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CONSPECTUS: The pH of a solution is one of its most fundamental chemical
properties, impacting reaction pathways and kinetics across every area of
chemistry. The atmosphere is no different, with the pH of the condensed phase
driving key chemical reactions that ultimately impact global climate in
numerous ways. The condensed phase in the atmosphere is comprised of
suspended liquid or solid particles, known as the atmospheric aerosol, which
are differentiated from cloud droplets by their much smaller size (primarily <10
μm). The pH of the atmospheric aerosol can enhance certain chemical
reactions leading to the formation of additional condensed phase mass from
lower volatility species (secondary aerosol), alter the optical and water uptake
properties of particles, and solubilize metals that can act as key nutrients in
nutrient-limited ecosystems or cause oxidative stress after inhalation. However,
despite the importance of aerosol acidity for climate and health, our
fundamental understanding of pH has been limited due to aerosol size (by number >99% of particles are <1 μm) and complexity.
Within a single atmospheric particle, there can be hundreds to thousands of distinct chemical species, varying water content, high
ionic strengths, and different phases (liquid, semisolid, and solid). Making aerosol analysis even more challenging, atmospheric
particles are constantly evolving through heterogeneous reactions with gases and multiphase chemistry within the condensed phase.
Based on these challenges, traditional pH measurements are not feasible, and, for years, indirect and proxy methods were the most
common way to estimate aerosol pH, with mixed results. However, aerosol pH needs to be incorporated into climate models to
accurately determine which chemical reactions are dominant in the atmosphere. Consequently, experimental measurements that
probe pH in atmospherically relevant particles are sorely needed to advance our understanding of aerosol acidity.
This Account describes recent advances in measurements of aerosol particle acidity, specifically three distinct methods we developed
for experimentally determining particle pH. Our acid−conjugate base method uses Raman microspectroscopy to probe an acid (e.g.,
HSO4

−) and its conjugate base (e.g., SO4
2−) in individual micrometer-sized particles. Our second approach is a field-deployable

colorimetric method based on pH indicators (e.g., thymol blue) and cell phone imaging to provide a simple, low-cost approach to
ensemble average (or bulk) pH for particles in distinct size ranges down to a few hundred nanometers in diameter. In our third
method, we monitor acid-catalyzed polymer degradation of a thin film (∼23 nm) of poly(ε-caprolactone) (PCL) on silicon by
individual particles with atomic force microscopy (AFM) after inertially impacting particles of different pH. These measurements are
improving our understanding of aerosol pH from a fundamental physical chemistry perspective and have led to initial atmospheric
measurements. The impact of aerosol pH on key atmospheric processes, such as secondary organic aerosol (SOA) formation, is
discussed. Some unique findings, such as an unexpected size dependence to aerosol pH and kinetic limitations, illustrate that
particles are not always in thermodynamic equilibrium with the surrounding gas. The implications of our limited, but improving,
understanding of the fundamental chemical concept of pH in the atmospheric aerosol are critical for connecting chemistry and
climate.
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2017, 121(30), 5690−5699. Raman microspectroscopy was
used to determine single particle pH of micron-sized particles
through changes in the acid and conjugate base of a species
and was shown for a range of systems (organic, inorganic, and
mixed), pH values, and ionic strengths.1

• Bondy, A. L.; Craig, R. L.; Zhang, Z.; Gold, A.; Surratt, J.
D.; Ault, A. P. Isoprene-derived organosulfates: Vibra-
tional Mode Analysis by Raman Spectroscopy, Acidity-
Dependent Spectral Modes, and Observation in Individ-
ual Atmospheric Particles. J. Phys. Chem. A 2018, 122(1),
303−315. Vibrational modes in organosulfates were
characterized with Raman and density functional theory to
identif y organosulfates in an ambient sample. The potential
for using the protonation state of species intrinsic to secondary
organic aerosol (SOA) was also shown.2

• Craig, R. L.; Peterson, P. K.; Nandy, L.; Lei, Z.; Hossain,
M. A.; Camarena, S.; Dodson, R. A.; Cook, R. D.;
Dutcher, C. S.; Ault, A. P. Direct Determination of
Aerosol pH: Size-Resolved Measurements of Submicron
and Supermicron Aqueous Particles. Anal. Chem. 2018,
90(19), 11232−11239. A low-cost colorimetric method was
developed using simple cell-phone camera images to determine
the pH of aqueous particles impacted onto pH paper with an
impactor. A size dependence to aerosol acidity was observed
with a lower pH in smaller particles.3

• Lei, Z.; Bliesner, S. E.; Mattson, C. N.; Cooke, M. E.;
Olson, N. E.; Chibwe, K.; Albert, J. N. L.; Ault, A. P.

