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ABSTRACT: Brown carbon (BrC) contributes substantially to light absorption
by atmospheric aerosols, which represents a key uncertainty in estimates of aerosol
radiative forcing. Among its diverse constituents, imine BrC formed from aqueous
reactions between glyoxal and nitrogen-containing species is of widespread
interest. We report sensitive measurements of particle size-resolved optical cross
sections, associated retrievals of complex refractive indices (m = n + ik), and
effective density measurements for imine BrC aerosols generated from aqueous
solutions containing glyoxal and nitrogen species across a wide pH range. An
Aerodynamic Aerosol Classifier was coupled with cavity ring-down and
photoacoustic spectroscopy to measure extinction and absorption cross sections
at the short-visible wavelength of 405 nm, enabling retrievals of n and k with high
precision and accuracy while eliminating multiply charged particle artifacts that impair more common mobility-based approaches.
Detectable light absorption was observed under basic conditions (pH = 9.5) only, yielding values of k in the range 0.0016—0.0018
and n of ~1.50, demonstrating that imine BrC may contribute modest absorption at short-visible wavelengths. Meanwhile, aerosols
generated from aqueous solutions under acidic and near-neutral conditions were nonabsorbing (k < 107*). Comparison with bulk
UV/vis absorption spectra indicates that aerosolization and drying enhanced chromophore formation under basic conditions, likely
through the supersaturation of dissolved reacting solutes in drying aqueous aerosol droplets. Measured values for effective particle
density were consistent with the formation of partially oligomerized glyoxal hydrates.
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1. INTRODUCTION BrC contributes substantially to atmospheric light absorp-
tion, accounting for 15—50% of total absorption across the
atmosphere, snow, and sea ice.”””'* Estimates of BrC radiative
forcing vary by a factor of ~ 15, from approximately 0.04 to
0.57 W m™%">"? This large variation derives from uncertainties
in BrC optical properties, and how these evolve over particle
lifetime.'"> BrC species found in the atmosphere include
polyaromatic hydrocarbons, oligomerized aldehydes, nitro-
aromatics, and imines. This work focuses on imines, which
form in the aqueous phase through the reaction of nitrogen-
containing species (such as NH;, (NH,),SO,, and amines)
with dicarbonyl species, particularly glyoxal and methylglyox-
al."*™"" Glyoxal and methylglyoxal are estimated to have
atmospheric production rates of 45 Tg annum ™' and 140 Tg
annum™!, respectively, with the oxidation of isoprene (a
species of biogenic origin) contributing to 47% of glyoxal and
79% of methylglyoxal loadings globally.'® The produced imines

Aerosols exert a net cooling effect on Earth’s surface
temperature, yet significant uncertainties persist in quantifying
their precise contributions to radiative forcing including from
aerosol-radiation interactions." These uncertainties are espe-
cially pronounced for light-absorbing particles, which represent
one of the largest sources of uncertainty in projecting climate.
Progress toward reducing these uncertainties requires new
accurate and precise measurements of the optical properties for
these light-absorbing aerosol particles.

Patterson and McMahon identified distinct optical proper-
ties between aerosols emitted during flaming and smoldering
phases of biomass combustion.” Flaming-phase emissions
produced black particles with a strong visible-spectrum
absorption and weak wavelength dependence, while smolder-
ing-phase emissions yielded light-brown particles with
significant wavelength-dependent absorption. Mukai and
Ambe detected atmospheric brown particles hypothesized to

originate from smoldering vegetation.” These findings Received: December 19, 2025
contributed to the conceptualization of brown carbon Revised:  February 5, 2026
(BrC).4 BrC is now recognized as a class of organic aerosols Accepted: February 6, 2026

characterized by weak light absorption at mid- to long-visible Published: February 12, 2026

wavelengths but sharply increasing absorption toward short-
visible and ultraviolet (UV) regions.4_8
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are diverse in composition and principal components are
imidazole and its derivatives,"*™"” particularly imidazole-2-
carboxaldehyde.'” The rates of imine formation are slow in
laboratory experiments on bulk solutions, with reaction time
scales of ~ weeks and require high reactant concentrations on
the order of ~ 1 M.'™" However, imine formation may
proceed with enhanced rates when these reactions occur in
aerosols compared to reactions in macroscopic bulk solutions,
likely driven by the ability of aerosols to access metastable
supersaturated solute concentration states as water is removed
during humidity cycling (e.g, cloud processing), with such
concentrations inaccessible in bulk solutions."**’ Laboratory
studies also show that the reactive uptake of glyoxal vapor on
ammonium sulfate aerosol particle surfaces occurs on time
scales of minutes.”'~** This surface-mediated formation of
imines becomes an important pathway in aerosols given their
high surface-to-volume-ratios. Teich et al. analyzed environ-
mental aerosol samples and identified various imidazole species
at concentrations in the range 0.2—14 ng m=%

Quantifying the radiative forcing of BrC requires accurate
descriptions of its complex refractive index (m = n + ik). The
real component of the refractive index (n) specifies the phase
speed of light in a material, while the imaginary component (k)
characterizes light absorption by the material comprising an
aerosol particle.”® The values for m are key determinants of the
extinction (o,,,), scattering (0..,), and absorption (6,) cross
sections of a particle, which are described accurately by
Lorenz-Mie theory for spherical homogeneous particles.””*"
These cross sections are critical for calculating properties such
as single-scattering albedo that are input to radiative forcing
calculations.””*"

