10° ber 3.6x1072
4-allylsyringol 1.5x10101bc 6.7x10° ber 3.6x1072
4-propenylsyringol 1.5x100"be 6.7x10° ber 3.6x10"2
propionyl syringol 1.4x10105¢ 4.5x10° bes 3.6x1072
syringyl acetone 1.4x1010¢82 4.5x10° be8s 3.6x1072
butyrylsyringol 1.4x1010)¢ 4.5x10° bes 3.6x1072
Carbonyls

vanillin 4x10884 3.0x10° bet 4.6x108 %
acetovanillone 4x108 3.0x10° bet 4.6x10% ¢
coniferylaldehyde 1.3x10%0k¢ 3.4x10° beu 1.6x107 8

syringaldehyde 3.7x100m8586 4.5x10° bes 1.84x107 8
acetosyringone 1.4x10105¢ 4.5x10° bes 4.6x10° ¢
sinapylaldehyde 1.4x10%01¢ 4.5x10° bes 1.84x107P

®No data available so we assume zero based on the molecular structure.

b Measured at 293 K.

¢ Measured at pH 2.

d Average of 0-, m-, and p-cresol with ‘OH.

¢ Assumed equal to methylcatechols and "OH reported by Krofli¢ et al. (2020).%°

" Assumed equal to guaiacol with ‘OH at pH 2 measured at 293 K measured by Smith et al. (2015).”
9 Assumed equal to 4-methylguaiacol and "OH reported by He et al. (2019).5!

" Assumed equal to vanillic acid and "OH reported by Tang et al. (2020)%" at pH 2 and 293 K.
' Assumed equal to syringol and ‘OH reported by Smith et al. (2015) at pH 2 and 293 K.’

I Assumed equal to syringyl acetone and “OH reported by Arciva et al. (2022) at pH 2.8284

k Assumed equal to vanillin and “OH estimated by Li et al. (2014).8*

' Assumed equal to "OH and trans-ferulic acid determined by Arciva et al. (2022).%2
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M Rate constant reported for the neutral form. pKa is reported by An et al. (2020) as 7.165.8°

" Assumed equal to phenol and 3C* reported by Smith et al. (2015) at pH 2 at 293 K.”’

° Assumed equal to tyrosol and 3C* reported by Smith et al. (2015) at pH 2 at 293 K.”’

P Assumed equal to guaicol+ 3C* reported by Smith et al. (2015) at pH 2 at 293 K.””

9 Assumed equal to guaicyl acetone and 3C* reported by Smith et al. (2015) at pH 2 at 293 K.”’
s Assumed equal to syringyl acetone and "OH reported by Ma et al. (2021) at pH 2 and 293 K &
t Assumed equal to vanillyl alcohol and "OH reported by Ma et al. (2021) at pH 2 and 293 K.
U Assumed equal to trans-ferulic acid and "OH reported by Ma et al. (2021) at pH 2 and 293 K83
V' Reported at 290 K for the neutral form of phenol.

W Assumed equal to m- and p-cresol and *O2* reported by Tratnyek et al. (1991).78

* Average of resorcinol and hydroquinone.

Y Assumed equal to guaicol and *O,* reported by Tratnyek & Holgne (1991).7

z Assumed equal to syingol and *O2* reported by Tratnyek & Holgne (1991).7

* Assumed equal to vanillin and *O,* reported by Zhou et al. (2023).8°

P Assumed equal to syringaldehyde and *O2* reported by Zhou et al. (2023).%

" All values are for the neutral form of the compound, unless otherwise noted.
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Table S9. Particle-phase rate constants 11

Rate Constants (room temperature)