Aerosol Acidity Sensing via Polymer Degradation. Anal.
Chem. 2020, 92(9), 6502−6511. Polymer degradation was
used to determine the acidity of individual ultraf ine (<100
nm) particles. Acidic particles were impacted onto poly(ε-
caprolactone) (PCL), and the degradation was monitored
with atomic force microscopy (AFM), which showed pH-
dependent and size-dependent degradation.4

1. INTRODUCTION

1.1. Intro of Aerosol Acidity

The atmospheric aerosol, a collection of liquid or solid particles
suspended in the atmosphere, impacts climate by scattering and
absorbing solar radiation, as well as nucleating cloud droplets
and ice crystals.5,6 When considering Earth’s radiative balance,
the direct (scattering and absorption) and indirect (nucleating
and modifying cloud properties) effects of the atmospheric
aerosol represent the most uncertain aspects of climate
change.5,6 An important contribution to atmospheric aerosol
driven climate uncertainty is that each particle is an incredibly
complex chemical environment,7 and the properties of water
within these suspended particles are critically important for their
impacts on climate.8,9 Aerosol particles range in size from
molecular clusters of a few nanometers to tens of micrometers
with >1013 molecules and properties resembling bulk materials,
with themost important size range for direct and indirect aerosol
effects being roughly 50 to 1,000 nm in diameter, commonly

Figure 1. Scheme leading to the formation of isoprene-derived SOA compounds under acidic conditions. Both the high- and low-NOx pathways are
shown forming isoprene epoxydiols (IEPOX) and methacrylic epoxides (MAE). For simplicity, only one isomer of each respective compound is
shown. Adapted with permission from ref 2. Copyright 2018 American Chemical Society.
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referred to as the accumulationmode.10 In addition to their wide
size range, aerosol particles are continuously changing as they
undergo reactions with trace gases (heterogeneous reactions)
and aqueous and organic phase reactions in the condensed
phase.11 Though complex, the pH of an aerosol particle is still a
critical property that determines which heterogeneous and
condensed reactions occur, as well as their kinetics, as is true in
most subdisciplines of chemistry.
The sources of particles in the atmosphere are either primary,

where particles are directly emitted as solids or liquids, or
secondary, where species emitted as gases undergo reactions
that either 1) lower their vapor pressure to the point they
condense on existing particles or 2) undergo heterogeneous
uptake reactions where they rapidly react to form a lower
volatility species after colliding with a particle.10 Secondary
aerosol is a large fraction of aerosol mass below 1 μm both from
inorganic species (SO4

2−, NO3
−, and NH4

+) and organic species
(secondary organic aerosol, SOA).12 To illustrate the
importance of aerosol pH, it is useful to discuss one of the
most abundant types of aerosol and how pH-dependent
reactions affects it. Isoprene is a key precursor gas to SOA
formation and has the highest emissions of any nonmethane
hydrocarbon to the atmosphere.13 Isoprene is a very reactive five
carbon molecule with two double bonds (Figure 1) and forms
lower volatility species after atmospheric oxidation reactions
with the hydroxyl (OH) radical.2 Paulot et al. found that
epoxides are important oxidation products of isoprene,14 with
examples including isoprene epoxydiols (IEPOX) and meth-
acrylic acid epoxides (MAE) (Figure 1),15−17 which can lead to a
large fraction of SOA.18 These epoxides then undergo acid-
catalyzed ring opening reactions after heterogeneous uptake,19

which lead to substantially higher SOA formation with initially
acidic particles versus more neutral particles.20 This is reflected
in the much shorter lifetimes of IEPOX in particles with pH = 1
(minutes) versus pH = 4 (days).21 In addition to being a key
factor in SOA formation, pH also impacts the formation of
secondary inorganic aerosol, by determining the dominant
reaction pathways for haze events in Beijing and other urban
megacities.22−24 pH also determines the impacts of particles
after deposition, as dissolution of minerals and metals impacts
their ability to act as nutrients (e.g., iron or phosphate),25,26 or
health impacts after inhalation by solubilizing toxic transition
metals (e.g., copper).27 Thus, pH plays a key role in determining
how much secondary aerosol forms, as well as the impacts of
particles after removal from the atmosphere.
Determining the pH of an atmospheric particle or collection

of particles is incredibly challenging, as unlike beaker-scale
experiments, you cannot place a standard electrochemical pH
probe in a particle with a diameter <1 μm. pH is determined by
the activity of the H+ ion (aH+) (eq 1)