Values for n and k may be determined for aerosol particles
by comparing measurements of their optical cross sections to
Lorenz-Mie theory calculations. Aerosol refractive indices have
been retrieved from such comparisons with extinction cross
sections, with aerosol extinction measured using cavity ring-
down spectroscopy (CRDS).'”****7** Although CRDS
provides sensitive measurements of aerosol extinction cross
sections, extinction-only retrievals of # and k suffer from high
levels of uncertainties, and concurrent measurements of an
additional (absorption or scattering) cross section are needed
to reduce these uncertainties.”> Photoacoustic spectroscopy
(PAS) has emerged as a robust and accurate approach to
measuring absorption by nonvolatile aerosol particles with
submicrometer diameters.”* > Combining CRDS-measured
extinction cross sections and PAS-measured absorption cross
sections enables accurate and grecise determinations of aerosol
complex refractive indices.**”

The refractive index retrieval approach takes measurements
of cross sections at multiple values of aerosol particle size and
compares the measured size-dependent cross section distribu-
tions to those predicted by Lorenz-Mie theory. However, a
critical challenge lies in the selection and control of particle
size. Differential mobility analyzers (DMAs), used widely for
mobility-based particle size selection, introduce systematic
errors in retrieved refractive indices deriving from multiply
charged particles.” For example, Khalizov et al. reported
scattering cross sections 17—47% higher than theoretical
predictions for ammonium sulfate due to these charge
artifacts.' Although methods to minimize multiply charged
fractions exist, they often reduce aerosol particle number
concentrations thereby compromising measurement sensitivity,
and do not remove completely the multiply charged particles.
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Recent advances in aerodynamic aerosol classification offer a
new approach to the selection and control of particle size. The
aerodynamic aerosol classifier (AAC), developed by Tavakoli
and Olfert,* selects particles on their relaxation time (which is
connected directly to the particle aerodynamic diameter)
without requiring prerequisite charging of the aerosol
sample.*’ Moreover, the AAC achieves up to S-fold higher
transmission efficiency than DMAs,** enabling higher particle
concentrations and improved precision in downstream optical
measurements. We recently used the AAC to size-select dried
aerosol particles, with downstream CRDS and PAS instru-
ments characterizing their optical properties in addition to a
Scanning Mobility Particle Sizer (SMPS) and Condensation
Particle Counter (CPC) for measuring the particle mobility
size distribution. This approach was applied successfully in the
Soot Aerodynamic Size Selection for Optical properties
(SASSO) campaign to characterize the optical cross sections
and refractive indices for soot particles,"*® and we assessed
rigorously the improved precision and accuracy of aerosol
optical property measurements and associated refractive index
retrievals when using an AAC rather than a DMA.”

This work reports measurements of the complex refractive
indices for laboratory-generated imine BrC aerosols under
tightly regulated aerosol generation and measurement
conditions, using our AAC-selection approach coupled with
downstream optical and mobility particle sizing measurements.
We focus on imine BrC formed from the reaction of glyoxal
with nitrogen-containing species inside drying aerosol particles.

Zhou et al. measured concurrently the extinction and
scattering cross sections of dried imine BrC aerosol particles
generated from prereacted (for 14 days) aqueous solutions
containing glyoxal or methylglyoxal mixed with ammonium
sulfate, glycine, or dimethylamine.*” The dried particles were
size-selected using a DMA prior to measurements of their
extinction and scattering cross sections: CRDS measurements
of extinction were performed at a wavelength (1) of 532 nm
and integrating nephelometry measurements of scattering were
performed at wavelengths of 450, 525, and 635 nm that were
interpolated to 4 = 532 nm. The pH of the solutions in their
study was highly variable, ranging from 1.77 to 12.67.
Nonetheless, the retrieved values for k (4 = $32) for the
aerosols were remarkably similar, with all samples having k
values of ~ 0.04 that correspond to large levels of light
absorption at this midvisible wavelength. Such large values of k
are unexpected given that these imine BrC chromophores
exhibit absorption bands peaking at UV wavelengths <300 nm,
and the retrieved k values may have been biased high from the
correction of the nephelometry measurements to 4 = 532 nm,
inaccuracy in the required scattering truncation correction, and
the role of multiple charge artifacts from DMA selection.
Marrero-Ortiz et al. examined the refractive index of glyoxal-
and methylglyoxal- mixtures with amines, using a photo-
acoustic extinctiometer to concurrently measure extinction and
absorption for mobility-selected particles.*® They reported k (4
= 405 nm) in the range 0.002—0.010 for glyoxal-amine
mixtures, although the measured absorption cross sections are
reproduced poorly by their best-fit calculations.