u
Compound knos+aron (L-ag mol™? s kos+aron (L-aq mol™ s) jaron (s1)
levoglucosan 1.6x107 7 0@ 0@
Phenols
phenol 1.8x10° &8 1.3x103 89 0
o-cresol 1.7x10%°¢ 5.7x103 "0 0
m- and p-cresol 1.7x10° D88 1.0x10% 90 0
dimethoxyphenol 1.7x10°°¢ 8.6x10% M 0
Diols
catechol 8.8x108¢ 2.9x10° M0 0
resorcinol 8.8x108¢ 9.1x10* N0 0
hydroquinone 8.8x10°8 88 1.4%108 N0 0
tyrosol 8.8x108¢ 6.0x105 Mk 0
methylcatechols 8.8x108¢ 6.0x10° Mk 0
hydroxybenzaldehydes 8.8x108¢ 6.0x10° Mk 0
Guaiacols
guaicol 2.5x10° 88 5x10° 19t 0
4-vinylguaicol 1.0x10°¢ 5x10° ™M 0
4-methylguaicol 1.0x10°¢ 5x10° ™M 0
4-ethylguaicol 1.0x10°¢ 5x10° ™M 0
4-propylguaicol 1.0x10%¢ 5x10° M 0
eugenol 1.0x10%¢ 5x10° M 0
cis- & trans-isoeugenol 1.0x10%¢ 5x10° ™M 0
homovanillic acid 1.0x10%¢ on 0
guaicyl acetone 1.0x10°¢ on 1.65%x107" "
Syringols

S37




syringol 1.4x10°° 5x10° ™M 0
4-methylsyringol 1.4x10°° 5x10° ™M 0
4-ethylsyringol 1.4x10°° 5x10° ™M 0
4-propylsyringol 1.4x10°F 5x105 ™M 0
4-allylsyringol 1.4x10°F 5x105 ™M 0
4-propenylsyringol 1.4x10°F 5x10° M 0
propionyl syringol 1.4x10°° 5x10° ™M 6.27x10°°
syringy! acetone 1.4%x10°° 5x10° ™M 6.27x10°°
butyrylsyringol 1.4x10°° 5x10° ™M 6.27x10°°
Carbonyls
vanillin 1.7x10%9 5.4x10° © 1.68x10°"
acetovanillone 1.7x10°%9 4.1x10% % 1.23x107°"
coniferylaldehyde 1.7x10°%¢ 5.4x10° °P 1.11x10*4"
syringaldehyde 1.7x10° & 2.9x10° % 6.27x107°"
acetosyringone 1.7x10°9 3.6x10° % 6.90x107° "
sinapylaldehyde 1.7x10°9 2.9x10°49 1.11x104"

#No data available so we assume this is zero based on the molecular structure.
b\Weller et al. (2010) report the rate constant for p-methyl phenol.
¢ Assumed equal to the rate constant of NO3 with p-methyl phenol reported by Weller et al. (2010).88

d Assumed equal to the rate constant of NOs with p-hydroxy phenol (hydroquinone) reported by Weller et al. (2010).28

¢ Assumed equal to the rate constant of NO3 with vanillic acid reported by Weller et al. (2010).58

" Assumed equal to the rate constant of NOs with syringic acid reported by Weller et al. (2010).%

9 Assumed equal to the rate constant of NOs with syringaldehyde reported by Weller et al. (2010).%8
" Measured at 293 K.

' Average of m- and p-cresol reported by Gurol et al. (1984).%°

J Average of 0-, m-, and p-cresol reported by Gurol et al. (1984).%°

K Average of catechol, resorcinol, and hydroquinone reported by Gurol et al. (1984).%°

' Khudoshin et al. (2008) reports a lower bound for the rate constant of Oz with guaiacol, which is used here.

M Assumed equal to the rate constant of Oz with guaiacol reported by Khudoshin et al. (2008).%
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" Assumed equal to the rate constant of Oz with veratric acid reported by Ragnar et al. (1999).%3

° Reported at 296 K.

P Assumed equal to the rate constant of vanillin and with O3 reported by Wang et al. (2021).%?

9 Assumed equal to the rate constant of syringaldehyde and ozone reported by Ragnar et al. (1999).%

" Molar absorptivity and photolysis quantum yield reported by Smith et al. (2016) and calculated here for the actinic flux at solar noon
in Fairbanks, Alaska on 1/30/2022.% This calculation includes optical confinement in the condensed phase (equation S20).

> Assumed equal to syringaldedehyde.

t Assumed equal to coniferylaldehyde.

