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Abstract

The microphysical characteristics of aerosol particles produced from biomass burning will
influence their evolution and effects in the atmosphere. Aromatic and nitroaromatic species are
produced directly or as oxidation products from biomass burning emissions and many have been
found in the condensed phase of the aerosol plume. Although these compounds are generally
considered to be of low hygroscopicity, the presence of oxygen functionality can give rise to
limited interactions with water vapor that can influence the optical properties and phase of particles
via water uptake. Here, we report the hygroscopic characteristics of a range of aromatic and
nitroaromatic compounds, revealing a wide variation in the extent of hygroscopic growth across
molecules with similar chemical functionality, demonstrating the importance of considering
specific molecular interactions when predicting both hygroscopic growth and solubility. We show
that 4-nitrocatechol, phthalic acid, and all isomers of nitrophenol exhibit reversible interactions
with water, while vanillic acid, syringic acid, p-hydroxybenzoic acid, and nitrobenzaldehyde do
not exhibit measurable hygroscopic growth in subsaturated RH conditions. Most components
measured did not exhibit measurable evaporation over 2-3 hours at 293 K, indicating vapor
pressures <107 Pa, however the structural isomers of nitrophenol showed significant volatility that
varied as a function of molecular structure, RH conditions, and particle phase. We report liquid-
state vapor pressures derived from evaporation measurements of aqueous particles at high RH and
solid-state vapor pressures derived from measurements under dry conditions. Overall, this

manuscript provides important physicochemical data regarding the interactions of a range of



biomass burning compounds with water and discusses the implications of these properties for
biomass burning aerosol.
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Synopsis:

The microphysical properties of biomass burning aerosol particles determine their chemical
evolution and effects in the atmosphere. This study characterizes the hygroscopicity, phase state
and volatility of levitated particles containing common biomass burning constituents.
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Introduction

Atmospheric aerosols influence the climate of Earth directly, by absorbing or scattering solar radiation,"?
and indirectly, by serving as cloud condensation nuclei (CCN) or ice-nucleating particles® and altering the
cloud optical properties and biogeochemical cycles.* A major source of aerosol particles in the atmosphere
is biomass burning (BB), which can be broadly categorized as open or quasi-open burning of any non-
fossilized vegetative or organic fuel.> BB aerosol have created many negative impacts on air quality, human
health, and visibility at regional and global scale.®® As well as one of the major global emission sources of
primary aerosol particles, BB is a major source of reactive trace gases in the atmosphere, such as carbon
monoxide (CO), oxides of nitrogen (NOx), methane (CHa), and other volatile organic compounds, which

may lead to the subsequent formation of secondary organic aerosol (SOA)."

The chemical composition of particles produced from BB plumes includes black carbon (BC), organic
carbon (OC), inorganic salts, and metal oxides.""~"® BC are soot-like particles that contain graphitic carbon
that can absorb a broad region of solar light from ultraviolet (UV) to infrared (IR)." OC shows a strong
absorbance of UV and IR light but relatively weak absorbance of visible and near-IR light. However, recent
studies have identified a subset of OC termed brown carbon (BrC) that is able to absorb strongly at visible
wavelengths, typically <450 nm."*"® BrC and BrC precursor chemical components include aromatic and
highly conjugated molecules, polycyclic aromatics, and nitro-compounds.’ ' Nitrated phenolic
compounds, such as nitrophenols, nitrocatechol, methylnitrophenol, methylnitrocatechol, and
dinitrophenol, have been identified in BB events from different regions, including in cloud water samples
from eastern China,'"” from winter time domestic wood burning in suburban region of London,'® and from
haze episodes in Shanghai."® Furthermore, levoglucosan, anhydrosaccharides, and methoxyphenols, which
are the pyrolysis products of cellulose, hemicellulose, and lignin, have been detected in wood smoke.?°
According to the vegetation type, pyrolysis of lignin produces fine aerosols enriched in syringic acid,

vanillic acid, and p-hydroxybenzoic acid.?"??

Based on laboratory and field studies on UV-induced aging of BB smoke, the high concentration of organic
trace gases in the BB plume can lead to SOA formation®® and enhance the organic aerosol mass.?*?* For
instance, in plumes rich in nitrogen oxides, phenolic compounds, a major aromatic precursor gas in
wildfires, oxidize to produce nitrophenolic compounds.'*?® However, the SOA formation in BB fire smoke
plumes can be limited by the dilution-driven evaporative loss of semi-volatile compounds into the gas

phase,23'27

controlled by the volatility of individual organic compounds. The volatility of organic
compounds in aerosol particles plays an important role in their chemical evolution in the atmosphere.?®