Here, we report measurements on imine BrC samples similar
to those analyzed by Jansen and Tolbert,"> with our work
providing measurements of the complex refractive index of the
generated particles that were not reported in this previous
study. Jansen and Tolbert measured the optical properties of
imine BrC aerosol particles generated from prereacted aqueous

https://doi.org/10.1021/acsearthspacechem.5c00392
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Table 1. Initial Chemical Concentrations (mol dm™3, M) of Vial A, E, and K*

(NH,),S0, NH, H,S0, Na,S0,
A 0.501 0515
E 0.500 0.501
K 0.999 1.000

glyoxal PHeeshconc PHfeesh,ail PHagedcone PHagedai
1.004 0.5 1.9 0.7 1.9
1.004 3.1 3.7 2.4 3.3
1.001 9.5 9.3 5.9 5.7

“The pH values measured for the initial fresh (denoted with a subscript ‘fresh’) and aged (denoted with a subscript ‘aged’) solutions before
(prmh’m“c and pHaged,cmc) and after dilution (prresh,dﬂ and pHagedydﬂ) are tabulated.

solutions containing glyoxal and either ammonium sulfate or
ammonia.'> The aqueous precursor solutions contained
dissolved glyoxal and different amounts of ammonium,
ammonia, sulfuric acid, and sodium sulfate and were left for
3—4 months to react. CRDS and PAS were used to
characterize the optical properties of the dried aerosol particles
at spectroscopic wavelengths of 405 and 532 nm. Prior to
spectroscopic characterization, the aerosol ensembles were not
size-selected, and instead the full distributions were passed to
CRDS and PAS spectrometers and an SMPS. Consequently,
measurements of aerosol optical properties relied on
quantifying a mass absorption cross section rather than
refractive indices that represent better, intensive metrics for
optical properties. For aerosol particles generated from these
solutions, those with a pH of ~ 4 demonstrated the smallest
mass absorption cross sections (MAC, with values ~ 3 X 107
m® g7'), and the absorption increased regardless of whether
the initial solution from which the aerosol particles were
generated became more acidic or basic. The authors reported
the highest absorption for particles corresponding to the most
acidic (pH ~ 0.7, with MAC ~ 2.2 X 10™* m* g!) and the
most basic (pH ~ 8.4, with MAC ~ 2.7 X 107" m* g7')
solutions. To characterize refractive index, our experimental
design used an AAC upstream of our CRDS-PAS measurement
system. This approach enabled size-resolved optical cross
section measurements by segregating particles into low-
polydispersity and monomodal populations prior to analysis,
using the same analysis approach described by Lawson et al.*”
By comparing the size-dependent cross sections with
predictions from Lorenz-Mie theory calculations, we retrieved
the complex refractive indices of our aerosol particles. The
measurement approach also allows for determinations of the
effective mass densities of the sampled aerosol particles.

The following section describes our experimental methods
for analyzing bulk solution and aerosol properties. Section 3
presents analysis of our measurements on imine BrC aerosols
formed from the reactions of glyoxal with nitrogen containing
species in different pH environments. Section 4 summarizes
our work and suggests future research avenues.

2. EXPERIMENTAL METHODS

2.1. Preparation of Imine BrC Solutions

Aerosol particles were generated from imine BrC solutions with
identical compositions to those analyzed by Jansen and Tolbert."
Table 1 summarizes the molar concentrations of imine BrC solutions
that were prepared and are denoted as vial A, E, and K to match the
nomenclature used by Jansen and Tolbert. The pH of the solutions
was varied from 0.69 to 8.43 by addition of controlled amounts of
ammonia or sulfuric acid, and each solution contained 1 M glyoxal.
We prepared two sets of solutions: one set of fresh solutions were
used to generate aerosol particles immediately after preparation; a
second set of aged solutions were stored in dark conditions to limit
exposure to ambient light and left to react over the course of 1 month
prior to aerosol particle generation. The pH values for the ‘fresh’ and
‘aged’ solutions, before and after 50-fold dilution, were measured
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(with a measurement uncertainty of 0.1 units) by a pH meter
(HANNA, HI9811-S5), and referred to as pHpgedcons PHeeshdib
PHagedcono and pHygeqan to denote the pH for fresh concentrated,
fresh diluted, aged concentrated, and aged diluted solutions,
respectively. The factor of 50 dilution was performed to replicate
the sample generation procedure of Jansen and Tolbert."

2.2. UV/Vis Absorption Spectroscopy Analysis of Bulk
Solutions

UV/vis absorption spectra were measured for the fresh solutions
under 50-fold dilution. For comparison, the aged solutions were
measured for both concentrated and at 50-fold dilution. Additional
measurements for 200-fold diluted solutions were used for some aged
samples that, at 50-fold dilution, exceeded the transmission detection
limit of our UV instrument. Small aliquots of the solutions were
pipetted into 1 cm path length Hellma quartz cuvettes (100—10—46),
and their absorption spectra recorded using a UV/vis spectrometer
(Agilent, G6860A). Background spectra were recorded for the
cuvettes filled with water. The measured absorbance, A, for a solution
was converted to an imaginary refractive index spectrum, k,, using

_ 2AIn(10)

ksoln -
47l

(1)
in which 1 is the wavelength, and [ is the optical path length through
the cuvette (1 cm). kg, is connected to the imaginary refractive
indices of the individual components of the mixture via the linear
mass fraction weighting mixing rule:*’

k ()

in which ki o and ke are the imaginary refractive indices for water

soln — kHszHZO + ksolutewsolute

and solute, and wyy o and Wy, are the mass fractions of water and

solute, respectively, which are known from the measured solute
masses and dilution factors. The value for ko is <1077 and is

negligible. Moreover, the background spectrum that was subtracted
from measured spectra corresponded to that of the cuvette filled with
water, and therefore any absorption features attributed to water were
removed when calculating the spectra shown in Section 3. Therefore,
assuming ki o to be zero, kg Was calculated using

k

k _ soln

solute

()