* All values are for the neutral form of the compound, unless otherwise noted.
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Table S10. Gas-phase SOA yields

SOA Mass Yield

0
Compound YSoA,-OH+ArOH Y soA,03+AroH ‘ YsoA NO3+ArOH Ysoany"
Phenols
phenol 0.33 2% 0.52¢9 0.21k 0
o-cresol 0.33° 0.529 0.21% 0
m- and p-cresol 0.33° 0.529 0.21K 0
dimethylphenol 0.33° 0.529 0.21% 0
Diols
catechol 0.33° 0.52 "% 0.21% 0
resorcinol 0.33° 0.529 0.21% 0
hydroquinone 0.33° 0.529 0.21% 0
tyrosol 0.33° 0.529 0.21% 0
methylcatechols 0.33° 0.50 "9 0.21% 0
hydroxybenzaldehydes 0.33° 0.50! 0.21% 0
Guaiacols
guaicol 0.47 2% 0.50! 0.21 9 0
4-vinylguaicol 0.47°¢ 0.50! 0.21% 0
4-methylguaicol 0.47 ¢ 0.50! 0.21k 0
4-gthylguaicol 0.47°¢ 0.50! 0.21% 0
4-propylguaicol 0.47°¢ 0.50! 0.21% 0
eugenol 0.31 473 0.50! 0.21% 0
cis- & trans- 0.31° 0.501 0.21* 0
isoeugenol
homovanillic acid 0.31°¢ 0.50! 0.21k 0
guaicyl acetone 0.31°¢ 0.50! 0.21k 0.31M
Syringols

syringol 0.322% 0.50! 0.21K 0
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4-methylsyringol 0.32f 0.50! 0.21K 0
4-ethylsyringol 0.32f 0.50! 0.21K 0
4-propylsyringol 0.32f 0.50/ 0.21% 0
4-allylsyringol 0.32f 0.50! 0.21% 0
4-propenylsyringol 0.32f 0.50! 0.21% 0
propionyl syringol 0.32f 0.50! 0.21% 0.32™M
syringyl acetone 0.32f 0.50/ 0.21% 0.32™
butyrylsyringol 0.32f 0.50/ 0.21% 0.32M
Carbonyls
vanillin 0.47 ¢ 0.50! 0.21K 0.47™
acetovanillone 0.47¢ 0.50/ 0.21% 0.47M
coniferylaldehyde 0.47¢ 0.50/ 0.21% 0.47M
syringaldehyde 0.47¢ 0.50/ 0.21% 0.47M
acetosyringone 0.47°¢ 0.50! 0.21% 0.47™
sinapylaldehyde 0.47°¢ 0.50! 0.21% 0.47™

aThe average of four yields reported from four separate experiments by Yee et al. (2013).%

b Assumed equal to the phenol and "OH yield used in this work.

¢ Assumed equal to the guaiacol and "OH vyield used in this work.

d Upper bound of SOA vyield range reported by Liu et al. (2022).7

¢ Assumed equal to the eugenol and "OH value used in this work.

" Assumed equal to the syringol and ‘OH yield used in this work.

9 Assumed equal to the catechol yield used in this work.

" Midpoint value of range of values reported for SOA yield of catechol + ozone reported by Coeur-Tournoeur et al. (2008).%
' Midpoint value of all eighteen yields reported for ozone with 3-methylcatechol and 4-methylcatechol reported by Coeur-Tournoeur et
al. (2009).%°

I Assumed equal to methylcatechol and ozone yield used here.

kK Assumed equal to yield of NO3z and guaiacol used in this work.

' Equal to upper bound of yields for NOs and guaiacol reported by Meng et al. (2020).%

™ Assumed equal to the SOA yield for ‘OH with each individual phenol.
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" Ysoanv is the SOA yield for direct photodegradation.
° All values are for the neutral form of the compound, unless otherwise noted.
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Table S11. Particle-phase SOA yields

Compound " SOA Mass Yield
Ysoa.on+aroH | Ysoascrao | Ysoatoertaon | YsoanostaroH | Ysoaos+AroH | Ys0A v
Phenols