γ= − = − [ ]+
+ +a HpH log ( ) log ( )H H10 10 (1)

where γH+ is the activity coefficient of the H+ ion, and [H+] is the
molar concentration of H+ (more formally IUPAC uses a
molality-based version of pH).28 Given that activity coefficients
depend on ionic strength, it is also important not to change the
amount of water present in particles when measuring a particle’s
pH.28 This is inconsistent with how most atmospheric particles
are collected for chemical analysis, as they typically involve
either pulling air through a filter (where collected particles
rapidly dry), heating particles, or pulling the particles into
vacuum, which can dry or even freeze them.29 Thus, our

understanding of aerosol acidity to date has primarily been
guided by proxy or indirect methods.30 These proxy methods
were reviewed by Hennigan et al.,31 who pointed out a number
of weaknesses and flaws that make them unreliable. For example,
the ion balance method (eq 2) assumes that all charged species
other than chloride, nitrate, sulfate, and ammonium are H+ ions.

∑ ∑[ ] = [ ] − [ ]

= [ ] + [ ] + [ ] − [ ]

+

− − − +

H n anion n cation

Cl NO SO NH2

i i i i

3 4
2

4 (2)

This is problematic as accumulation mode particles are often
half organic by mass,12,32 with many deprotonated and, thus,
charged species (e.g., dicarboxylic acids, amines, organosulfates,
etc.). These particles can also contain hundreds to thousands of
organic species in a single particle,12,32 which makes this type of
balancing method challenging. Given the limitation of proxy
methods, many researchers have turned to the phase-
partitioning method, which monitors a semivolatile species
with an appreciable fraction in both the gas (e.g., NH3(g)) and
particle phases (e.g., NH4

+
(aq)). While phase partitioning has

provided the most reliable measurements to date, it relies on
expensive instruments to measuring gases like ammonia (NH3)
and nitric acid (HNO3) that are challenging to sample, as well as
an underlying assumption that the system is at thermodynamic
equilibrium between gas and particle phases. However, there
have been indications that kinetic limitations to diffusion and
partitioning may be important,33−37 highlighting the need for
acidity measurements that determine pH solely based on species
in the condensed phase. Due to measurement limitations,
models such as E-AIM,38,39 ISORROPIA,40 AIOMFAC,41,42

and MOSAIC43 have been utilized to explore aerosol pH and
account for much of our current understanding.
Pye et al.44 recently reviewed the state of acidity in aerosols

and clouds based on our current knowledge frommeasurements
and models. There were 467 measurements of cloudwater pH,
but only 47measurements of aerosol pH globally, primarily from
phase partitioning. However, despite the limited number of
measurements, the understanding of pH that emerged was that
atmospheric aerosols are typically highly acidic (pH =−0.5 to 5,
median pH = 2.5). For fine particulate matter (particles < 2.5
μm), a pH < 2 was most common and lower than for coarse
particles > 2.5 μm.44 The oxidation of SO2 provides an example
of why low pH values are observed. SO2 can undergo gas phase
oxidation to H2SO4, which then partitions to particles due to a
very low vapor pressure, or it forms in the particle (i.e.,
condensed) phase via oxidation due to H2O2.

45 pH values < 2
are consistent with prior model predictions showing sustained
highly acidic particles in the southeast U.S. (pH ∼ 1), even with
decreasing SO2 emissions.46 However, in regions with higher
emission of NH3 (e.g., Beijing) models predict pH can be closer
to neutral (pH ∼ 5).23 However, as noted in Pye et al.,44 direct
measurements of aerosol pH are needed to fill in our gaps in
understanding how pH changes spatially, diurnally, and across
particle sizes.
Particle-to-particle variability of chemical composition further

complicates pH measurements,47 and particle-to-particle
variability in pH is poorly understood.4 If each particle is
thought of as a tiny atmospheric beaker with no walls, a particle
from the ocean will be very different than from a car or from a
forest fire.48 Pye et al. showed that particles from different
sources likely have different pH values,44 but there have been
minimal measurements exploring this for ambient particles. This
means that even if the average pH for all particles in a given size