solute

2.3. Spectroscopic Analysis of Aerosol Particles

Our method for spectroscopic analysis of aerosol particles is identical
to that described in our previous publication.”” We refer the reader to
this previous publication for a full description of the spectrometers
used and a comprehensive assessment of the accuracy and precision of
our optical cross section measurements and retrieved complex
refractive indices. Figure 1 summarizes our approach to aerosol
generation, conditioning, particle size selection, and downstream
aerosol characterization. Our experiments used CRDS and PAS to
measure the extinction and absorption coefficients, respectively, at 1 =
40S nm, with the PAS spectrometers calibrated using ozone-laden gas
samples.’*™** Combined with concurrent CPC measurements of the
particle number concentration, the ensemble-mean single-particle
extinction and absorption cross sections were determined. A novel
feature of our methodology is the use of an AAC to enable accurate
and precise characterizations of the particle size dependence to optical

https://doi.org/10.1021/acsearthspacechem.5c00392
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Figure 1. Experimental configuration used for aerosol generation,
conditioning, particle size selection, and downstream characterization
of the aerosol samples using a CRDS, PAS, SMPS, and CPC. MFC
denotes a mass flow controller, HEPA denotes a High Efficiency
Particulate Air filter.

cross sections for subsequent retrievals of aerosol particle complex
refractive indices.

Aqueous aerosol particles were generated in air using a TSI 3073
Portable Test Aerosol Generator from 50 mL volume solutions. The
aerosol-laden sample was then passed through two Cambustion
diffusion drier units to reduce the relative humidity (RH) of the
sample below 5%. The dried particles were drawn through the AAC
that selected aerosol particles on their aerodynamic diameter, prior to
the particles being interrogated using CRDS for measurements of
aerosol extinction coefficient (a,y), PAS for measurements of aerosol
absorption coefficient (a,,), and a CPC (TSI 3756) for measure-
ments of aerosol particle number concentration (V). The wavelength
of the laser for extinction and absorption measurements was 405 nm,
with separate lasers used for the CRDS and PAS spectrometers.
Combining measurements of these optical coefficients and number
concentrations, the ensemble-mean extinction (o.,) and absorption
(o,ps) cross sections were determined, by dividing the measured
coefficients ((ey/qps) by the particle number concentration:

_ Text/abs
Oext /abs — N ( 4)

The particle mobility size distributions of the AAC-selected
particles were measured by an SMPS comprised of an electrostatic
classifier (TSI 3082), a 3088 soft X-ray neutralizer, a 3081 long
differential mobility analyzer, and a CPC (TSI 3789). These
measurements of ensemble-mean cross sections and mobility size
distributions were repeated for 13 values of aerodynamic diameter
between 100 and 400 nm in 25 nm intervals, enabling character-
izations of the dependence of the optical cross sections on particle
size. The resolution parameter (R,) of the AAC, which represents the
ratio of the set aerodynamic diameter to the full width at half-
maximum of the transfer function, was set to 20.

The real and imaginary refractive index of the particles were
retrieved from the particle-size dependent measurements of the
extinction and absorption cross sections. We used trial values for the n
and k components of the refractive index and the mobility diameter
distributions measured by the SMPS as inputs to a Lorenz-Mie
calculation of the ensemble-mean extinction and absorption cross
sections. Implicitly, this Lorenz-Mie modeling approach assumes that
the sampled aerosol particles exhibit spherical shapes and
homogeneous compositions. Section 3.3 demonstrates excellent
agreement between measured and modeled optical cross sections,
validating our choice of optical modeling approach. A merit function
quantified the level of agreement between experimentally measured
and modeled cross sections across all selected aerodynamic diameters,
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and n and k were varied using a grid search algorithm to minimize the
value of the merit function. Complex refractive indices were retrieved
by simultaneously fitting the extinction and absorption data. We refer
the reader to Lawson et al. for full details of the treatment of the
mobility size distribution, and the fitting procedure used to optimize
the fit of Lorenz-Mie cross section distributions to measured values.*

3. RESULTS AND DISCUSSION

3.1. pH Measurements for Imine BrC Solutions

Figure 2 compares our measurements of imine bulk solution
pH values with those reported by Jansen and Tolbert (pHy,)

10 T T T T
a
Yl
81 /! 1
, 4
- %
7/
) | 1
5 6 v 4
7]
©
g 7
%_ 4 [ / (4 -
/
§ Q — 11
5l e @ PHiesn cone i
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Figure 2. Comparison of measured pH (including pHpgeg, cono
PHfresh,dill PHaged,cond and PHaged,di.l) with those reported by Jansen
and Tolbert (2023) (pHy,). The solid black line represents the 1:1
ratio between these two values. The dashed lines are to guide the eye
only.

for their freshly prepared concentrated solutions."> Our
measured values for pHg,g, conc compare well with pHy,, with
differences up to ~ 1 pH unit possibly caused by differences in
the calibration accuracies of the pH meters in the two studies,
the pH of the water used in solution preparation, and (in the
case of vial K) varying degrees to which ammonia evaporated
between solution preparation and pH measurement. The aged
vial K solution was considerably less basic than when freshly
prepared, attributed to evaporative loss of ammonia, while the
pH of vial A and E exhibited negligible change with aging.
Dilution by a factor of 50 had the expected effect of shifting the
pH of the solutions by a small amount toward more neutral
conditions. Jansen and Tolbert also measured the pH of
aqueous aerosol droplets generated from their solutions using
the technique from Craig et al.">>’ Briefly, aerosol particles
were impacted onto pH indicator paper immediately after
atomization at an RH of 80—84%, and photographs of the pH
paper were taken and combined with colorimetric analysis to
determine the pH. Despite a reduction in pH by up to two
units at near-neutral conditions, their results demonstrated that
the pH for the most acidic and most basic samples were nearly
identical for the bulk and aerosol samples immediately after
atomization.