phenol 1.07 % 1139 in in in 0

o-cresol 1.07°2 1.137 1" i i 0

m- and p-cresol 1.07° 1.13f in in in 0

dimethylphenol 1.07° 1.13f in in in 0

Diols

catechol 0.80 7 07277 in in in 0

resorcinol 0.59 7 11277 1" in in 0

hydroquinone 0.8277 11377 in in in 0

tyrosol 0.74" 0.999 in in in 0

methylcatechols 0.74" 0.999 in in in 0

hydroxybenzaldehydes 0.74" 0.999 1" 1" 1" 0

Guaiacols

guaicol 1.09 % 0.94 97 in in in 0

4-vinylguaicol 1.09 ¢ 0.94" in in in 0

4-methylguaicol 1.09 ¢ 0.94" in in in 0

4-ethylguaicol 1.09°¢ 0.585 %8 in in in 0

4-propylguaicol 1.09 ¢ 0.585' in in in 0

eugenol 1.09 ¢ 0.585' in in in 0

cis- & trans- 1.09°¢ 0.585' 1n 10 10 0

isoeugenol

homovanillic acid 1.09°¢ 0.85/ in in in 0

guaicyl acetone 1.09°¢ 0.8583 in in in 0.87°
Syringols
syringol 1.14 77 0.83% in in in 0
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4-methylsyringol 1.14¢ 0.83K in in in 0
4-ethylsyringol 1.14¢ 0.83K in in in 0
4-propylsyringol 1.14¢ 0.83% in in in 0
4-allylsyringol 1.14¢ 0.83% 1n in in 0
4-propenylsyringol 1.14¢ 0.83% 1n in in 0
propionyl syringol 1.14¢ 0.99' 1n in in 0.87°
syringyl acetone 1.14¢ 0.99' in in in 0.87°
butyrylsyringol 1.14¢ 0.99' in in in 0.87°
Carbonyls
vanillin 0.87°¢ 0.59M 1" 1" 1" 0.81%°
acetovanillone 0.87°¢ 0.59™ in in in 0.82%°
coniferylaldehyde 0.87°¢ 0.99' in in in 1.20 %
syringaldehyde 0.87°¢ 0.99' in in in 1.20°P
acetosyringone 0.87°¢ 0.99' in in in 1.20°P
sinapylaldehyde 0.87°¢ 0.99' in in in 1.20°P

a Assumed equal to the yield of "OH and phenol reported by Smith et al. (2014).1%°

b Average of 0-, m-, and p-cresol reported by Smith et al. (2015).7

¢ Assumed equal to yield of ‘OH and guaiacol reported by Smith et al. (2015).”"

d Assumed equal to yield of ‘OH and syringol reported by Smith et al. (2015).”’

¢ Average of yield of ‘OH with 12 substituted phenols reported by Arciva et al. (2022).8?
" Assumed to be equal to yield of 3C* with phenol reported by Smith et al. (2014).%

9 Assumed to be equal to average yield of 3C* with o-, m-, and p-cresol reported by Smith et al. (2015).7’
h Assumed equal to the yield of *C* and guaiacol reported by Smith et al. (2014).%

' Assumed equal to yield of 3C* and ethylguaiacol reported by Chen et al. (2020).%

J Assumed equal to yield of 3C* and guaiacy! acetone reported by Ma et al. (2021).8%

K Assumed equal to yield of 3C* with syringol reported by Smith et al. (2014).%"

' Assumed equal to yield of C* with syringylacetone reported by Ma et al. (2021).83

m Assumed equal to yield of 3C* with vanillyl alcohol reported by Ma et al. (2021).83

" No data on yield; we assume a value of 1.

° Assumed equal to the average yield from direct photodegradation of all substituted phenols reported by Smith et al. (2016).%

S44




P Assumed equal to the yield from direct photodegradation of coniferylaldehyde reported by Smith et al. (2016).%
9Ysoahv is the SOA yield for direct photodegradation.
" All values are for the neutral form of the compound, unless otherwise noted.
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Table S12. Gas-phase activation energies

Activation Energy (kJ mol™?)

|
Compound Ea, oH+ArOH | Eaos+AroH Eanos+aroH
Phenols
phenol 10.96 2 39.7 101 4.9 102
o-cresol 10.96° 39.7¢ 49f
m- and p-cresol 10.96° 39.7°¢ 49"
dimethylphenol 10.96 ° 39.7¢ 49f
Diols
catechol 8.95° 39.7¢ 49°f
resorcinol 6.40 2 39.7¢ 49f
hydroquinone 10.402 39.7¢ 49f
tyrosol 8.58 ¢ 39.7¢ 49f
methylcatechols 8.58 ¢ 39.7¢ 49°f
hydroxybenzaldehydes 8.58 ¢ 39.7°¢ 49"
Guaiacols
guaicol 8.95¢ 39.7¢ 7.99
4-vinylguaicol 8.95¢ 39.7¢ 7.99
4-methylguaicol 8.95 ¢ 39.7°¢ 7.99
4-gthylguaicol 8.95¢ 39.7¢ 797
4-propylguaicol 8.95¢ 39.7¢ 7.99
eugenol 8.95¢ 39.7¢ 12.870
cis- & trans-isoeugenol 8.95 41 39.7¢ 12.8"
homovanillic acid 8.95¢ 39.7¢ 12.8M
guaicyl acetone 8.95¢ 39.7¢ 12.8M
Syringols
syringol 8.95 41 39.7¢ 12.8"