Accounts of Chemical Research pubs.acs.org/accounts Article

https://dx.doi.org/10.1021/acs.accounts.0c00303
Acc. Chem. Res. XXXX, XXX, XXX−XXX

C

pubs.acs.org/accounts?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00303?ref=pdf


range is known, the particle-to-particle variability in pH will not
necessarily be known.49 Given that pH is on a logarithmic scale
(eq 1), this makes the need for individual particle measurements
of pH even more important. Figure 2 shows an example of how
an average or “bulk” pH provides an incomplete picture of
aerosol acidity and, thus, the impacts of aerosol pH on key
reactions. In addition, the pH of an individual particle evolves
over its atmospheric lifetime, such as when an initially pH 7−8
sea spray aerosol (SSA) reacts with HNO3 or H2SO4 and pH
decreases.50−52 Thus, measurements are needed to address the
multiple knowledge gaps regarding aerosol acidity: 1) direct
measurements of pH in atmospheric particles, 2) measurements
of size-resolved aerosol acidity, and 3) measurements of
individual particle pH to explore particle-to-particle variability
in pH.
Overcoming the current lack of measurements for atmos-

pheric aerosol pH has been a focus of my research group for the
past 5 years, which we have approached from a number of
different experimental perspectives. We developed a spectro-
scopic acid−conjugate base method using vibrational spectros-
copy of individual particles,1,53 a colorimetric method using pH-
sensitive indicators to measure size-resolved bulk pH,3 and a
method measuring polymer degradation from individual
particles with atomic force microscopy (AFM).4 The develop-
ment of the different methods, the scientific insights that have
been gained regarding aerosol acidity, and the bigger picture
implications of aerosol acidity are explored below.

2. TECHNIQUES USED

2.1. Generation and Collection of Aerosol

Aerosol particles were generated with either a Collison nebulizer
(a.k.a. atomizer) for large samples or a Meinhard nebulizer for
small samples. Bulk solution pH was monitored with a standard
pH probe (Mettler Toledo FE20). Aerosol was collected with
inertial impactors, which use well-defined flow through precisely
machined holes of a set diameter to separate particles based on
their aerodynamic diameter (da) and collect them onto
specifically chosen filters or substrates. Ambient aerosol and
some lab samples were collected using a three-stage micro-
analysis particle sampler (MPS, CaliforniaMeasurements, Inc., 2
lpm) with 50% aerodynamic cut-points giving aerodynamic
diameter ranges of 2.8−5.0 μm, 0.4−2.8 μm, and <0.4 μm,

respectively. An eight-stage mini-MOUDI (Model 135, MSP
Corp., 2 lpm) was used for some studies, with aerodynamic cut-
points of 320−560 nm, 180−320 nm, and <180 nm, for the
stages used.

2.2. Raman Microspectroscopy

Raman microspectroscopy provides a useful tool for probing
individual aerosol particles spectroscopically under ambient
relative humidity (RH) and temperature conditions. Our work
primarily used a LabRAM HR Evolution Raman micro-
spectrometer from Horiba with a 532 nm laser (50 mW) and
0.6 or 1.8 cm−1 resolution (1800 or 600 gr/mm gratings). Work
below has primarily utilized a 100×, 0.9 N.A. objective and
100×, 0.6 N.A. long working distance objective, which analyzes
particles within an RH and temperature-controlled microscope
stage (Linkham LTS120). Particles analyzed by Raman were
typically impacted on small, quartz microscope slides placed in
the MPS or mini-MOUDI. Further details are available in our
prior publications.1,4,54−57

2.3. Atomic Force Microscopy (AFM)

AFM is very sensitive to changes in height, phase, and
morphology of particles, with detection capable at thicknesses
down to a nanometer, which is far less than the thickness of an
aerosol impacted on a surface. As with Raman, AFM is operated
at ambient RH, temperature, and pressure. The AFM imaging
used below was primarily conducted on a PicoPlus 5500 AFM
(Agilent) with NanoScience tips with a resonance frequency of
300 kHz and a force constant of 40 N/m. All AFM discussed
herein was of particles impacted on silicon or polymer-coated
silicon wafers.