Compounds that become entrained within particles at or near their source can evaporate over time and



experience further chemical reactions in the gas phase, which can subsequently lead to partitioning back to
the particle phase due to the reduction in vapor pressure following oxidation.?® Knowledge of the vapor
pressure of individual components in BB aerosol is necessary to predict and understand the lifetime and
chemical evolution of BB aerosol in the atmosphere. Chemical processes occurring within the particles,
such as those initiation by heterogeneous reactions with gas-phase oxidants or acid/base reactions, can also
lead to changes in volatility through oligomerization and/or the formation of organic salts.***' The
importance of particle phase chemistry depends on the relative rate of evaporation versus reaction rates,
which can depend strongly on other factors, such as the particle phase.***® The volatility may also depend
on the hygroscopic properties of components in the particle phase, as water will control the phase state and

chemical activity of semi-volatile components.

Analysis of the hygroscopic response of BB aerosol particles is important for accurate prediction of their
effects on climate, air quality, and human health.3*3® Hygroscopic organic compounds typically contain
oxygen functional groups that form hydrogen bonds with water and allow uptake to occur from the gas
phase. The oxygen-to-carbon ratio (O/C) of the molecular constituents is generally considered as an
indicator of the hygroscopicity, although there is a significant variability of the hygroscopicity parameter
(x in the x-Kdohler framework) even at the same O/C due to the different kinds of molecular interactions
possible between different functional groups.®® The effects of O/C, bulk solubility, functional groups,
carbon chain length, and branching of the chemical structure on hygroscopicity of atmospherically relevant
carboxylic acids, alcohols, sugars have been studied.****** Studies of the hygroscopicity of BB aerosol
produced directly from combustion have shown relatively high hygroscopicity that varies with burn
conditions and fuel source,* while photoxidized phenolic compounds have been shown to exhibit similar
hygroscopicity despite different precursors.”’ Elucidating the role of individual components on the
hygroscopicity of these chemically complex samples is challenging due to the limited number of studies
that have measured the hygroscopicity of water soluble BB aerosol. Furthermore, the volatility of BB
compounds will play a significant role in their contribution to aerosol mass, hygroscopicity, and their
lifetime in the atmosphere. Hygroscopicity and volatility are connected, with the latter dependent on the

chemical activity and phase states of the particles, which both depend on the hygroscopicity.

In this work, we focus on characterizing the hygroscopic growth, solubility, phase and vapor pressures of
a series of biomass burning tracer compounds. These compounds include the substituted aromatics vanillic
acid, syringic acid, p-hydroxy-benzoic acid, and phthalic acid, and nitroaromatics, including 4-
nitrocatechol, 2, 3 and 4-nitrophenol, nitrobenzaldehyde and nitrobenzoic acid. These compounds are

commonly found in biomass burning aerosol and contribute, either directly or as precursors, to light



absorption in BrC aerosol. Although these compounds do not exist in isolation in atmospheric aerosol,
characterizing their physical properties in single component particles allows for informed estimates of their
properties in mixtures. Our aim is to provide a complete set of physicochemical data for these compounds,
supporting future studies and allowing an improved interpretation of the role of these compounds on
ambient particle properties. Furthermore, this work serves to demonstrate how minor changes in the
molecular structure or functional groups can lead to significant changes in the physical characteristics of

the particles.

Methods

Sample Preparation

All chemicals used in this study were purchased and utilized without additional purification. Hygroscopic
growth measurements were conducted using particles containing 4-nitrophenol (4NP, Sigma Aldrich, >
99.0% purity), 3-nitrophenol (3NP, Sigma Aldrich, 99.0% purity), 2-nitrophenol (2NP, Sigma Aldrich,
98.0% purity), 4-nitrocatechol (4NC, Sigma Aldrich, 97.0% purity), 2-nitrobenzaldehyde (ACROS
Organics, 99+%), 4-nitrobenzoic acid (Sigma Aldrich, 98.0% purity), syringic acid (Sigma Aldrich, >
95.0% purity), vanillic acid (Sigma Aldrich, 97.0% purity), p-hydroxybenzoic acid (Sigma Aldrich, 99.0%
purity), and phthalic acid (Sigma Aldrich, > 99.5% purity). Pure component solutions were prepared in a
concentration range of 5 - 20 g/L with a 1:1 mixture of isopropanol (Fisher Chemical, HPLC grade) and
HPLC water (Fisher Chemical). The solutions were stored in a pre-cleaned glass vials and stored in dark
conditions to prevent their interaction with light. RH probe calibrations were done using potassium
carbonate (Fisher Chemical, >99% purity), potassium chloride (Sigma Aldrich, >99.0 purity), sodium
chloride (Fisher Chemical, >99% purity), and lithium chloride (Sigma Aldrich, 99.0% purity).