S46




4-methylsyringol 8.95 ¢ 39.7¢ 12.8"
4-ethylsyringol 8.95 ¢ 39.7¢ 12.8"
4-propylsyringol 8.95¢ 39.7°¢ 12.8M
4-allylsyringol 8.95¢ 39.7¢ 12.8M
4-propenylsyringol 8.95¢ 39.7¢ 12.8M
propionyl syringol 8.95¢ 39.7¢ 12.8"
syringyl acetone 8.95¢ 39.7¢ 12.8M
butyrylsyringol 8.95 ¢ 39.7°¢ 12.8"
Carbonyls
vanillin 8.95 ¢ 39.7°¢ 12.8"
acetovanillone 8.95 ¢ 39.7¢ 12.8M
coniferylaldehyde 8.95¢ 39.7¢ 12.8M
syringaldehyde 8.95¢ 39.7¢ 12.8M
acetosyringone 8.95¢ 39.7¢ 12.8M
sinapylaldehyde 8.95¢ 39.7¢ 12.8"

3 Lowest activation energy reported by Kilic et al. (2007) based on computational modeling of several reaction pathways.®
b Assumed equal to phenol and ‘OH.

¢ Average of catechol, resorcinol, and hydroquinone reported here.

d Assumed equal to catechol.

¢ Assumed equal to phenol and ozone reported by Hendrickx et al. (2003).%0%

f Assumed equal to phenol and NOs reported by Wei et al. (2021).7%:10

9 Assumed equal to 4-ethylguaicol and NOs reported by Zhang et al. (2016).7

h Assumed equal to eugenol and NOg reported by Zhang et al. (2016).7

" All values are for the neutral form of the compound, unless otherwise noted.
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Table S13. Particle-phase activation energies

Activation Energy (kJ mol™?)

u
Compound Ea-oH+AroH ‘ Easc*+aron | Ea,102*+AroH EaNo3+AroH Eao0s+AroH
Phenols
phenol 1880 0 40.21104 17k 51.9¢
o-cresol 182 0l 40.21:104 2288 51.94
m- and p-cresol 182 0! 40.21104 6.0 188 51.94
dimethylphenol 182 0l 40.21:104 17k 51.9¢
Diols
catechol 17 8 0l 40.21:104 3988 51.94
resorcinol 17° 0f 40.21104 16 51.9¢
hydroquinone 17° 0f 40.21:104 16 51.9¢
tyrosol 20°¢ 0l 40.21:104 16M 51.9¢
methylcatechols 20 8 0f 40.21:104 16 51.9 105
hydroxybenzaldehydes 20°¢ 0l 40.21:104 16M 51.94
Guaiacols
guaicol 17.3 81 0l 40.21:104 25 88 51.9¢
4-vinylguaicol 17.3¢ 0l 40.21:104 26" 51.94
4-methylguaicol 15.5 8 0l 40.21:104 26" 51.94
4-ethylguaicol 15.5¢ 0l 40.21:104 26" 51.94
4-propylguaicol 15.5¢ 0l 40.21104 26" 51.94
eugenol 15.5¢ 0l 40.21:104 26" 51.9¢
cis- & trans- 155 0 40.21:104 26" 5199
isoeugenol
homovanillic acid 9.73f 0f 40.21:104 15P 0s
guaicyl acetone 9.73f 0f 40.21:104 15P 0s
Syringols
syringol 9.73f 0! 40.21104 16 88 51.94
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4-methylsyringol 9.73f 0! 40.21104 15° 51.9¢
4-ethylsyringol 9.73f 0f 40.21:104 15° 51.9¢
4-propylsyringol 9.73f 0f 40.2):104 15° 51.9¢
4-allylsyringol 9.73f 0f 40.211% 15° 51.9¢
4-propenylsyringol 9.73f 0f 40.211% 16 51.9¢
propionyl syringol 9.73f 0! 40.21:104 6™ 51.99
syringyl acetone 9.73f 0! 40.21:104 16 51.9¢
butyrylsyringol 9.73f 0! 40.21104 6™ 51.94
Carbonyls
vanillin 9.73f 0 40.21104 16 8 34.09"
acetovanillone 12.619 0! 40.21:104 16 34.09"
coniferylaldehyde 12,617 0! 40.21104 6™ 34.091
syringaldehyde 10.90 75 0! 40.21104 18 88 34.09 106
acetosyringone 10.9" 0f 40.211% 16 34.09"
sinapylaldehyde 10.9" 0f 40.211% 16 34.09"

