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Abstract

Light-absorbing organic material, or “brown carbon” (BrC), can significantly influence the effect that
aerosols have on climate. Here, we investigate how changing pH affects absorption spectra of water-
soluble BrC from ambient particulate matter smaller than 2.5 pm collected in Athens, Georgia in Spring
and Fall of 2016 including samples from nearby wildfires. We find that absorption increases 10% per pH
unit from pH = 2 to pH = 12 with a broad, featureless tail at visible wavelengths where the largest
fractional increase is also observed. The resulting change in the spectral shape causes the absorption
Angstrom exponent to decrease by 0.18 per unit increase in pH. Similar behavior with humic substances
suggests that they and BrC share a common link between pH and absorption, which we propose could be
a consequence of conformational changes in supramolecular assemblies thought to exist in humic
substances. Specifically, we hypothesize that a wider variety and larger number of absorbing charge
transfer complexes are formed as functional groups in these molecules, such as carboxylic acid and
phenol moieties, become deprotonated. These findings suggest that: 1) the pH of ambient particulate
matter samples should be measured or controlled, and 2) radiative forcing by BrC aerosols could be

overestimated if their pH dependent BrC absorption is not accounted for in models.
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1. Introduction

Atmospheric aerosols affect radiative forcing both directly through their interaction with sunlight
as well as indirectly through their influence on clouds. It is clear that black carbon (BC) particles are very
efficient absorbers of solar radiation, with some evaluations suggesting that its impact on radiative forcing
is second only to carbon dioxide among anthropogenic forcing agents." However, the role of organic
carbon (OC) is much less well understood, and many climate models ignore light absorption by this
fraction even though it has recently become clear that some OC does absorb light. This light-absorbing
fraction, sometimes called “brown carbon” (BrC), generally has an absorption spectrum that varies much
more strongly with wavelength than BC does. As a consequence, BrC is not believed to contribute
substantially to aerosol absorption past 500 nm, though at UV wavelengths it can be comparable to BC>

and can decrease OH production by up to 30%.’

There is substantial evidence that this BrC can originate from biomass burning,*® and many
laboratory studies have also elucidated mechanisms for the creation of light-absorbing organic species

12 and the

from aqueous reactions of small ketones and aldehydes with amines and ammonium salts
formation of N-heterocycles13 , amines," and secondary imines (Schiff bases).” However, the
identification of specific chromophores in samples of ambient particulate matter has proven difficult, as

116

discussed by Laskin et al.” and references therein. Some studies have isolated nitrophenols as an

important class of chromophores, though these have only accounted for 4% of measured BrC

absorption.'”"

Lin et al. were able to attribute as much as 25% of solvent-extractable absorption to
nitrophenols and their derivatives and another 25% to PAH derivatives in particulate matter collected
from controlled combustion of various biofuels,” and Desyaterik et al. attributed 48% of absorption in
collected cloud water samples impacted by biomass burning to a collection of nitrophenols and aromatic

carbonyls.'” Phillips and Smith have also found that as much as 50% of water-extracted BrC absorption

from ambient samples can be attributed to charge transfer complexes formed through the interaction
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between aromatic carbonyl species and phenolic species®' in analogy to terrestrial and aquatic humic

22,23
substances.™

Without a more complete molecular characterization of the organic molecules constituting BrC, it
is difficult to predict how its absorption spectrum might evolve in the atmosphere. For example, it may
change as the particles photochemically age, the chromophores photobleach, the identities and
concentrations of inorganic salts in the particles change, or the pH of the particles changes. The effect of
pH, in particular, could be important as it is known to influence the physical and optical properties of

24-29

humic substances, which some fractions of ambient aerosol are known to resemble.* Despite the fact

31-35

that estimates of aerosol pH vary from 0 to 9 in atmospheric particles, the effect of pH changes on

BrC absorption has not been studied very much at all, and most studies do not measure, much less

control, the pH of solvent-extracted filter samples. Lee et al.*

did find an increase in absorption with
increasing pH of water extracts of laboratory-generated naphthalene secondary organic aerosols, which
they attributed to deprotonation of nitrophenols. Phillips and Smith*” demonstrated a similar increase for
water-extracted ambient particulate matter noting the similarities with humic substances.” Likewise,
Teich et al.”’ very recently reported a 60% increase in 370 nm absorption of water-soluble ambient filter
extracts when pH increased from 2 to 10, but there is no indication of how pH affects absorption at other

wavelengths or pH values, and no physicochemical explanation for the effect was offered. In none of

these studies was the role of pH the central focus.