Particle Levitation

A linear quadrupole electrodynamic balance (LQ-EDB) was used to levitate individual particles, as
described in detail in our previously published work.3**" Briefly, a droplet dispenser (MicroFab MJ-ABP-
01, 30 um orifice), positioned in front of an induction electrode at 180 to 200V, is loaded with ~12 pL of
sample solution and a single charged droplet is produced by application of a voltage pulse and introduced
into the LQ-EDB chamber. The charged droplet initially travels horizontally to the center of the four
electrode rods and falls under gravity along the axis of the trap confined by the electric field established
due to paired out-of-phase AC voltages applied to the quadrupole. A 532 nm laser was used to illuminate
the droplet to visually verify trapping. In addition to the gravitational force, the presence of gas flow in the
LQ-EDB exerts a drag force on the droplet, and these two forces are balanced by a repulsive electrostatic

force created by a DC voltage applied to the disk electrode in the center of the LQ-EDB. A CMOS camera



was used to visualize the droplet and stabilize the position of the droplet by changing the DC voltage
through PID feedback loop using LabVIEW software. The gas flow to the LQ-EDB consisting of dry and
humidified nitrogen at a total flow rate of 180 sccm was used to control the RH of the chamber. The RH in
the chamber was monitored using a RH probe, which was calibrated using the deliquescence RH of NaCl,
K>COs, KCl, and LiCl. Following initial trapping, the droplet loses excess water and reaches an equilibrium
composition with the gas phase RH - at this point, we refer to the sample as a particle. For spherical particles,
Mie resonance spectroscopy (see Supporting Information) was used to probe the evolving size of the
sample. For solid particles that were non-spherical, spectroscopic methods failed and we applied mass
spectrometry (see Supporting Information) and electrostatic analysis to characterize the relative mass of the

particle.

Electrostatic Analysis
Under static gas conditions, the DC voltage to balance the particle is directly proportional to the mass of

the particle, with the assumption that the charge on the droplet is constant, according to:
_ CqVv’
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where m is the mass of the particle, g is the gravitational acceleration, C is a geometrical constant, g is the
particle charge, and V"’ is the DC voltage, and z is the height of the particle above the electrode. In static
gas conditions, the absence of a gas flow makes the RH in the chamber hard to control. Thus, we devised a
method to manipulate the gas flows in the chamber in a manner that allowed both rigorous gas phase control
as well as the ability to characterize the relative mass. To measure the mass-based hygroscopicity of the
pure compounds of interest, a single particle was levitated at a fixed RH in the presence of a gas flow. To
measure the DC voltage under static conditions (J’ — note that the “prime” indicates a voltage measured
without a gas flow), the gas flow was temporarily diverted using a pneumatic valve operated in an
automated sequence. With the change in gas flow, the particle moved to a new position in the trap and the
DC voltage was automatically switched and varied to rebalance to the original position and ensure a
constant height (z). The gas flow was then reintroduced and the original DC voltage necessary to balance
the particle in the flow (V) was restored. This sequence was repeated several times to stabilize the particle
under flow-on and flow-off conditions, verified by the extent of variation in the DC voltage required to
balance the particle. The sequence was then repeated several more times to measure the DC voltage required
to balance the droplet in both sets of flow conditions. The RH was then varied in 5% increments, in the
range 0 to ~95%, and the DC balancing voltage was recorded at each step as described. The flow-off DC
balancing voltage at 0% RH is proportional to the dry mass of the particle, allowing the mass growth factor

at each RH to be calculated according to:



m(RH)/my = V'(RH)/Vy"  (2)
This method was validated against NaCl and ammonium sulfate particles, as discussed in the Supporting

Information.

Evaporation Model
The evaporation rate of the organic component from a spherical particle is dependent on both its vapor
pressure and hygroscopicity. For a single component spherical particle containing a semi-volatile organic

compound undergoing isothermal evaporation in the continuum regime, the evaporation rate is given by:

2
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where a is the particle radius, M, is the molar mass of the organic, D, is the gas phase diffusion
coefficient, pa is the density of the particle, and p.yis the effective vapor pressure of the organic. For organic
particles that coexist in equilibrium with water, the evaporation rate is modified based on how much water
is associated with each evaporating organic molecule. To account for this, we introduce a correction factor

that equals the mass ratio of water to the mass of organic, giving the equation:

da? __ 2MorgDorg (1—Xorg)My

dt panorgVorgxorg X +1 (4)

XorgMorg

where the effective vapor pressure has been replaced by the product of the pure component vapor pressure
(porg), activity coefficient (Yorg) and mole fraction (xor), and the square bracket is a correction factor to
based on the mass ratio of water to organic, allowing the evaporation rate to account for the co-evaporation
of water, introduced in our earlier work.*? These equations predict a linear dependence of the radius-squared

on time, and the evaporation rate is quoted as the slope of this function.