2 Assumed equal to activation energy for ‘OH and phenol reported by Krofli¢ et al. (2020).8°

b Assumed equal to activation energy for ‘OH and catechol reported by Krofli et al. (2020).%

¢ Assumed equal to activation energy for ‘OH and 3-methylcatechol reported by Kroflic et al. (2020).%°

d Assumed equal to the activation energy of guaiacol and "OH reported by He at al. (2019).%

¢ Assumed equal to activation energy of creosol and "OH reported by He et al. (2019).8*

" Assumed equal to the activation energy of vanillic acid and "OH reported by Liu et al. (2018).”

9 Assumed equal to the activation energy of coniferylaldehyde and "OH reported by Liu et al. (2018).7

h Assumed equal to the activation energy of syringaldehyde and "OH reported by Liu et al. (2018).7

' Smith et al., 2014 found no temperature dependence of 3C* reactions with phenol, guaiacol, and syringol between 25 and 5 °C.
Based on this, we assume the activation energy for reactions of triplet excited states is zero.

J Assumed equal to activation energy of O,* and tyrosine reported by Richards-Henderson et al. (2015).2%
K Average of activation energies for NOs with o-cresol and p-cresol reported by Weller et al. (2010).%8
"'Weller et al. (2010) reports a value for p-cresol.®

M Average of activation energy for NO3z and polysubstituted phenols measured by Weller et al. (2010).%8

" Average activation energy for NOs with two substituted phenols reported by Weller et al. (2010).88
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° Average activation energy for NOs with 2,6-substituted phenols reported by Weller et al. (2010).%8

P Assumed equal to activation energy for NO3 with vanillic acid reported by Weller et al. (2010).88

9 Assumed equal to the activation energy of Oz with methylcatechol used here.

Sun et al. (2019) reports a gas phase activation energy of 74.1 kJ mol™ as well as a difference in the gas- and aqueous-phase
activation energy, with the aqueous-phase value being 22.2 kJ mol™ less than the gas-phase value due to the solvation effect.'® Here,
we use the difference to calculate the aqueous-phase activation energy of 51.9 kJ mol™.

* No reaction.

t Assumed equal to activation energy of Oz with syringaldehyde reported by Benitez et al. (1998).1

* All values are for the neutral form of the compound, unless otherwise noted.
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Table S14. List of phenols on the x-axis of Figure 4, organized by modeled saturation
concentration (C;*) at 1:00 PM on 1/31/2022. C;* and Ky values are for the ambient temperature
(-30 °C).

Compound Name Ci* (ug m>) Ku (M atm™)
hydroquinone 0.088 1.2x10°
homovanillic acid 0.16 1.5x108
butyrylsyringol 0.17 5.5x10%
propionyl syringol 0.17 5.5x10%
syringyl acetone 0.17 1.7x10°
sinapyladehyde 0.37 1.7x10°
resorcinol 0.59 1.2x10°
tyrosol 0.65 1.2x10°
syringaldehyde 2.0 2.0x10°
acetosyringone 2.0 2.8x108
acetovanillone 3.0 3.5x10°
coniferylaldehyde 3.2 2.5x10’
methylcatechols 5.2 1.2x10°
propylsyringol 6.4 3.2x10*
methoxyeugenol 7.1 9.2x10°
cis-syringylprop-1-ene 7.1 9.2x10°
vanillin 7.6 9.4x10°
guaiacyl acetone 8.4 7.1x107
ethylsyringol 19 4.3x10*
cerulignol 23 9.0x10°
methylsyringol 61 5.6x10*
syringol 93 7.2x10*
catechol 181 2.6x10%
vinylguaiacol 283 1.1x10*
ethylguaiacol 283 1.1x10*
isoeugenol 937 2.1x10°
eugenol 945 1.2x10°
hydroxybenzaldehydes 1.0x10° 2.1x107
creosol 1.2x10° 2.1x10°
o-cresol 3.0x10° 6.1x10°
dimethylphenol 3.8x10° 7.0x10°
m- & p-cresol 5.6x10° 2.2x10%
guaiacol 9.2x10° 3.5%10%
phenol 5.8x10* 6.3x10°
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Figure S1. Composition of organic aerosol during ALPACA. Organic aerosol (OA) was
measured with a HR-ToF-MS during ALPACA. Biomass burning organic aerosol (BBOA) and
oxidized organic aerosol (OOA) were determined with positive matrix factorization of
CHARON data, as reported by ljaz et al. (2025).2! Other factors not included here were cooking
organic aerosol, hydrocarbon-like organic aerosol, a sulfur-containing organic aerosol, and an
organic-nitrate-containing organic aerosol.
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Figure S2. Particle composition: comparison of PACT-1D modeling with measurements of a)
aerosol liquid water® and b) organic aerosol.?
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Figure S3. (a) Simulated and measured levoglucosan concentrations in the polluted surface
layer. (b) Hardwood and softwood fractions of BBOA determined with positive matrix
factorization.?! Note the different date ranges on the x axes.
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Figure S4. Atmospheric data for Fairbanks, Alaska during ALPACA: a) PM2s" b)
temperature,'%” and c) relative humidity. Relative humidity data was retrieved from NOAA’s
Environmental Research Division Data Access Program (ERDDAP) website for relative