2.4. Atomic Force Microscopy with Photothermal Infrared
(AFM-PTIR) Spectroscopy

One of the traditional limitations of AFM has been a lack of
chemical information. While infrared (IR) spectroscopy can
provide detailed and quantitative functional group information,
IR microscopy has traditionally been limited to large particles
(>10 μm in diameter) due to the diffraction limit of IR light.7

This size limitation has made the application of IR to individual
particle studies challenging as >99% of atmospheric particles in
the atmosphere at any given time are <1 μm in diameter.
Recently, AFM coupled with photothermal infrared spectros-
copy (AFM-PTIR) has emerged as a method capable of
simultaneously probing physical and chemical properties of
nanoscale features.58 The fundamental principle is that as an
OPO or QCL laser is scanned across the mid-IR, the particle
expands as a vibrational mode of the material in the sample
absorbs at a specific frequency. This photothermal effect is
detected by the AFM tip, and a spectrum is obtained by
processing the change in deflection. Our group was the first to
apply AFM-PTIR to atmospheric aerosols in Bondy et al.59 We
have continued to use AFM-PTIR,4,60 as have several other
research groups,61,62 to study a range of environmental
questions ranging from Arctic aerosol composition to indoor
surface chemistry to pH. In Olson et al.,63 we recently were the
first to probe aerosol particles with optical PTIR (O-PTIR) with
simultaneous Ramanmicrospectroscopy. This method builds on
our AFM-PTIR work59 but detects photothermal changes in
scattering of a 532 nm laser,63 instead of deflection of an AFM
tip.

Figure 2. Example of why reporting an average pH can be suboptimal.
Three acidic particles (SOA, ammonium, sulfate, and bisulfate) with
pH = 0, 1, and 1 dominate the bulk pH even with three mineral dust
particles of pH= 6 and two sea spray aerosol particles of pH= 7. Despite
fewer very acidic particles, the bulk pH is highly acidic.
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3. RESULTS AND DISCUSSION

3.1. New Measurements of Aerosol Acidity

3.1.1. Acid−Conjugate Base Method. Acids and their
conjugate bases provide important information about the pH of
a system, particularly near the pKa for a specific [HA] and [A

−]
pair. We initially sought to determine the pH of an individual
particle using species that would be common in the atmospheric
aerosol.53 While a single 100 nm atmospheric particle can
contain hundreds to thousands of organic species, there is a far
more limited set of inorganic ions in most atmospheric particles.
Among the most abundant are sulfate, nitrate, ammonium, and
chloride,10 of which the former three are all molecular ions that
can be probed with vibrational spectroscopy. A key advantage of
vibrational spectroscopy is that the frequency of the vibrational
modes associated with the protonated acid and deprotonated
conjugate base is often separated by at least 50 cm−1.We focused
first on sulfate as it is both very abundant and nonvolatile,
making it an ideal model ion to use in laboratory studies. Since
the sulfate−bisulfate pKa is 1.99 (eq 3),64 both sulfate (SO4

2−)
and bisulfate (HSO4

−) should be present in atmospheric aerosol
under different pH conditions (reaction 1).

↔ +− + −HSO H SOaq aq aq4 ( ) ( ) 4
2

( ) (R1)

In Rindelaub et al.,53 we used the acid dissociation equation
for the sulfate−bisulfate equilibrium to solve for the H+

concentration with magnesium sulfate particles roughly 5−10
μm in diameter. Figure 3 shows the relative fraction of bisulfate
and sulfate, as well as the increasing ionic strength at low pH.

γ γ

γ
=

[ ] [ ]

[ ]
=

+ −

−

+ −

−
K

H SO

HSO
0.0102a

H SO

HSO

4
2

4

4
2

4 (3)