Here, we systematically examine the effect of changing pH on the magnitude and spectral shape
of UV-visible absorption by water-soluble ambient brown carbon. We draw on observed similarities with
the pH dependent absorption of humic substances to motivate a few plausible explanations including a
link between structural changes induced by changing pH and observed absorption changes. We also
explore the potential impacts of the pH dependence for the climate through simplified estimates of

radiative forcing efficiency.
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2. Materials and Methods
2.1 Aerosol and fulvic acid samples

Ambient aerosols were collected out of a window in the Chemistry Building at the University of
Georgia (~20 m above ground level) in Athens, Georgia (33.9488°N, 83.3747°W), during the months of

April, August, September, October, and November of 2016, including five days when the air quality in
Athens, GA was heavily impacted by nearby forest fires burning over 100,000 acres across the
Southeastern United States.®® A total of 15 samples (10 baseline ambient, five wildfire) were collected on
47 mm diameter polytetrafluoroethylene (PTFE, Teflon) filters (0.2 um pore size, Sterlitech) at 16.7
L/min. for separate periods ranging from 24 hours to 168 hours (7 hours - 48 hours for days influenced by
the wildfires). Details of the individual samples are given in Table S1 in the Supplementary Information.
The baseline ambient samples represent those collected on days for which no visible smoke was evident
and when few wildfires were active in the Southeast U.S. according to Moderate Resolution Imaging
Spectroradiometer (MODIS) fire count maps obtained from the NASA Earthdata Worldview website. **
The Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) *° was used to calculate
back trajectories and confirm that sampled air masses had traveled through areas containing wildfires
within 48 hours prior to sample collection. An example of a MODIS fire count map overlayed with a
HYSPLIT back trajectory map for November 10, 2016 (a sample impacted by wildfires) is given in

Figure S1 in the Supplementary Information.

A Very Sharp Cut Cyclone inlet (BGI, Inc.) with a stated dso of 2.5 pm and a sharpness value
((d1¢/dss)” ) of 1.16 at a flow rate of 16.7 L/min. was employed to size select for PM2.5 particles. Water-
soluble organic species were extracted, similarly to Hecobian et al.,*' by sonication of the filter for 20 min
in 10 mL of Milli-Q water (<18.2 MQ-cm). Extracted solutions were filtered using a 13 mm, 0.45 pm
PTFE disposable syringe filter (VWR 28145-493). Suwannee River Fulvic Acid (SRFA) was purchased
from the International Humic Substances Society and used without further purification or treatment.

Solutions of SRFA in Milli-Q water were made at concentrations of 5 mg/L and 50 mg/L.



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

2.2 pH measurement and adjustment

The pH of each aqueous sample was measured using a pH meter (Omega, PHH222) with a gel-
filled electrode (Omega, PHE-1332), which were calibrated daily with buffer solutions of pH = 4.01,
7.00, and 10.01. The initial pH of the baseline ambient samples taken before any adjustments were made
was 4.20 (£ 0.38), while the initial pH of the wildfire samples was 4.55 (= 0.41). The initial pH of the

SRFA samples was 3.90. The pH was continuously monitored in the 1 cm cuvette during titration.

The pH of extracts in the cuvette was adjusted through the addition of 1-5 pl of HCI or NaOH
solutions of 0.01, 0.1, or 1 M concentration using a micropipette. To minimize hysteresis effects*** the
solution pH was cycled between 2 and 11 prior to analysis. The pH was adjusted in increments of
approximately one pH unit in both the forward (increasing pH) and the backward (decreasing pH)

directions, and the aqueous solutions were stirred continuously using a small magnetic stir bar.
2.3 Measurement of UV-visible spectra

UV-visible absorption spectra (200 — 800 nm) of the aqueous extracts were measured on a Cary
60 UV—vis spectrophotometer (Agilent). The absorption spectra were fit to a power law function over the

range 300-500 nm according to:
A(A)=a-2 M (1)

where A is absorbance, a is a scaling constant, and AAE is the Absorption Angstrom Exponent, which

describes the wavelength dependence.