3.2. UV/Vis Absorption Measurements for Imine BrC Bulk
Solutions

The absorption spectra of the aged solutions under
concentrated and 50-fold dilution conditions often demon-
strated absorbances that exceeded values of 3.2, outside of the
measurement range for our UV/vis spectrometer (Figure S1in
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the Supporting Information). Therefore, we performed
additional measurements on solutions diluted 200-fold to
provide absorbance data over the 200—800 nm wavelength
range for aged solutions. Figure 3 shows the k. spectra

—— Vial Ag, (50 dilu.)
— - Vial A, (conc.)
-+ - Vial Ay (50 dilu.) — Vial Kgeq, (50 dilu.)
-+ Vial Ayeq (200 dilu.) = = Vial K,z (conc.)
Vial Ega (50 dilu.) - - Vial Kyga (50 dilu.)
Vial Eya (conc.) + Vial K,z (200 dilu.)
0.016 T T T T T
0.0010 - T T 1
0.0008 I. 4 1
0.0006 |- 1 1
0.0004 1
0.0002 |- E

iy 0.0000 btk T i
: 400 450 500 550

400 500 600
Wavelength / nm

Vial . (50 dilu.)
Vial . (200 dilu.)

.

600 -

>

360 760 800

Figure 3. Determined wavelength-dependent imaginary component
of the refractive index of the solute, k., for vial A, E, and K, for the
50-fold diluted fresh solutions as well as aged solutions under
concentrated, 50-, and 200-fold dilution conditions.

corresponding to the solute, determined from the measured
absorbances using eqs 1 and 3. The imaginary component of
the refractive index is an intensive optical property
independent of the solute concentration in the aqueous
solution interrogated by the UV/vis spectrometer.”® Some
spectra are missing data toward higher k. values, which
arises because of the measured absorbance exceeding 3.2 as
described above. Figure 3 shows that the kg, values are
comparable for the aged solutions with different dilution
factors, as expected if the linear mass fraction mixing rule (eq
2) holds. We note that our k. calculations assumed the
same solute mass fractions added to the initial freshly prepared
aqueous solutions. However, as indicated in Figure 2 and
explored further in Section 3.4, ammonia has likely evaporated
from the vial K reaction mixtures with aging and therefore the
solute mass fractions reduced; repeating the k. calculations
under the assumption of complete evaporation of ammonia for
the aged vial K solutions leads to larger values than indicated in
Figure 3 by up to 7%. Jansen and Tolbert reported that basic
conditions favored brown carbon formation in bulk sol-
utions,™® and our results in Figure 3 show similar trends, with
kyopute for aged vial K solutions showing a considerable increase
at sub-500 nm wavelengths, indicating brown carbon
formation at the most basic conditions explored in our work.
The fresh vial K spectrum shows only slight increases in k.
at sub-350 nm wavelengths. These slight increases indicate that
the bulk reaction of glyoxal with ammonia proceeded at a rate
fast enough to produce light-absorbing imine products on the
subhour time scale between solution preparation and the UV/
vis absorption spectroscopy measurement. This observation is
consistent with those from Marracci and Murray,'* who
reported the bulk reaction formation of imine BrC in aqueous
solutions containing glyoxal and ammonium sulfate at
concentrations of 042 mol dm™ and 2.70 mol dm™3,
respectively, with detectable increases in imidazole concen-
trations after ~ 2 h using their microdroplet Raman method.
The absorption band centered at the wavelength of ~ 280 nm
is consistent with reported absorption spectra for imidazole-2-
carboxaldehyde and 4-methyl-imidazole-2-carboxaldehyde.>*
At the 405 nm wavelength pertaining to our CRDS and PAS

spectroscopy measurements, kg is negligible and less than
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10~* for the reactions occurring at pH ~ 1 (vial A) and pH ~ 3
(vial E) for both aged and fresh solutions. For the reaction
occurring under the most alkaline conditions explored, the
aged vial K solutions exhibited k. values at the 405 nm
wavelength in the range 0.0007—0.0009 and are much larger
than that for the fresh vial K solution for which k is
negligible.

solute

3.3. Optical Characterization of Imine BrC Aerosols

We characterized the optical properties of aerosol particles
generated from the diluted solutions, corresponding to vial A,
E, and K, using the approach described in Section 2.3. Optical
attenuation coefficients, particle number concentrations, and
particle mobility size distributions were recorded at each AAC-
selected diameter for 5 min. For all measurements, the
recorded light absorption coeflicient at each AAC-selected
diameter was small (<1 X 107 m™'). Indeed, Jansen and
Tolbert did not utilize size selection in their work and instead
sampled the entire aerosol plume after atomization and drying
with their CRDS and PAS spectrometers,'> possibly to enable
absorption coeflicient measurements above the sensitivity level
of their PAS instrument.