Results and Discussion

We break down the results over the subsequent subsections according to the general class of molecules
studied. In each section we discuss the behavior of levitated particles consisting of each compound,
reporting on their response to changes in RH and their evolution over time. Table 1 summarizes the physical
properties and molecular structures of the compounds, including data from this work and literature sources,

where available.

Table 1: Physical and chemical properties of the compounds explored in this study. Values derived from
measurements reported herein are in bold.

Compound Molecula | 0/C Density /g | Solubility | Vapor pressure Vapor pressure
r weight / mL? /gLt (solid-state) / | (liquid-state) / Pa at
g mol? Pa at 298 K 298K




O,N OH 155.11 | 0.67 | 1.6+0.1 12.2% 4.13£0.62% | 9.99+4.99 x 10-*
10°5¢ R
OH
4-Nitrocatechol (4NC)
o 166.13 05 | 159 6° 177 £0.27% | 1 68+0.84 x 10-3¢
10—5 c
OH
OH
o
Phthalic acid (PA)
MeO COOH| 19817 | 0.56 | 1.34+0.06 2.3¢ 3.37+£0.50% | 980+4.90x104c¢
10—5 c
HO
OMe
Syringic acid (SA)
168.15 | 0.50 | 1.35+0.06° 1.3¢ 6.50 + 0.98 x -3¢
MeO COOH 1.42+0.71x10
:©/ 10°5¢
HO
Vanillic acid (VA)
/©/COOP 138.12 | 0.43 1.46° 6.1 229 x10-5¢ 8.11x10-4¢
HO
p-Hydroxybenzoic acid
(pHBA)
HOOC\\I:::::]\\ 167.12 | 0.57 1.61° <1® 3.37x 1041
4-Nitrobenzoic acid
(4NBA)
NO, 151.12 | 0.43 | 1.34+0.06° <1b 3.32 x 1072k 2.15¢%
CE%O
2-Nitrobenzaldehyde
(2NB)
NO, 139.11 0.5 1.50°2 2-3° 8.94 x 107X 1.38 x 1073%
©: <1t 3.5x 10"
OH
2-Nitrophenol (2NP)
139.11 0.5 1.282 10.7° 7.8x 1073 1.14 x 10
3.6 x 102"

HO NO,




3-Nitrophenol (3NP) 5.0 x10%°
NO, | 139.11 0.5 1.5° 10.4° 1.31x102h 1.11x 101"
11.68
1.6 x 103 5.14 x 103
HO
4-Nitrophenol (4NP) 4.7 x103° 1.0x102°

2 https://scifinder-n.cas.org/

®Solubilities and vapor pressure were measured at approximately 293 K in this study
¢ Booth et al.* (estimated liquid-state vapor pressures reported)

4 Queimada et al.**
¢ Vilas-Boas et al.*® (solubility at 298.2 K)
fGracin et al.*® (solubility at 298.2 K)

& https://pubchem.ncbi.nlm.nih.gov/compound/6947#section=Solubility

b Schwarzenbach et al.*’ (vapor pressure of liquid at 293.15 K) (overestimated values)
i Bannan et al.*8 (£75% estimated error for liquid-state vapor pressure) (<40% error for solid-state vapor pressure)
I https://pubchem.ncbi.nlm.nih.gov/source/hsdb/1133

kShelley et al.*®

Uhttps://pubchem.ncbi.nlm.nih.gov/source/hsdb/2140#section=Vapor-Pressure

4-Nitrocatechol and Phthalic Acid

The two most hygroscopic compounds explored in this study were 4-nitrocatechol (4NC) and phthalic acid

(PA). Our previous work showed that 4-nitrocatechol particles are aqueous at high RH and experience

measurable water uptake in sub-saturated RH conditions.” Hygroscopicity was reported using radial

growth factors, which are useful for predicting the cloud forming potential, as they allow k to be directly

calculated. Particle efflorescence was observed in the range 50 to 70% RH. Here, we additionally report

the hygroscopic growth using mass growth factors, which are typically more useful when the concentration

of solutes is required, for example in estimating reaction rates.
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Figure 1: (A) Hygroscopic growth of 4-nitrocatechol derived from this work (black points) and calculated from the
radial growth factor data of Price et al. (gray points), and phthalic acid (red points). Data from this work was derived
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from three repeat experiments on each sample. The x-error bars are a +2% uncertainty in the probe RH, and the y-
error bars are estimated based on the resolution of the applied voltages and the standard deviation of repeat

measurements, leading to a total uncertainty of around +10%. AIOMFAC predictions are shown by the dash lines.