3. Results

3.1 Water-soluble BrC absorption increases at all wavelengths with increasing pH
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The absorption spectra of water-soluble (WS) BrC (Figure 1) exhibit featureless, near-exponential
shapes. There is a clear increase in absorption at all wavelengths as pH increases, yet the shapes of the
spectra remain largely the same. Specifically, they all display a power law dependence on wavelength
(Equation 1) for wavelengths greater than 300 nm, as illustrated by the linearly decaying absorption
displayed on the log-log plot in the inset to Figure 1. The systematic increase in absorption with pH is
more clearly evident in the plot of normalized integrated absorption (300-500 nm) vs. pH in Figure 2.
Here, the integrated absorption of each spectrum has been normalized to the value at pH = 2 for the
respective filter sample. For filters for which no measurement was made at pH = 2, we interpolated or
extrapolated to pH = 2 from values at nearby pH’s. This normalization allows the general trend of
absorption with pH to be compared regardless of filter-to-filter variability in absorbance intensity and
chromophore concentrations. On average, an increase of one unit in pH results in a 10% increase in
integrated absorption. However, the samples clearly fall into two groups, with one showing a more
pronounced pH dependence (with a 13% increase per pH unit) and the other a smaller one (with a 8%
increase per pH unit), and in fact these slopes are statistically different at the p < 0.01 level. These groups
may represent particles from different sources or of different photochemical age, but without chemical

markers it is difficult to know.

Interestingly, we found that the magnitude of absorption from the wildfire samples also increased
with pH (orange open circles in Figure 2) with a dependence resembling the upper group of baseline
ambient samples (blue squares in Figure 2) that were not influenced by wildfire events (as determined
from MODIS fire counts and HYSPLIT back trajectory calculations). The similarity hints at a possible
correlation, perhaps indicating that some of what we have classified as baseline ambient samples might
have originated from wildfire events further away, though we stress that this is very speculative. The
spectra from the wildfire samples (Figure S2) are not fit well by a power law function, however, and
demonstrate spectral features not evident in the baseline ambient samples. Also of note, the pH

dependence of SRFA spectra (gray open triangles in Figure 2) is similar to the lower group of ambient
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samples (green squares in Figure 2) suggesting a potential resemblance between these samples and humic
substances. The increase in absorption with pH observed in all samples suggests that this might be a

feature common to ambient WS BrC spanning a wide range of sources and photochemical age.
3.2 Effect of pH on absorption is a function of wavelength

While increasing pH increases WS BrC absorption at all wavelengths, the magnitude of this
increase was found to be a function of wavelength. Specifically, absorption at longer wavelengths
increases proportionately more than at shorter wavelengths. This trend is clear in Figure 3a in which the
ratio of the average absorption at pH = 5, 7, and 10 relative to absorption at pH = 2 is plotted. The
calculated ratio gets rather noisy at about 500 nm since the WS BrC spectra are very close to the detection
limit at this point. By way of comparison, Teich et al. report an increase in BrC absorption at 370 nm by
a factor of 1.6 in going from pH = 2 to pH = 10 in Germany;’’ here, we observe an increase by a factor of
2.0 at the same wavelength. The spectra of the SRFA demonstrate a very similar dependence on pH and
wavelength (Figure 3b), but with the larger signal-to-noise the trend is seen to persist to wavelengths up
to at least 700 nm. Previous work with SRFA and other humic and fulvic substances have also reported

. . . . . . 44.45
more pronounced increase in absorption with increasing pH at longer wavelengths.™

The absorption ratio for both the WS BrC and the SRFA samples never falls below a value of
unity as would be expected if chromophores were removed due to deprotonation. For example, the 350
nm absorption peak of 4-nitrocatechol, a chromophore sometimes attributed to BrC,'****" disappears as
pH is raised above its first pKa of 6.65* while another peak at 425 nm, corresponding to the deprotonated
form, appears (see Figure S3). Any similar shifts in absorption occurring in the WS BrC samples would
have to be coincidentally compensated for by shifts associated with other chromophores to explain the
increase observed at all wavelengths. The unlikeliness of this coincidence occurring in all samples
suggests the existence of some other pH-dependent mechanism that affects the whole host of
chromophores. One such potential explanation involves the alteration of supramolecular assemblies of

49,50

molecules and is discussed in more detail in section 4.
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The wavelength dependence of the pH effect on absorption results in a subtle yet measurable
effect on the shape of the spectrum. As illustrated by the linear trends in the log-transformed spectra
shown in the Figure 1 inset, a power law function fits the spectra well, though the corresponding AAE
(reflected by the slope) does change. This trend is apparent in Figure 4 in which the AAE values from the
power law fits are plotted as a function of pH. Each sample exhibits this decrease in AAE individually
(shown in Figure S4), and on average the AAE decreases by 0.18 per unit pH increase. This systematic
relationship between AAE and pH is also observed with the SRFA samples, which demonstrate a similar
decrease of 0.16 per unit increase in pH, though the AAE’s are on average 8% lower than for the WS
BrC. This similarity in the pH dependence of the spectral shapes further supports a common underlying

chemical explanation.
3.3 Difference spectra reveal absorption features accompanying pH increase