The properties of the bulk aged solutions, and the aerosol
particles generated from them, were compared to optical
measurements on aerosols generated from fresh solutions to
investigate whether the reactions to form imine BrC were
accelerated by aerosolization and whether the chromophores
in the bulk solution remained in the condensed (particle)
phase following aerosolization and drying. The fresh solutions
were used immediately after preparation to generate aerosol
particles, and we append the subscript labels ‘fresh,conc’” and
‘fresh,dil’ to indicate properties attributed to concentrated and
diluted forms of these freshly prepared solutions, respectively.
We append the subscript labels ‘aged,conc’ and ‘aged,dil’ to
properties attributed to aerosols generated from the con-
centrated and diluted forms of the ~ 1-month aged solutions,
respectively. The fresh solutions were diluted (by a factor of
50) to limit any reactions in the bulk solutions and for
consistency with the previous measurements by Jansen and
Tolbert."> The aged solutions were also diluted by a factor of
50 to enable comparisons of the determined optical properties
with those generated from the fresh solutions and allow
assessments of any reaction acceleration induced by aerosoliza-
tion and prerequisite drying prior to spectroscopic analysis.
Aerosols generated from atomization of the ~ 1-month aged
solutions in their concentrated form were also analyzed to
enable assessments of any dilution effects on solute
composition, e.g. through the impacts of dilution on bulk
solution pH that might affect molecular compositions and
chromophore concentrations.

For all data sets, Figures S2 and S3 in the Supporting
Information compare the measured extinction and absorption
cross sections with their corresponding best-fit Lorenz-Mie
theory predictions. Figure 4 shows a selection of this data,
showing the variation in the cross sections with the selected
aerodynamic diameter for the aged, concentrated solutions.
The standard deviations in the calculated cross sections were
determined through an error propagation of the standard
deviations in the measured mean optical coefficients and
number concentrations. The large standard deviations
indicated for some absorption cross sections stem from the
low absorption coefficients for those aerosol samples that have
magnitudes close to the sensitivity limit of our 405-nm PAS
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Figure 4. For the aged, concentrated solutions, the measured and
modeled optical cross sections with variation in the selected
aerodynamic diameter are compared for: (a) extinction cross sections;
(b) absorption cross sections. Open symbols denote measured values,
and filled symbols denote the best-fit cross sections from Lorenz-Mie
theory. Error bars represent one standard deviation in the measured
cross sections. Lines are to guide the eye only for the best-fit modeled
cross sections. Black, green, and blue data points correspond to vial A,
E, and K, respectively.

spectrometer. The cross section data clearly demonstrate the
high precision in the measured cross sections and low
magnitudes of the measured o,,, in comparison to those for
Oy With o, over 2 orders of magnitude larger than o,,,. The
0,5 data in Figure 4 show that statistically meaningful levels of
absorption were detected for vial K only, indicating that imine
formation is only significant for the most basic conditions
explored in this work.

Figure 5 shows the variation in the retrieved refractive
indices (also tabulated in Table S1) with pHg, cone- We opt to
show the n and k as functions of pH, conc Such that solutions
with the same starting compositions are more easily compared
and trends in # and k for vials A, E, and K with aging and
dilution are easier to visualize, but the changes in bulk solution
pH identified in Section 3.1 should be kept in mind. Aerosols
were interrogated for those corresponding to aged solutions in
both concentrated and diluted forms, and the imaginary
refractive indices from these aerosol measurements are
compared with values from our UV/vis absorption spectros-
copy analysis on bulk solutions (i.e., the values from Figure 3
that correspond to A = 405 nm). Given that the pH of the
samples were not altered appreciably by dilution (see Section
3.1), Figure S demonstrates a high level of reproducibility in
retrieved values for k for aerosol particles generated from the
aged solutions under both concentrated and 50-fold dilution
conditions. However, the retrieved n are more variable for the
Corresponding vial A (prresh,conc = 05) orE (prresh,conc = 31)
samples. The retrieved n is 1.491 and 1.546 for the aerosol
particles generated from concentrated and diluted solutions of
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refractive index for imine BrC samples as a function of pH,q, cone- The
lines are to guide the eye only. Error bars represent uncertainties of +
0.02 for n and =+ 0.0001 for k, assessed previously by Lawson et al.*

vial A, respectively, and are 1.532 and 1.482 for particles
generated from concentrated and diluted solutions of vial E,
respectively. In both cases, the causes for these differences in n
of ~ 0.05 between particles are unclear. Indeed, much of this
difference in n is reconciled by the uncertainty in the retrieved
n that was assessed previously to be + 0.02.”

Our UV/vis measurements on bulk solutions (Section 3.2)
did not observe any formation of light absorbing chromo-
phores in the visible spectrum for the vial A or E reaction
mixtures. For the aerosol particles generated from aged
solutions, we did not observe an increase in k in acidic
conditions in contrast to the observations of Jansen and
Tolbert (although we note the increase in absorption reported
by those authors at the most acidic conditions was observed
for a single repeat only),"> but non-negligible values for k are
determined for the most basic conditions studied. Considering
the aged samples of vial K (pHgeq cone = 9.5), the imaginary
refractive index from our aerosol analysis is almost twice that
determined from our bulk UV/vis measurements. This
difference in k is not reconciled by considering the
aforementioned evaporation of ammonia from the solution
(which will increase the k. value determined from our UV/
vis analysis by up to ~ 7%). Instead, the enhanced absorption
in the aerosol measurements may indicate the accelerated
formation of chromophores via aerosolization, possibly from
the enhanced concentration of reacting species as the particles
undergo drying and transition to their dried forms via
metastable states of supersaturated solute concentrations,
similar to previous observations."**° Such absorption enhance-
ment is not observed for aerosol particles generated from the
freshly prepared solutions. For these particles, the retrieved k
do not show any detectable changes with pH, conc and values
remain close to the sensitivity threshold of the retrieval and
within statistical agreement at all pH values.