(B) Radial growth factors of 4-nitrocatechol from Price at al.,*® and phthalic acid from this work and Brooks et al.%

The mass and radial growth factors for both phthalic acid and 4-nitrocatechol are shown in Figure 1A and
1B. Both exhibit partial solubility in water and measurable growth due to uptake of water at high RH. The
solubility was measured to be 12.2 g/L for 4-nitrocatechol and 6.0 g/L for phthalic acid, indicating that both
compounds are highly supersaturated in particles at high RH. Literature data for phthalic acid radial growth
factors, determined using a hygroscopic tandem differential mobility analyzer, agree with our data within
the uncertainty range.>® To determine the radial growth factor, we used the DC voltage to estimate the dry
size in the presence of a gas flow, subtracting the mass contributions to yield DC voltages directly
proportional to the radii, as detailed in our earlier work, due to the linear dependence of Stokes drag forces

on size.®! This procedure allows a dry size to be estimated, but does result in a large uncertainty.

Following efflorescence to form solid particles, at ~50% RH for 4NC and ~55% for PA, neither particle
types exhibited deliquescence at experimentally accessible RH conditions, consistent with the water activity
measured in the saturated solutions approaching one, discussed in the Supplementary Information. The
mass growth data is compared to the output from the Aerosol Inorganic-Organic Mixtures Functional
groups Activity Coefficients model (AIOMFAC),**% a popular group contribution model for estimating
the thermodynamic properties of compounds in mixtures. The model takes the composition as input and
determines the interaction parameters between all species based on the possible short-, mid- and long-range
interactions. The output is the activity of each component as a function of composition, which is readily
converted to a mass growth factor versus water activity (or RH). The AIOMFAC model overpredicts the
hygroscopic growth of 4NC relative to the experiment observations. This is consistent with our earlier work
comparing the measured radial growth factors to AIDMFAC predictions via a density approximation.®® The
present work does not require density information and confirms that the deviations cannot be explained by
the uncertainty in estimated density. . For PA, the agreement is much closer, with the model predicting
slightly higher growth at low RH and less growth at high RH. In 4NC, the model consistently overestimates
the growth. These comparisons yield some insights into the intramolecular interactions that might be
regulating the thermodynamics, as these are not captured by the AIOMFAC model. For example, in our
previous work we showed that the measured hygroscopic growth is closely predicted from a model that
assumes ideality if the 4NC molecules existed as dimers in solution.*® In phthalic acid, the deviations at
low RH may be due to the intramolecular bonding possible between the adjacent carboxyl groups, which

reduces the extent of intermolecular H-bonding with water.*® At high RH, we measure a much stronger

10



affinity of water for the particle phase, which could occur due to partial ionization of one of the acid groups

to form a carboxylate, leading to stronger interactions with water and a larger hygroscopicity.

Over the course of 2-3 hours under a lab temperature of 293 K, neither 4NC nor PA particles were observed
to change in size due to evaporation, indicating vapor pressures that are <10~ Pa. Compared to the literature
data estimates shown in Table 1, the liquid-state® vapor pressures of 4NC and PA are determined here to be
lower than those reported previously by at least one order of magnitude.*® The difference in temperature
may account for some of the difference, while uncertainties in the methods of estimating liquid-state vapor
pressure from solid-state vapor pressures may account for the remaining difference. Based on these
observations, it is reasonable to assume that these compounds will remain particle-bound throughout their
atmospheric lifetime, even in aqueous solution. Indeed, this is consistent with observations of wildfire
smoke particles that show 4NC is primarily particle bound even when aerosol mass concentrations are low
following plume dilution.>* This also indicates favorable gas-to-particle partitioning of compounds with

similar volatility in the BB plume.

Aromatic and Nitroaromatic Carbonyls

Unlike 4NC and PA, most of the substituted aromatic and nitroaromatic compounds we measured did not
show measurable water uptake at any RH. Particles were generated from aqueous solutions and levitated at
high RH (~90 to 95%). Even under these conditions, efflorescence was observed immediately and no
subsequent change in the mass of the particles was observed as a function of RH. Figure 2A shows
representative hygroscopicity plots for vanillic, syringic and p-hydroxybenzoic acid as examples, with the
data all clustered around a mass growth factor of 1, within the uncertainty, across all RH conditions. The
same behavior was observed for 2-nitrobenzaldehyde and nitrobenzoic acid. Among these compounds
showing no hygroscopic growth were those with O/C ratios higher than PA (nitrobenzoic acid and syringic
acid). These compounds are much less soluble in water, as shown in Table 1, and the thermodynamic
driving force for solidification in a particle is sufficient to prevent a metastable aqueous phase existing,
even at high RH. The hygroscopicity of vanillic, syringic, and p—hydroxybenzoic acid, previously measured
using tandem differential mobility analyzer, did not show any significant radial growth at 100 nm particle

radius under the RH conditions up to 95%, supporting the observations made here.*>® For these three