To better resolve changes in spectral features associated with changing pH, we used difference

absorbance spectroscopy (DAS). The DAS spectrum is calculated according to the equation:
AAPH(;L):APH(A)_APH_W()L) )

where AAPH(/I) is the difference between the absorbance, A , at a particular value of pH and at a

reference pH, pH ref. Here, pH ref was chosen to be pH = 2, the lowest pH studied. Because DAS
isolates differences in absorbance spectra, it is useful for detecting subtle changes accompanying
changing physicochemical conditions; for example, it has been employed to investigate how absorption
by humic and fulvic substances and dissolved organic matter are affected by pH.**>' That work has
identified different DAS spectra at low pH values (pH < 6) and at high values (pH > 7) leading to the
suggestion that the observed changes are correlated with the deprotonation of carboxylic acids at low pH
and of phenols at high pH. These functional groups have previously been identified as being prevalent in

humic and fulvic substances with effective pKa’s of 2.0 — 3.8 and 7.2 — 10.9 for carboxylic acids and
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phenols, respectively.” Similarly, carboxylic acids have been found to account for 10% — 40% of organic
particulate matter from a variety of sources™ and phenols arise from lignin burning and have been

identified in ambient and biomass burning aerosols.'>'®***

The average DAS spectra (Figure 5) were calculated by first normalizing each individual DAS
spectrum to the value at 370 nm and pH = 11; this was necessary to account for differences in magnitude
of absorption from day to day amongst the samples. These DAS spectra reflect the increase in overall
absorption with increasing pH observed in the spectra (Figure 1), but they also make it possible to
identify specific bands that appear and grow as pH increases such as the peaks near 260 nm and 300 nm.
It is possible that the peak at 260 nm could arise from aromatic species, which are known constituents of
humic substances and humic-like substances in particulate matter,’® and absorb near this wavelength. For
example, benzene and many substituted benzene species have absorption peaks in the 250 nm — 270 nm
range.”® Likewise, the peak near 300 nm could originate from phenolate anions created from the
deprotonation of phenol and substituted phenols; for example, the phenol absorption peak shifts from 270
nm to 287 nm upon deprotonation.’® The 300 nm peak can be seen to grow in intensity relative to the 260
nm peak at pH = 7 and higher, precisely in the range of pKa’s found for phenols in fulvic acids (pKa =

7.2-10.9 .

The DAS spectra in Figure 5 also display what appears to be a broad continuum at wavelengths
longer than 350 nm. This band decreases monotonically with increasing wavelength while the magnitude
of absorption increases with pH at all wavelengths. Even more intriguing, this band looks nearly identical
for all pH values when normalized to the value at 370 nm at each pH (Figure 6a). Such normalization
makes it possible to view the spectral changes at different wavelengths relative to one another despite the
different magnitudes in the DAS spectrum at different pH values. It is clear that the shape of the
difference spectrum, that is how much absorption increases with pH as a function of wavelength, does not
change over the wide range of pH’s from pH = 3 to pH = 11. By contrast, the relative magnitudes of the

peaks near 250 nm and 290 nm decrease dramatically with increasing pH. This behavior indicates that
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there is something about the increasing pH that systematically increases absorption at A > 350 nm in a
similar manner whether pH increases from 2 to 3 or from 2 to 11. This behavior is not consistent with a
simple model of a superposition of chromophores that are deprotonated at successively higher pH values
since that would involve a decrease in absorption by the chromophore at some wavelength accompanying
an increase in absorption by the deprotonated form at another. In fact, no decrease is observed at any
wavelengths over the entire range from 225 nm to 525 nm. Interestingly, the very same behavior is
observed at wavelengths longer than 350 nm in the normalized DAS spectra of SRFA (Figure 6b). For
both systems to demonstrate such a response to pH simply because of deprotonation of a superposition of
many chromophores would have to be highly coincidental. Instead, we interpret the similarity as further
support for a common explanation in which the increased absorption with increasing pH by both ambient
BrC and SRFA is attributed to a structural alteration of the aggregation of organic molecules. We discuss

this hypothesis in more detail in section 4.