The method consists of two key steps: 1) generating
calibration curves for [HSO4

−] and [SO4
2−] and 2) determining

activity coefficients for the three ions in eq 3: [HSO4
−], [SO4

2−],
and [H+]. Ionic strength is a complicating factor, as it can be
quite high at low pH, leading to activity coefficients far from
unity. Activity coefficients were calculated with the extended
Debye−Hu ckel equation, though this begins to have issues
above an ionic strength of 0.1 M, which can require more
complicated calculations.53,65 Figure 4 shows the shift from

sulfate to bisulfate as particle pH becomes more acidic using
calibration curves based on peak areas. After demonstrating the
validity of the measurement, we explored the change in pH that
would occur over a diurnal (daily) RH cycle (35−80%). We
found that pH could shift between 0.5 and 1.0 pH units, which is
in line with model predictions for the Southeast U.S.66 We also
observed that particle pH was lower than for the bulk solution,
which has also been observed in subsequent studies.
After establishing that the acid−conjugate base method could

work for individual aerosol particles, the pH range was expanded
using a range of inorganic and organic salts commonly observed
in atmosphere aerosol in Craig et al.1 Importantly for
atmospheric relevance, the particles in this Account were mostly
in the 2−3 μm size range, near the upper diameter of fine
particulate matter (PM) at 2.5 μm, which is the EPA regulated
size-fraction most strongly connected with negative health
effects.67 Figure 5 shows the different systems the method was
expanded to cover, including nitric acid/nitrate (HNO3/NO3

−,
pKa = 1.3), bioxalate/oxalate (HC2O4

−/C2O4
2−, pKa = 3.81),

acetic acid/acetate (CH3COOH/CH3COO
−, pKa = 4.76), and

Figure 3. Relative fraction for HSO4
− (red) and SO4

2− (blue)
concentrations, as well as ionic strength (I) (yellow), as a function of
pH using the dissociation constant (Ka = 0.01) assuming equilibrium
conditions. Each tested bulk solution pH (0.44, 0.89, 1.15, 1.64, and
1.99) is highlighted in black. Reprinted with permission from ref 53.
Copyright 2016 American Chemical Society.

Figure 4. a) Raman spectra of νs(SO4
2−) and νs(HSO4

−) for initial
aerosol particles generated from each seed aerosol bulk solution (left)
and b) average aerosol pH as a function of [SO4

2−]/[HSO4
−] (right).

Error bars are based on the standard deviation for multiple trials.
Reprinted with permission from ref 53. Copyright 2016 American
Chemical Society.

Figure 5. Schematic showing dominant species present as a function of
pH for each acid−base system studied, as well as a comparison to the
aerosol pH predicted by thermodynamic models for several field
campaigns. H2C2O4 and H2CO3 are included but cannot be quantified
with this method. Adapted with permission from ref 1. Copyright 2017
American Chemical Society.
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bicarbonate/carbonate (HCO3
−/CO3

2−, pKa = 10.30).1,64 To
move beyond individual salts to more complicated systems, we
also studied a mixture of ammonium sulfate and oxalic acid and
were able to use equilibria from both sulfate/bisulfate and oxalic
acid/bioxalate/oxalate to determine the pH of individual
particles in Figure 6. One of the challenges of calculating pH
using the most prevalent thermodynamic models is that they
either do not include organic species (a large portion of
submicron aerosol mass) or only include a few species. To
explore this further, the activity coefficients of the H+ ion for the
inorganic, organic, and mixed system were compared. The
inorganic-only system had high ionic strengths (>10 mol/kg,
molality-based) leading to an activity coefficient for H+ as low as
0.68, while the organic systems and mixtures had lower ionic
strengths (<4 mol/kg) and activity coefficients for H+ that only
decreased to 0.72. That the organic−inorganic mixture had ionic
strengths more similar to the organic than traditionally
considered inorganic systems highlights the need to include
organic species when trying to determine the pH of an individual
aerosol.
An advantage of the acid−conjugate base method is that we

do not need to use indicator ions but rather can rely on the
vibrational modes of species already present in the aerosol. In
Bondy et al.,2 we used Raman microspectroscopy and density
functional theory (DFT) calculations to explore the molecular
structure of two important classes of organosulfates formed
through acid-catalyzed reactions in the atmosphere (methylte-
trol sulfate esters and methylglyceric acid sulfate esters), as well
as their hydrolysis products (methyltetrols and methylglyceric
acid). These two sets of SOA species form from isoprene

oxidation under either low-NOx (methyltetrols and methylte-
trols sulfate esters) or high NOx (methylglyceric acid andmethyl
glyceric acid sulfate ester) conditions (Figure 1). The
methylglyceric acid molecules have a carboxylic acid group,
but the pKa was not known, though glyceric acid has a pKa = 3.5.

2

Thus, we were able to monitor the acid−conjugate base
transition by increasing the pH above the likely pKa (Figure 7).