@ It should be noted that while the literature often refers to the vapor pressure of the subcooled liquid, these are in
fact supercooled liquids, a metastable liquid form of the compound below the melting point. Subcooling is more
typically used to refer to a vapor phase that exists below its boiling point. For clarity, in this work we use the

terminology liquid-state and solid-state vapor pressures.
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compounds, previous work has observed a slight decrease of particle radius at elevated RH. However, in
these measurements, as with 4NC and PA, these compounds were not observed to show any measurable
change in mass over a 2-3 hour duration, indicating vapor pressures <10 Pa and consistent with their

expected low vapor pressures (see Table 1).

Nitrophenols

Unlike the other compounds explored so far, the three isomers of nitrophenol studied all exhibited
measurable volatility and a distinct hygroscopic response. Measurements of the hygroscopic growth of the
nitrophenols were complicated by the high rates of evaporation, and only limited data could be obtained for
4-nitrophenol. Instead of probing a single particle across a range of RH conditions, we probed fresh particles
at each RH, and then rapidly dried them to estimate the dry mass. This yields the estimated mass growth
factors shown in Figure 2B, with a large negative uncertainty arising due to the evaporation that occurs
between high RH and low RH measurements. Despite the large uncertainty, we see generally good
agreement to the AIOMFAC model. The model does not discriminate between isomers of nitrophenol,
which clearly show different thermodynamic properties as evidenced by the different rates of evaporation

as a function of RH. We can further assess the hygroscopicity by exploring the rates of evaporation, shown

in Figure 3.
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Figure 2: (A) The substituted aromatics vanillic, syringic and para-hydroxybenzoic acid show no hygroscopic
response up to ~96% RH. (B) The hygroscopic growth of 4-nitrophenol was determined through measurements on
individual particles at each RH in order to minimize the extent of evaporation; the lower error bound encompasses the
systematic errors associated with particle evaporation during the measurement. Efflorescence was observed at around
60% RH. The black dash line indicates the AIOMFAC prediction.
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Figure 3: Evaporation measurements were performed for (A) 4-nitrophenol; (B) 3-nitrophenol and (C) 2-nitrophenol

under a range of RH conditions that yielded aqueous spherical particles. The uncertainty in the size is £5 nm based
on the accuracy of the Mie resonance sizing algorithm. A linear fit to the radius-squared vs time is shown for each
dataset by the dash line. The evaporation rates and calculated vapor pressures are reported in Table 2.
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The evaporation of NP particles was measured for each isomer across a range of RH conditions, where
possible. The evaporation model, presented in Equation 4, predicts a linear dependence of the radius-
squared versus time, consistent with the measured evaporation of the nitrophenol compounds shown in
Figure 3. From the slope of radius-squared versus time we obtain the evaporation rates shown in Table 2.
The AIOMFAC model was used to obtain the mass ratio of water, which is assumed to be the same for all
isomers.’*®® Solving for the pure component vapor pressure yields 0.010+0.03, 0.036+0.011, and
0.35+£0.11 Pa for 4-nitrophenol, 3-nitrophenol and 2-nitrophenol, respectively at 293K, revealing more
than one order of magnitude variation in the volatility across the isomers. Importantly, accounting for the
amount of water effectively eliminates the dependence on RH, indicating the hygroscopicity is well
described by the AIOMFAC model. The uncertainty in the reported vapor pressures arise from the gas

phase diffusion coefficient and the uncertainty in the mole fraction of water.

These values we report here show some differences from the literature estimates of the vapor pressure of
the liquid state that are based on subcooled correction using the Prausnitz equation,*® which rely on accurate
solid-state data and other thermochemical properties. The experimental vapor pressure of 3-nitrophenol in
our study (0.036 Pa at 293 K) is slightly above the literature value of 0.0114* Pa at 2908 K obtained using
Knudsen effusion mass spectrometry (KEMS) and differential scanning calorimetry (DSC). Previous
studies have found out that the vapor pressure of nitrophenols obtained from solid-state data is sensitive to
the reference compound used in the study.*® For instance, subcooled vapor pressure of 4NP derived from
KEMS and DSC was 5.14 x 107 Pa at 298 K, with an estimated error of +75%,*® whilst data derived from
gas chromatography retention data using 2-nitrophenol as the reference was 0.11 Pa at 293 K, which was
reported to be a largely overestimated value.*’ Vapor pressure measurements made using similar techniques
have agreed with each other,*? although direct measurements of evaporation from liquid-state samples, as
in our work, have not previously been reported. We demonstrate that the vapor pressures are actually much
higher than expected based on previous literature, indicating that the amount of particle bound nitrophenol
may be less than predicted. However, other factors may influence volatility, such as deprotonation that may
lead to reduced volatility and increased solubility, stabilizing the nitrophenols in the aqueous phase.*” The
pKa values of 4-nitrophenol, 3-nitrophenol, and 2-nitrophenol are about 7.2, 8.4, and 7.2 respectively.®®
This indicates that in basic atmospheric aerosol or droplets, nitrophenols are mostly present in the
deprotonated form, and in acidic environments, these are mostly present in the protonated form. Thus, pH

of the aerosol particle may affect the hygroscopicity, volatility, and optical properties of nitrophenols.>®