4. Discussion

The systematic absorption increase with increasing pH observed in all ambient samples, including those
affected by wildfires, as well as humic substances, suggests an underlying chemical cause linked to
deprotonation. Elucidating this cause could be important for understanding how BrC absorption changes
as particle composition evolves in the atmosphere, how to compare disparate BrC measurements made at
a variety of sites with different sampling approaches and under different conditions, and how radiative
transfer in the atmosphere is sensitive to the pH of particles. Despite the clear link between pH and BrC
absorption, however, there is relatively little known about the chemical nature of this link. We believe
that there are likely several explanations for why absorption increases with increasing pH, including both
direct deprotonation of chromophores as well indirect modification of chromophores through structural

changes of molecular assemblies accompanying deprotonation. We discuss each of these below.
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4.1 Direct effects of deprotonation on chromophores: Substituted nitro-aromatics and phenols

There is growing evidence that nitro-aromatic and substituted nitro-aromatic species are important
chromophores in BrC'® (and references therein), especially since they are some of only a few classes of
molecules that absorb significantly into the visible region of the spectrum. The absorption spectra of
substituted nitro-aromatic species tend to shift to longer wavelengths upon deprotonation®® and could
explain some of the apparent increased absorption at longer wavelengths. For example, we show in
Figure S3 the absorption spectrum of 4-nitrocatechol with a peak at 350 nm at pH = 5 that decreases in
intensity as pH is raised and is replaced by one at 425 nm at pH = 10. Such a shift, however, could only
explain part of the observed change because nitrophenols are thought to account for only 4% of BrC

absorption in ambient aerosols.'™"’

Even if they were to constitute a larger fraction of absorption, their
behavior with changing pH is inconsistent with our observations. Specifically, there is no decrease in
absorbance observed at shorter wavelengths as would be expected if such substituted nitro-aromatic
species were replaced by their deprotonated analogs. What is more, these species generally don’t absorb
at wavelengths as long as 500 nm and therefore could not explain the increase in BrC absorption observed
there. There would also need to be an unlikely coincidental superposition of many of these absorption
spectra to account for the observed BrC spectra and their response to pH changes. So, while some of the

pH dependence could be attributed to nitro-aromatic species, it is clear that other chromophores must

contribute as well.

The difference absorption spectra (Figure 5) show a clear emergence of a peak near 300 nm as pH
increases, which may correspond to the known absorption band of phenolate and alkyl-substituted
phenolate anions in the 285 — 293 nm range.”” What is more, this band appears at pH’s in the range of
pKa’s reported for substituted phenols (4.7 — 11.6 **) and apparent pKa values attributed to phenolic

groups in fulvic acids (7.2 — 10.9 ). It seems likely, given the existence of phenols and phenol groups in

59,60 61,62

. 13,16,54,55 1.: : :
ambient aerosols, ™ ™" biomass pyrolysis products, and humic substances, that some of the

increase observed in the UV region of the spectra could be attributed to the conversion of phenols to
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phenolate anions. However, the absorption increase at longer, visible wavelengths as well as at lower pH

values cannot be attributed directly to phenol deprotonation.23

It is also possible that phenolate anions formed at alkaline pH’s contribute to increased visible absorption
through their participation in charge transfer complexes. >* These complexes occur through a transfer of
charge from a donor group, such as a phenol, to an acceptor group, such as an aromatic carbonyl, and give
rise to electronic transitions with energies different than those of the transitions of the individual
constituent groups. Many different charge transfer complexes can be formed with a near-continuum of

transition energies, and there is evidence that they can account for a substantial fraction of the visible

20,21 22,63

absorption in both ambient particulate matter and humic substances. As pH increases, phenolate
anions, with lower ionization potentials than corresponding phenols®, could act as better electron donors
giving rise to both stronger absorption bands as well as bands at longer wavelengths.” This effect,
however, cannot account for the observed increase in visible absorption at lower pH’s (Figures 1 and 5)

where phenols are not deprotonated, though we do point out that deprotonation of substituted aromatic

carboxylic acids could play a role at lower pH values.
4.2 Indirect effect of deprotonation on chromophores: Conformational changes

There are many similarities, both chemical and optical, between WS BrC and humic substances.’® Both
can contain molecules that are polyacidic with similar functional groups and moieties, including
polycyclic ring structures, hydroxyl, carboxyl, and carbonyl groups. They also each have absorption
spectra that are broad, featureless, and decrease in intensity with increasing wavelength, and they even

display similar fluorescence spectra.”'’