Figure 6. (A) Relative fraction as a function of pH for oxalic acid and bioxalate equilibrium and sulfuric acid equilibrium, with the pH of the bulk
solutions used to generate oxalate-sulfate mixed aerosol particles highlighted by the dashed lines. (B) Full Raman spectra for HC2O4

−/C2O4
2− and

HSO4
−/SO4

2− mixed aerosol particles pH 1.5 and 3.2. (C) Raman spectra for HC2O4
−/C2O4

2− and HSO4
−/SO4

2− aerosol particles pH 1.2, 1.5, 3.6,
and 3.9 focused on spectral regions where ν(C−C) HC2O4

−, ν(C−C) C2O4
2−, νs(HSO4

−), and νs(SO4
2−) are present. Red lines indicate Gaussian

peak fits. Reprinted with permission from ref 1. Copyright 2017 American Chemical Society.

Figure 7. Aqueous phase experimental Raman spectra of 2-
methylglyceric acid sulfate ester (2-MGS) and 2-methylglyceric acid
(2-MG) at varying pH. Note the decrease in the carbonyl at 1724 cm−1

and the increase in carboxylate peaks at 1413 and 1595 with increasing
pH. Reprinted with permission from ref 2. Copyright 2018 American
Chemical Society.
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Below the pKa the protonated carboxylic acid had a strong
carbonyl peak at 1724 cm−1. As the pH was increased by adding
sodium hydroxide (NaOH), the carbonyl peak decreased, while
the symmetric and asymmetric vibrations associated with the
deprotonated carboxylate group were observed at 1413 and
1595 cm−1, respectively.2 In working with more complicated
systems, the ability to leverage the intrinsic protonation state of
molecules already present in the aerosol indicates that the acid−
conjugate base method has significant potential for future
application.
3.1.2. ColorimetricMethod. Low cost methods that can be

easily deployed in the field are still needed that can probe the pH
of particles in the ambient atmosphere, as the acid−conjugate
base method above requires collection and transport to an
expensive Raman microspectrometer, which is challenging
without the sample being altered. Colorimetric indicator pH
has been used for decades to monitor pH in numerous
applications, but applying the method quantitatively to aerosol
had been challenging. In Craig et al.,3 we developed a method to
image colorimetric indicator paper (thymol blue with pKa = 1.7
and methyl orange with pKa = 3.47) with a cell phone camera
after impaction of aqueous aerosol.
The cell phone image is converted to pH2 by relating the

average green−blue pixel intensity to a calibration curve (Figure
8). For particles < 2.5 μm, the method was quite sensitive and
able to detect ∼65 μg of impacted particles. It is important to
note that the aerosol must be aqueous for this method to work.
This method was applied in the field to generate size-resolved
pHmeasurements at both a rural and an urban site inMichigan.3

An intriguing observation from thismethodwas that for particles
with pH below the pKa of sulfate−bisulfate (1.99),64 the smaller
particles were significantly more acidic than the larger particles
(Figure 9).3 This was confirmed via the acid−conjugate base
method using Raman.3

3.1.3. Polymer Degradation Method. Our third aerosol
acidity method uses degradation of a pH-sensitive polymer,
monitored with AFM, to determine the acidity of individual
submicron particles. In Lei et al.,4 aerosols were generated with
known pH, which was verified with the colorimetric method.
These particles were deposited onto 23 ± 2 nm poly(ε-
caprolactone) (PCL) films on silicon wafers, produced by

Figure 8. Schematic of the pH indicator paper method for direct measurement of aerosol pH. Adapted with permission from ref 3. Copyright 2018
American Chemical Society.

Figure 9. (A) pH indicator paper measurements of aerosol particles da
> 2.5 μm (yellow), da 0.4−2.5 μm (orange), and da < 0.4 μm (red) as a
function of the bulk solution pH from which the particles were
generated. Raman spectra of the ν(SO4

2−) and ν(HSO4
−) modes,

normalized to the ν(HSO4
−) mode, for particles generated from bulk

solution (B) pH 0.47 and (C) pH 1.51 (corresponding data marked by
the *). Reprinted with permission from ref 3. Copyright 2018 American
Chemical Society.
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collaborator Prof. Julie Albert at Tulane University. Acidic
particles (pH = 0) degraded the PCL (Figure 10). The extent of
degradation (holes remaining after washing off the particles) was
determined via AFM and related back to the particle pH. In
addition, the degradation mechanism was monitored spectro-
scopically through changes in the PCL carbonyl stretch and the
C−H stretching region with Raman spectroscopy. As degrada-
tion is directly related to the [H+], the response was based on
individual aerosol properties without the need for gas phase
measurements and was able to probe aerosol of different sizes
(100−1,000 nm) after inertial impaction on the polymer.