Table 2: Thermodynamic data (mole fraction (x,,4) and activity coefficient (y,,4) of the organic) derived from the

2
AIOMFAC model, measured evaporation rates (ddit), and calculated vapor pressures according to Equations 3 and 4
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for petr and porg respectively. The data shown in italics represents measurements under dry conditions using either
radial data or mass spectrometry data, as described in the text.

RH / % Xorg Yorg daz/dt / l’l’l2 S-l peff / Pa porg / Pa
4NP 87 0.44 1.11 3.31Xx10% 5.44X107 9.6X107
4NP 76 0.54 1.05 3.81X10"° 6.26X107° 9.9X107
4NP 67 0.61 1.03 4.38X10" 7.20%X10° 1.1X10

4NP (MS) 0 1 1 2.86x10" N/A 4.7 x10°
3NP 86 0.45 1.11 1.28X10" 2.11X10? 3.6X10?
3NP 75 0.55 1.05 1.40X10" 2.30X107? 3.6X10?
3NP 66 0.61 1.03 1.51X10" 2.49X107 3.7X10?
(FZZZ ) 0 1 1 2.85x10" N/A 4.7 X107
3NP (MS) 0 1 1 3.2x10" N/A 5.2x107
2NP 76 0.54 1.05 1.35X10" 0.22 0.35

The variation in po- can be interpreted in terms of the molecular interactions between organic molecules.
In 4-nitrophenol (para), the OH group and the NO, group are not directly interacting due to the separation,
with intramolecular H-bonding not possible. Instead, H-bonding with water and other 4-nitrophenol
molecules will dominate, stabilizing the molecule in solution. As the functional groups get closer, the
intramolecular bonding becomes more significant, and the 3- (meta) and 2- (ortho) isomers become less
stabilized in solution leading to a greater vapor pressure. This is opposite to the trend seen in the solid-state
for some substituted nitroaromatic compounds,*® however a general trend between ortho-, meta- and para-
positions of functional groups has not been identified. In field campaigns that have measured nitrophenol
content, the concentration of 4-nitrophenol is often higher than 2-nitrophenol in both condensed phase and

6061 and 4-nitrophenol has also been detected in cloud water samples."” Our data suggest that rate

gas phase,
of evaporation of 4-nitrophenol is up to a hundred times slower than that of 2-nitrophenol, and bulk
solubility of 4-nitrophenol is approximately five times higher than that of 2-nitrophenol, which enhances
the partitioning of 4-nitrophenol into the condensed phase. Other factors may contribute to variations in the

abundance of different isomers, such as their formation yields and subsequent reactivity.
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To investigate the influence of particle phase state on the rate of evaporation, additional measurements were
performed under dry conditions, leading to non-spherical solid-state particles forming for 4-nitrophenol and
2-nitrophenol. Mie resonance sizing is not possible for non-spherical particles, and we used our established
open-port sampling interface mass spectrometry (OPSI-MS) method to probe the rate of evaporation, as
described in the Supplementary Information and our earlier work.®? These data are shown in Figure 4A for
4-nitrophenol. The rate of evaporation is much slower than observed at high RH, for aqueous particles, and
a vapor pressure of 4.7 x 10~ Pa was calculated, which is just under half the value determined for the liquid
state. In the case of 3-nitrophenol, the evaporation rate was slightly faster than the aqueous particles,
yielding a vapor pressure of 5.2 x 10~ Pa (Figure 4B). Interestingly, dry 3-nitrophenol particles continued
to exhibit a spherical geometry, indicating they remained amorphous and did not solidify under the
experimental conditions. The radius evolution yields an estimated vapor pressure in close agreement to the
OPSI-MS data (Figure 4C). The calculations and relevant data are tabulated in Table 2. Measurements of
solid 2-nitrophenol particles were not possible due to low signal in the MS and the rapid evaporation rate,

even under dry conditions.
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Figure 4: (A) The relative mass change for solid-state particles of 4NP obtained using the LQ-EDB coupled with OPSI-MS. (B)
The relative mass change for particles of 3-NP under dry conditions, which exhibited an amorphous morphology. Errors bars in
both panels show the expected variability in the measured relative mass for a single particle. The dashed lines represent fits to the

functionm = (R't + 1)%, where m is the relative mass and R’ is a normalized evaporation rate, which may be converted to a radius-
squared evaporation rate by assuming a known starting radius. (C) Amorphous particles of 3NP remained spherical and exhibited
rapid evaporation before solidification occurred and the evaporation process stopped. The red dash line represents a fit to the
function a = (Rt + a,)°°, where a is the radius, ¢ is time, and ay is the starting radius, and indicates a constant radius-squared
evaporation rate (R).