These similarities suggest that they may share common chemical
explanations for the observed increase in absorption with pH, which they also both demonstrate. While

there have been relatively few studies investigating the effect of pH on BrC, there has been substantial

research on the effect that pH has on humic substances.

It is known is that humic substances appear to adopt smaller sizes at low pH, and this has been explained
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in terms of a supramolecular assembly theory*”®

in which small molecules form aggregates that are
stabilized through a combination of hydrophobic forces and the formation of hydrogen bonds.* There is
substantial evidence in the literature from size exclusion chromatography®, fluorescence quenching,®’
TEM,® photon correlation spectroscopy,” small-angle X-ray scattering, ®* and NMR,* that humic and
fulvic acids form such aggregates. It is also believed that as pH increases the anions created repel each
other and hydrogen bonds are disrupted causing the assembly to adopt a more open configuration, which
has been observed with a variety of methods, including diffusivity measurements,”’” small angle neutron

scattering,”” turbidity,”' scanning electron microscopy,”' and dynamic light scattering.**>7*"¢

Given the many similarities between ambient organic particulate matter and humic substances, we
hypothesize that such conformational changes may be accompanying pH changes in ambient particulate
matter as well. We suggest that the increased conformational flexibility at higher pH values can
potentially influence the absorption spectrum in three ways: 1) decreased interaction between neighboring
aromatic moieties making them absorb UV light more strongly, similar to the observed increase in
absorption by DNA upon denaturation,” 2) increased flexibility of conjugated polyenes with longer
extent of conjugation leading to greater absorption at longer wavelengths,”® and 3) increased number and
diversity of charge transfer contacts that can be made between donor moieties (e.g. phenols and phenolate
ions) and acceptor moieties (e.g. aromatic ketones and aldehydes) increasing and red-shifting

absorption.***

In fact, such an alteration of “intrachromophore interactions” (e.g. charge transfer
complexes) has been suggested by Janot et al.”' to explain the observed increase in the broad absorption

band of humic substances near 370 nm with increasing pH.

While all three of these effects may be important, interaction between aromatic moieties only affects the
UV region of the spectrum and there is scant evidence for conjugated polyenes long enough to absorb
visible light in aerosols. There is evidence for absorption by charge transfer complexeszo’21 in the UV and
visible regions, however, and since these complexes are formed through local interactions between

electron-donating and electron-accepting groups, it stands to reason that as pH changes these interactions
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would be affected as well. Specifically, increasing pH could cause charge repulsion and hydrogen bond
disruption leading to a supramolecular assembly that is less conformationally constrained, which could
result in a larger number and greater diversity of charge transfer contacts. What is more, this change
could occur continuously over a wide range of pH’s, beginning at acidic conditions where carboxylic acid
groups deprotonate (whose apparent pKa’s in fulvic acids fall in the range 2 — 3.8 >%) and extending to
alkaline conditions where phenols deprotonate (whose apparent pKa’s in fulvic acids fall in the range 7.2

~10.9 .

Such an increase in conformational flexibility would also be expected to increase the likelihood of
forming all of the different charge transfer complexes with their different absorption bands. In fact, this is
exactly what is observed in the normalized difference absorption spectra (Figure 6a) at the longer
wavelengths (A > 370 nm). Here, even as pH increases, the shape of the difference spectrum does not
change substantially. What is more, this region of the spectrum is precisely where Phillips and Smith
found charge transfer complexes in WS BrC to contribute the most to absorption, proportionately;*’ they
proposed a gradual transition from absorption dominated by independent chromophores at A < 300 nm to
absorption dominated by charge transfer complexes at A > 370 nm. That model is consistent with the
uniform spectral response observed in the normalized DAS spectra of Figure 6a if increasing pH affects
all of the near-continuum of charge transfer complexes in similar ways. Such a uniform behavior would
be highly coincidental for a superposition of chromophores and would be accompanied by a decrease in

absorption at shorter wavelengths (see Figure S3, for example), which is not observed.
4.3 Atmospheric implications