humidity data (https://erddap.sensors.ioos.us/erddap/tabledap/alaska-dot-rwis-255.html,
access: 18 October 2023, Airport Way @ Eielson Street).
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https://erddap.sensors.ioos.us/erddap/tabledap/alaska-dot-rwis-255.html

Figure S5. Modeled production rates of a) 3C*, b) 02*, and ¢) "OH in aqueous (solid blue lines)
and organic (dashed green lines) particles. Rates are expressed relative to the air volume.
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Figure S6. Comparison of singlet oxygen quantum yields. The continuous lines represent
quantum yields determined from PACT-1D for aqueous (blue) and organic (red) particles, while
the discontinuous lines represent measurements in dilute aqueous extracts of particle composites
during ALPACA *®
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Figure S7. Concentrations of particle-phase a) 3C*, b) '0,*, and c) "OH normalized to the air
volume. Solid blue lines are results for aqueous particles and dashed green lines are
concentrations in organic particles.
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Figure S8. A comparison of the fraction of each modeled phenol in the particle phase (Xpm) 0n
1/31/2022 at 8:00 AM (Panel a) and 1:00 PM (Panel b). The pink ‘x’ marks represent the
theoretical equilibrium Xpwm (aqueous and organic) values at the given temperature and ALW and
OA concentrations. The temperatures for the two times are -34 and -29 °C, respectively, while
the OA concentrations are 18.7 and 22.6 pg m™3, respectively. Panel (a) is the same plot as Figure
4b in the main text. Phenol names organized by Ci* are listed in Table S14.
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Figure S9. Model results for sensitivity test in which all phenols were emitted in the gas phase.
Panels (a)-(c) show sensitivity test results that are parallel to the bas-case results in Figure 5
(where phenols were emitted in organic particles,) while panels (d)-(e) show equivalent
information to the base case in Figure S8. (a) Stacked plot of the simulated organic aerosol (OA)
concentrations formed in the gas phase (orgSOA, black — too small to be visible), aqueous
particles (agSOA, blue), and organic particles (orgSOA, green), in addition to simulated
hydroxymethanesulfonate (HMS) reported by Kuhn et al. (yellow).1% The right y-axis shows the
total measured oxidized organic aerosol (OOA, magenta).?* (b) Line plot of the ratio of simulated
phenolic SOA to simulated levoglucosan (LG) concentrations (left y-axis, green) and the ratio of
the measured OOA to measured LG (right y-axis, black).?! (c) A stacked plot of the simulated
fractional phenolic SOA formation rate from 3C* in organic particles (green), 3C* in agqueous
particles (blue), and all other oxidants (white). (d-e) Fraction of each modeled phenol in the gas
phase (black), aqueous particles (blue) and organic particles (green) on 1/31/2022 at 8:00 AM
(panel d) and 1:00 PM (panel e). (f) Regression of total ArOH SOA formed in all phases in the
sensitivity test, in which all ArOH are emitted in the gas phases, compared to the base case, in
which all ArOH are emitted in organic particles.
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Figure S10. Total atmospheric chemical lifetimes of individual phenols from 1:00 AM to 1:00
PM on 1/31/2022. The lifetime for a given phenol was calculated as the total (gaseous +
particulate) amount of phenol divided by the sum of the rates of loss in each phase. Each entry
on the plot represents the statistical distribution of the lifetimes for the 34 modeled phenols: the
top and bottom of each box are the first and third quartiles of the distribution, the midpoint line
in the box is the median lifetime, the whiskers represent the entire range of points not considered
outliers (quartile value + 1.5 of the interquartile range), and individual points are outliers. In
general, the total lifetime of a phenol increases as its fraction in the particle phase decreases. The
magenta ‘x’ marks are the air-mass residence time at a given time of day.
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Figure S11. Lifetimes of individual phenols (calculated based on the total (gas + particulate)
concentration of each phenol) due to chemical loss in (a) the gas phase (black), (b) aqueous
particles (blue), or (c) organic particles (green) at 1:00 PM on 1/31/2022. The phenols are
arranged by saturation concentration, Ci*. The magenta line depicts the PACT-1D predicted air
mass residence time (2.7 hr) for this day and time. Figure S12 depicts the phenol lifetimes in
each phase based on the concentration and rate of chemical loss in that phase. The phenol names
organized by Ci* are listed in Table S14.
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Figure S12. Lifetimes of individual phenols in a given phase, calculated as the concentration of
ArOH in that phase divided by the rate of chemical loss in that phase, for the gas phase (black),
aqueous particles (blue), and organic particles (green) at 1:00 PM on 1/31/2022. The lifetimes
are grouped by Ci* at 1:00 PM on 1/31/2022. The magenta line depicts the PACT-1D predicted
air mass residence time (2.7 hr) of the polluted layer at 1:00 PM on 1/31/2022. Figure S11 is a
companion plot of ArOH lifetimes determined based on the total (gas + particulate)
concentration of each phenol and rate of chemical loss in each phase. The phenol names