Conclusions

The hygroscopicity and volatility of biomass burning compounds will influence their fate in the atmosphere.
Using a newly developed method to measure mass hygroscopic growth factors in a linear quadrupole EDB,
validated using NaCl and (NH4)>SOs, the hygroscopicity of pure substituted aromatic constituents that are
found in biomass burning aerosols were measured. 4-Nitrocatechol and phthalic acid were the most
hygroscopic compounds, showing measurable and reversible water uptake under subsaturated RH

conditions until the point of efflorescence. Mass growth data were compared with AIOMFAC model
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predictions, supporting earlier assertions that intramolecular interactions reduce the hygroscopicity relative
to the functional group contribution model, showing the importance of considering intramolecular
interactions when predicting the hygroscopicity of aromatic OA constituents. Unlike phthalic acid, other
substituted benzoic acid particles do not show measurable water uptake, in spite of similar or higher O/C
ratios than phthalic acid, likely due to their low bulk water solubility and different molecular interactions
between functional groups. Therefore, predicting the hygroscopicity of OA compounds is complex and
should consider bulk water solubility, O/C ratio, molecular weight, and most importantly intramolecular
interactions arising from the molecular structure. Understanding the strength of intramolecular interactions
versus intermolecular hydrogen bonds between water and solute molecules would add more insight to
predict the hygroscopicity of OA, which may be facilitated by future studies on using computational
methods. In our measurements following efflorescence to produce a solid particle, none of the organic
compounds studied exhibit deliquescence at experimentally accessible RH conditions (~95%), consistent
with bulk water activity measured for the saturated solutions approaching unity. This indicates that in the
atmosphere, it will only be after cloud forming conditions have been approached that aerosol particles
containing these compounds will remain as aqueous particles. The role of organic and inorganic co-solutes
is not considered here, but represents a clear direction for future measurements to assess the influence of
BB aerosol of greater chemical complexity. Overall, our measurements indicates that the hygroscopicity of
BB acerosol particles may be driven by relatively few organic species and highly hygroscopicity particles

particles may be largely influenced by salts that are entrained in the particles.

A major factor that determines the lifetime of particles in the atmosphere is the volatility of its individual
components. Field studies have identified that BrC compound concentrations emitted from wildfire plumes,
such as 4-nitrocatechol, are lost over the atmospheric transport with an approximate half life of 9h -15h.%®
Based on its low volatility, we suggest 4-nitrocatechol is mostly lost due to particle phase reactions rather
than their evaporation to the gas phase, possibly via photolysis.®* The same conclusions may be applied to
all compounds studied here, except for the nitrophenol isomers. All isomers of nitrophenol exhibited
measurable volatility under the experimental timescales and temperature. Particle evaporation
measurements allow us to calculate the vapor pressure of these compounds, revealing more than one order
of magnitude variation in the volatility across the isomers. We demonstrate that the experimental vapor
pressure of the nitrophenol isomers is much higher than literature data, which rely on model-based
corrections to measured solid-state vapor pressure. Under dry conditions, particles of 3NP exhibited an
amorphous state that exhibited a vapor pressure consistent with the estimated vapor pressure from the
aqueous state. However, both 2NP and 4NP solidified, and mass spectrometry measurements of the

evaporation rates of these solid particles reveal a decrease in vapor pressure of 4NP to around half the
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liquid-state value. The measured presence of NP in ambient aerosol particles indicates that some mechanism
exists to retain NP in the particle phase. The additional chemical complexity of ambient particles may allow
the compounds to bind more strongly to the condensed phase through additional molecular interactions,
such as with ionic species, or remain bound to the particle phase due to slow diffusion induced by high
viscosity at low RH and low temperature. These effects are as yet unresolved but point towards future

research to fully classify the behavior of BB aerosol.

Overall, the measurements reported here provide some additional clarity on the microphysical properties
of particles containing a range of BB compounds, while also identifying important avenues for future
research. Given the chemical complexity of real biomass burning emissions, being able to predict the
behavior based on the contributions from individual components, and to identify when additional

information is required, is a vital step in characterizing the impacts and lifetime of real aerosol particles.
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