The systematic increase in absorbance accompanying increases in pH could have implications for the role
BrC plays in influencing the radiative balance in the atmosphere. For example, radiative forcing by
aerosols may be overestimated in climate models if refractive index values based on measurements made
at pH = 7 are used instead of those at lower values, such as pH = 2, which is more representative of

aerosols in the Southeastern U.S. Likewise, the climate impact may vary depending on season, location,
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or particle age to the extent that pH changes with these conditions, too. To explore the potential effect of
particle pH on radiative transfer, we have calculated the simple forcing efficiency (SFE, units of W/g)
using the formulation of Chen and Bond,’ (details given in Appendix 1 in the Supporting Information)

which is commonly used to estimate climate impacts associated with changing particle properties.g’77

We investigated three possible scenarios involving a mixture of black carbon and organic matter (in a
1:10 mass ratio): 1) an external mixture consisting of separate black carbon and organic carbon particles,
2) an internal mixture consisting of particles containing a black carbon core coated with organic carbon,
and 3) a combination of both internally mixed and externally mixed particles with 50% of the organic
mass in each type of particle. For each of these, we set the value of the imaginary part of the refractive
index, koa (550 nm), at pH = 2 to either 0.001 (low BrC absorption) or 0.010 (high BrC absorption).
These values were chosen to represent a range of possible values for organic particulate material
consistent with recent measurements, though we point out that substantial uncertainty remains regarding
them.® And, since these values are used for all of the organic material, both BrC and non-absorbing, they
are best thought of as effective refractive index values. The value of kos was parameterized as a function
of both wavelength and pH based on the results of this study (details given in Appendix 2 in the

Supporting Information).

Figure 7 shows the percentage increase in SFE calculated for the various scenarios as a function of pH. In
all cases SFE increases with pH with the most pronounced effects occurring for completely externally
mixed particles, which may be more representative of freshly emitted aerosols that haven’t yet mixed
internally. Such a case could represent newly formed aerosols near biomass burning sources, for
example.” Clearly, the magnitude of the pH effect is influenced by the magnitude of absorption by the
organic fraction, too. Thus, the influence of pH may be more pronounced in particles containing more
highly absorbing, extremely low volatility organic compounds (ELVOC’s) and thus might be a function
of combustion conditions.® Figure 7 also illustrates that if pH is not accounted for in making bulk aerosol

measurements, the impact of BrC absorption on SFE can be overestimated; for example, measurements
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made at pH = 7 overestimate SFE by 5% - 49% (depending on koa(550 nm) and mixing state) compared
to pH = 2, a value more representative of ambient aerosol in the Southeast U.S. based on thermodynamic
modeling.*® Thus, to the extent that aerosol pH may change in the atmosphere or may vary from sample to

sample, its impact on aerosol absorption and radiative forcing should be considered.
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back trajectory map for sample impacted by wildfires, November 10, 2016 (Figure S1); Absorbance
spectra of wildfire samples (Figure S2) and 4-nitrocatechol (Figure S3); Absorption Angstrdm exponent
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charge via the Internet at http://pubs.acs.org.
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Figure Captions

Figure 1. Averaged absorbance spectra as a function of pH for the baseline ambient samples. Each
spectrum is normalized to the value at 225 nm and pH = 11 for that sample. The linearity of the log-

transformed spectra (inset) indicates quality of fit to a power law function.

Figure 2. Integrated absorbance (300-500 nm) normalized to values at pH = 2 as a function of pH.
Baseline ambient samples separate into two groups (blue and green squares), one of which resembles the

SRFA samples (gray triangles), while the other resembles the wildfire samples (orange circles).

Figure 3. Ratio of absorbance at pH = 5 (orange), pH = 7 (purple), and pH = 10 (green) relative to pH =2

as a function of wavelength for: (a) baseline ambient samples, and (b) SRFA samples.

Figure 4. Absorption Angstrdm exponent as a function of pH for baseline ambient (blue squares) and

SRFA (gray triangles) samples.

Figure 5. Average difference absorption spectra of baseline ambient samples for pH = 3-11 relative to pH
= 2 displaying the emergence of spectral features near 260 nm and 300 nm as well as a long wavelength

tail. Each sample was normalized to the value at 370 nm and pH = 11.

Figure 6. Normalized difference absorption spectra for pH = 3-11 relative to pH = 2 for (a) ambient and
(b) SRFA samples. Each spectrum is normalized to the absorbance at 370 nm to allow relative changes in
absorbance to be identified more clearly. Strikingly, the long wavelength tail (A > 370 nm) is remarkably

similar at all pH values and for both ambient and SRFA samples.