organized by Ci* are listed in Table S14.
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Figure S13. Distribution of ArOH lifetimes due to chemical loss in each phase between 1:00
AM and 1:00 PM on 1/31/2022. Panels (a)-(c) represent the lifetimes of phenols in a given phase
(i.e., amount of phenol in a given phase divided by the chemical rate of loss in that phase), while
(d)-(e) represent the total lifetime of phenol calculated as the total (gas + particulate) ArOH
concentration divided by the rate of chemical loss in a given phase. The magenta ‘x’ marks the
air mass residence time of the polluted surface later predicted by PACT-1D at each time point.
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Figure S14. Correlogram of factors of each phenol showing their influence on phenol-specific
rates of ArOH SOA formation at 1:00 PM on 1/31/2022. For example, the rate of phenolic SOA
formation has a correlation coefficient (R?) of 0.9 with respect to the emissions rate across the 34
modeled phenols. Key to factors: SOA: = total phenolic SOA concentration (ug m™); ArOHorg
= concentration of each phenol in organic particles (ug m); Xorg = fraction of each ArOH in
organic particles; Ci* = the saturation concentration of each ArOH species at 1:00 PM on
1/31/2022 (-29 °C, pug m™3); ArOHiot = total ArOH concentration (ug m); and Emissions = the
emissions rate of each ArOH (mlc cm=s™?).
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Figure S15. (a) 1O.* phosphorescence kinetic traces produced from Rose Bengal in D20 with
increasing concentrations of woodsmoke extract. Concentrations are mM-organic C. (b)
Calculated 'O,* pseudo-first-order decay rate constants (k’) for solutions with increasing
woodsmoke extract concentrations. The line represents a linear fit (R?> = 0.98) with the slope
representing the quenching rate constant between 'O,* and woodsmoke extract, yielding
kio2++poc = 1.6(x0.1)x10° L mol-C™ s with associated standard deviation of the slope.
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Figure S16. Regressions of modeled versus measured (a) total phenol concentrations and (b) particle-phase phenol concentrations for
16 phenols measured with an SV-TAG during ALPACA.?* The measurements were collected at random intervals throughout the day.
Only model results with corresponding timestamps are included in these regressions. The points are color coded to reflect the time of

day (i.e., yellow corresponds to noon and dark purple corresponds to midnight).
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(b) Particle-phase phenol concentrations
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