Our k values at A = 405 nm are approximately 1 order of
magnitude lower than those reported by Zarzana et al. at a
much longer wavelength of 4 = 532 nm, with their k values
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ranging from 0.035 (+0.017) to 0.114 (10.037).19 However,
we caution that Zarzana and co-workers used extinction-only
retrievals from CRDS measurements of extinction for mobility-
selected particles to constrain their refractive index retrievals
for aerosol particles generated from aged BrC samples deriving
from the reactions of glyoxal or methylglyoxal with amine
precursors. Indeed, a later assessment by the same group was
instrumental in arguing for combined measurements of
extinction and absorption cross sections for refractive index
retrievals and exemplified the large errors in retrieved refractive
indices (particularly for k) from extinction-only measure-
ments.”” The extinction-only retrieval approach is in contrast
to our dual-measurement of extinction and absorption cross
sections to constrain refractive index retrievals and provides
values of up to 0.0016—0.0018. Although the k values from our
study are not directly comparable to those from Zarzana et al.
owing to differences in optical wavelength used and
compositions of reaction mixtures,'” our UV/vis spectra in
Figure 3 demonstrate the k values at 532 nm are expected to be
negligible (<107*) in comparison to those at 405 nm. Similarly,
we may compare our refractive indices with those reported by
Zhou et al., who retrieved refractive indices at A = 532 nm for
mobility-selected aerosol particles,”’ that were generated from
aqueous solutions containing 1:1 molar ratios of glyoxal and
ammonium sulfate at a pH of ~ 2.4—3.1, using extinction and
scattering cross section measurements. The authors reported
unexpectedly large and consistent k values of 0.035, at a
wavelength for which negligible light absorption is expected for
these imine chromophores. Section 1 discusses that these
anomalously large values of k may be associated with the
wavelength and/or truncation correction scheme required for
the authors measurements, in addition to the effects of
multiple charge artifacts stemming from use of mobility
selection.

3.4. Effective Densities for Imine BrC Aerosols

We determined the effective densities (p.) of our generated
aerosol particles by measuring their mobility diameters (d,,)
after selection on their aerodynamic diameter (d,.). For
spherical and homogeneous particles, the relationship of these
two distinct diameter metrics to effective density is given by

dazecc( dae)

=P, s)

in which C, is Cunningham slip correction factor (which is a
function of diameter) and p, is the unit density (1 g cm™).
Our determination of particle density using this approach is
analogous to that used in our previous work.’”*> We control
the values of d,, via size selection with the AAC to values
ranging from 100 to 400 nm in 25 nm intervals. The values of
d,. that were input to the AAC user interface were corrected by
applyin§ a multiplicative calibration coefficient of 0.954 =+
0.011.* The d,, values were determined from SMPS analysis of
the particle mobility diameter distribution, from which the
median values of d, for the singly charged fraction of the
mobility diameter distribution were ascertained by fitting a
bimodal log-normal distribution to the measured mobility
diameter distribution. Figure S4 shows the regressions of our
measurement data, performing a linear regression (forced
through the origin) of d2.C.(d,.) versus d%C.(d,,) with the
indicated slopes providing the values of p.. This regression
analysis used the parametrization of the Cunningham slip
correction factor reported by Kim and co-workers.”
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Figure 6 shows the variation in p, for our imine BrC aerosol
particles with pHg.g, cono in which the error bars represent

—+— Model 1
-+ - Model 2
444444444 Model 3
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Figure 6. Effective density (p.) of imine BrC aerosol particles as a
function of PHpreshcone- The error bars represent 5% uncertainties in
the retrieved effective densities, as described in the main text. Three
different ideal mixing model calculations of the material density are
also shown, with the main text describing how these calculations were
performed. Lines are to guide the eye only.

uncertainties of 5% in the determined p,; Vokes et al. reported
that the retrieved effective densities for nonvolatile aerosol
particles from this regression approach were subject to errors
of up to ~ 5%.°> The variations in p, with PHpeshconc are
reproducible, within their 5% uncertainties, irrespective of
whether the particles were generated from freshly prepared
solutions or aged solutions that were either in their
concentrated or 50-fold diluted forms. Figure 6 also shows
ideal mixing predictions of the effective densities for three
different assumptions of the particle composition, with all
model values calculated using

-1

(6)