Figure 7. Calculated increase in estimated simple forcing efficiency (SFE) as a function of pH for weakly-
and strongly-absorbing organic particulate matter (blue and red points, respectively). Three different
mixing states with black carbon are assumed: externally mixed (circles), internally mixed (triangles), and
50:50 in which half the organic matter is internally mixed with black carbon and the other half is

externally mixed.
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Appendix 1. Details of the simplified forcing efficiency (SFE) calculations.

The SFE was calculated at each pH value and mixing state according to the

formulation of Chen and Bond™:

soonm dSFE 800nm_1d_ST2 (1—F'C)|:2(1_as)2'ﬁ.MSC_4as.MAC}

- 300mm ), ~ J300mm 4.dp oam (81)

where as is the solar irradiance (taken from the ASTM G173-03 reference

spectrum,? Tam is the atmospheric transmission (0.79 3), F. is the cloud fraction
(0.6 9), and as is the surface albedo (0.19 3). The backscatter fraction, B, is taken
to be a constant value (0.17 4) at all wavelengths and for all particle diameters,
and MSC and MAC are the mass scattering and mass absorption cross section
of the particles, respectively. The MSC and MAC are calculated from Mie theory
for coated spheres consisting of both black carbon and organic material. The
value of koa was parameterized as a function of both wavelength and pH based

on the results of this study (see Appendix 2).

S2



Appendix 2. Details of the parameterization of koa as a function of A and pH.

The imaginary part of the refractive index for the organic aerosol component,
koa, was parameterized as a function of both A and pH according to the findings

of the present work.

The wavelength dependence of the value of koa was assumed to follow a power

law function:

w(pH)
550 ) 2)

Ko (l,pH)=k550 (pH)(—
pH

with ksso the value of koa at A = 550 nm and the exponent, w, describing the

wavelength dependence. Both ksso and w are functions of pH:
kssy (PH )=kss, (pH =2)-[1+0.25-(pH - 2) | (S3)

which is derived from the spectra shown in Figure 1 in the main text,

and:

w(pH)=6.16-0.17- pH (S4)

which is derived from the observed trend of AAE vs. pH (Figure 4 in the main

text) and the assumption that w = AAE - 1.4



Table S1. Summary of all samples collected and analyzed.

Air mass

oueo) R, meswn e YD
Irection
9/22-9/29 168 3.9 6.21 WNW 9
10/16-10/17 24 4 6.32 SE 9
9/29-9/30 24 4.9 6.42 NW 10
8/9-8/15 144 3.7 5.54 S 9.4
10/14-10/16 48 4.2 5.34 ENE 8.3
10/28-11/2 120 4.1 5.82 ENE 9
11/2-11/4 48 4.7 5.65 NW 7
4/27-4/30 72 4.2 5.51 WSW 9.5
10/17-10/18 24 4.1 6.02 SwW 10
10/31-11/02 48 5.9 ENE 8
11/8-11/10 47.5 4.9 N/A N 8.6
11/10-11/11 24 4.3 N/A NW 3.8
11/11 7 4.9 N/A NW 3.8
11/14-11/15 25 N/A WNW 2
11/15-11/16 24.5 4.1 N/A NW 4

Samples classified as “wildfire” samples from MODIS fire counts and HYSPLIT
back trajectory calculations are indicated in italics. Air mass source direction
was determined from HYSPLIT back trajectory calculations. Visibility was taken
from https:/www.wunderground.com.
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Figure S1. Map of overlaid MODIS fire counts (red dots) and calculated
HYSPLIT back trajectories (50 m, red line; 250 m, blue line; 500 m, green line) for
air mass sampled at Athens, GA on November 10, 2016. The other designated
wildfire samples also show sampled air masses traveled through regions
impacted by wildfires. (Map data: Google, IBCAO Data SIO, NOAA, U.S. Navy,
NGA, GEBCO Landsat/Copernicus).
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Figure S2. Averaged absorbance spectra of ambient Athens, GA samples
affected by wildfires (November, 2016). The spectra are not fit by a power law
function as well as the baseline ambient spectra are.
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Figure S3. Absorbance spectra of a 50 mg/L aqueous 4-nitrocatechol solution
atpH =5, pH =7, and pH = 10. The peak at 430 nm present at pH =7 and pH =
10 corresponds to the deprotonated phenolate form.
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Figure S4. Absorption Angstrém exponent (AAE) as a function of pH for
individual baseline ambient Athens, GA filter samples. All samples show a
similar trend of decreasing AAE with increasing pH.
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