4. SUMMARY
The importance of aerosol acidity on atmospheric chemistry has
been discussed, and three different methods developed to
experimentally determine pH in particles have been described:
1) acid−conjugate base method, 2) colorimetric method, and 3)
polymer degradation method. Each pH method has strengths
and limitations requiring a multimethod approach to fully
understand aerosol pH. For example, acid−conjugate base and
polymer degradation are both single particle, while colorimetric
is bulk. Both colorimetric and polymer degradation can probe
accumulation mode particles, while acid−conjugate base with
Raman cannot. Lastly, both acid−conjugate base and colori-
metric can provide rapid pH data, while polymer degradation is
slow. Thus, further method development is needed for
atmospheric aerosol pH measurements, though other groups
are already using these approaches in the laboratory.68−70 Taken
together, our knowledge of aerosol acidity from these novel
methods is improving, but considerable work remains.

5. FUTURE RESEARCH DIRECTIONS
Based on the research discussed above, there are a number of
different avenues to further our understanding of aerosol acidity
impacts on atmospheric chemistry.

• The largest step forward would result from further
development of these methods or other methods that
enable a reliable ambient measurement of aerosol pH.

• The size dependence of aerosol acidity between fine and
coarse mode particles has been predicted by models and
shown with the measurements above. However, a more
detailed understanding of how aerosol pH changes as a
function of size is needed, particularly in the context of
atmospheric conditions (e.g., diurnal cycles of RH and
emissions).71 This would also enable improved para-
metrizations in models.

• The potential for particle-to-particle variability in pH is a
highly debated topic, particularly for submicrometer
aerosol particles. Direct measurements that can probe
this would be useful to understand how broad the pH
distribution is for particles at one size and over the full size
distribution. Figure 2 above notes the result that a range of
pH values across particles could lead to, but most
exploration of atmospheric aerosol pH has not been based
on direct individual particle measurements.

• The interplay between organic and aqueous phases merits
further exploration. As noted by Freedman et al.,72 liquid
liquid phase separations exhibit pH-dependent behavior,
but little experimental data is available regarding the
activity of the H+ ion in organic matrices, only model
predictions.73 Two recent Zhang et al. papers showed that
the interplay between pH and phase had substantial
impacts on predicted SOA formation based on modeling
of flow tube results,36,74 which has subsequently been
expanded to regional air quality models to predict SOA
reduction due to core−shell morphologies.75 In addition,
the evolution of organic phases due to chemical changes,
such as for organosulfates,76 has recently highlighted our
need to understand pH evolution in individual particles.54

Further understanding as to how the interplay between

Figure 10. a) Schematic depicting the use of PCL thin film degradation for determining aerosol acidity; b) AFM 3D height image of the PCL
degradation process, the size (length × width × height) of AFM images from left to right are 7 μm × 7 μm × 51 nm, 10 μm × 10 μm × 0.2 μm, and 10
μm × 10 μm × 41 nm; and c) acid-catalyzed degradation mechanism of PCL. Note that “n” refers to the number of repeat units in the starting PCL
material and that l + m < n. Adapted with permission from ref 4. Copyright 2020 American Chemical Society.
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pH and phase further impacts SOA formation for organic
phases remains an active area of research.36

• Accounting for different phases and their viscosities
becomes even more challenging when considering that
many particles are a mixture of liquid, semisolid, and solid
phases and the aqueous component of any individual
particle will be in equilibrium between aqueous and
nonaqueous portions of the particle, as well as the gas
phase and the aqueous phase (e.g., NH3(g) and NH4

+
(aq)).

Thus, pH in multicomponent and multiphase particles
merits further investigation.

• Lastly, considerable physical chemistry work has
informed our understanding of water and pH behavior
in confined spaces and at interfaces,77−80 where proper-
ties substantially different than those observed in a
beaker-scale are found.81 As small pockets of water in
otherwise viscous organic aerosol could exhibit similar
behavior, there remain lessons to be learned and new
research directions available by exploring confined spaces
and interfaces within aerosols and their atmospheric
impacts.
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