in which w; and p; are the mass fraction and density,
respectively, of species i, and the summation is over all i
species comprising the particles. The initial solute concen-
trations are provided in Table 1. In all calculations, we
assumed that the particles were completely dry (after passing
through two diffusion driers that reduce the RH of the aerosol-
laden sample to <5%) and, in the case of vial K that includes
ammonia, that ammonia had evaporated completely from the
sampled particles owing to the high vapor pressure of
anhydrous ammonia (857 kPa at 293.15 K).*” In addition,
we assumed that the imine BrC reaction products represented
a minor contributor to particle composition and may be
ignored. With these assumptions, the mass fractions of species
inside the sampled particles were calculated from the
concentrations of ammonium sulfate, sulfuric acid, sodium
sulfate, and glyoxal in Table 1, and p, may then be calculated
using eq 6 provided that pure component p; values are known.
The densities of ammonium sulfate, sulfuric acid, and sodium
sulfate are 1.77 g cm™>,°*%" 1.83 g cm™,%" and 2.66 g cm ™3,
respectively. The density of the glyoxal component is difficult
to specify precisely. Glyoxal is unstable in its pure (dry) form
and is therefore supplied as a 40% (w/w) solution in which it
exists predominantly in its stable dihydrate tetraol form.'* On
drying, glyoxal oligomerizes and may form oligomeric hydrates
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even in trace water environments. Therefore, we performed
our ideal mixing calculations for three different assumptions of
the density associated with the glyoxal component. First
(Model 1), we assumed that the glyoxal adopted its
monomeric form with a density of 1.14 g cm™>.%> Alternatively
(Model 2), we assumed that the glyoxal component had
formed oligomeric hydrates, with the density of glyoxal trimer
dihydrate often specified by suppliers as 1.90 g cm™.°*"% In
addition (Model 3), we treated the density of the glyoxal
component as a free parameter that we varied to achieve best
agreement with our measured effective densities. From the
outset, we acknowledge that the application of the ideal mixing
model to these complex organic—inorganic mixtures may not
describe mixture densities accurately, particularly for mixtures
of organic and inorganic species. For internally mixed particles
with known chemical compositions, we reported previously
deviations in ideal mixing predictions from measured effective
densities for organic—inorganic mixtures of up to 7%.”

The Model 1 assumptions lead to significant under-
predictions of the densities by ~ 0.2 g cm™, implying that
glyoxal is not present in the dried particles in its monohydrate
form. We performed an analogous ideal mixing calculation that
additionally assumed the complete evaporation of glyoxal, but
these calculations led to drastic overestimates of the effective
densities by up to 0.6 g cm™ and are therefore not shown in
Figure 6. It is possible for the measured densities to be
reconciled by allowing partial evaporation of glyoxal content,
although the fraction required for such agreement would vary
with pH, requiring 80%, 80%, and 50% of the glyoxal mass to
evaporate for vial A, E, and K, respectively. However, such high
levels of glyoxal partitioning to the gas phase is unlikely given
previous evidence that glyoxal remains predominantly in the
condensed phase when aqueous solutions are dried.” Instead,
assuming the glyoxal content is retained in oligomeric form
with a density identical to that reported for glyoxal trimer
dihydrate (1.90 g cm™), the Model 2 ideal mixing model
overpredicts the measured densities by up to 0.2 g cm™>. This
overprediction might arise because the density of the trimer
dihydrate reported by suppliers is unreliable or the trimer
dihydrate is not formed or forms a variety of oligomeric
species. Figure 6 shows that varying the effective density of the
glyoxal fraction (Model 3) provided best agreement with the
measured densities, with this best-fit density adopting a value
of (1.5S + 0.05) g cm™. This value could be useful for
interpreting future studies of dried glyoxal-containing aerosol
particles.

4. CONCLUSIONS

This study provides new high-precision measurements of the
complex refractive indices and effective densities of imine
brown carbon aerosol particles, that have seen widespread
interest, generated from reactions between glyoxal and
nitrogen-containing species across a broad pH range. Using
an Aerodynamic Aerosol Classifier coupled with cavity ring-
down spectroscopy and photoacoustic spectroscopy (both
operating at the short visible wavelength of 40S nm), we
obtained simultaneous extinction and absorption cross sections
that substantially reduce uncertainties in retrieved refractive
indices compared to traditional methods that interrogate
mobility selected aerosol particles. The AAC-based approach
enabled size-resolved optical characterization of low-poly-
dispersity particle populations, improving precision and
avoiding multiply charged particle artifacts that undermine
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mobility-based selection approaches to studying aerosol optical
properties.

Our measurements show that detectable visible-light

absorption occurs predominantly under basic conditions,
corresponding to aerosol particles generated from glyoxal—
ammonia mixtures (vial K, pH & 9.5). Under these conditions,
the imaginary part of the refractive index, k (4 = 405 nm),
reached values of 0.0016—0.0018, an order of magnitude lower
than prior estimates from extinction-only retrievals yet still
sufficient to indicate appreciable light absorption at short
visible wavelengths. Aerosols generated under acidic and near-
neutral conditions (vials A and E) exhibited negligible
absorption at 405 nm, consistent with the absence of visible-
light-absorbing chromophores in corresponding bulk UV/vis
absorption spectra. Comparison of aerosol and bulk-phase
measurements suggests that aerosolization and subsequent
drying enhance the formation of light-absorbing species, likely
through increased solute concentrations during water evapo-
ration that facilitate imine polymerization in metastable,
supersaturated states. These findings reinforce the importance
of unique aerosol processing in determining the optical
evolution of BrC in the atmosphere. Comparison with previous
laboratory studies'”*” highlights that overestimation of k
values in earlier work likely arose from methodological
limitations such as multiple-charge artifacts and inaccurate
scattering truncation and wavelength-dependent corrections.
Effective particle densities determined from combined
aerodynamic and mobility sizing were in the range (1.60 —
2.19) g cm ™, consistent with partially oligomerized glyoxal-
containing mixtures and supporting the conclusions of
previous work on the predominance of oligomeric hydrate
species within dried glyoxal particles. Ideal mixing calculations
suggest that the measured densities are reproduced best when
the glyoxal fraction is assigned an effective density near 1.55 g
cm™,
Chromophore formation under basic conditions contributes
modest absorption at visible wavelengths, implying a limited
contribution of imine BrC to atmospheric aerosol direct
radiative effects compared to more strongly absorbing BrC
classes (e.g, nitroaromatics),”’ particularly given that the pH
of typical ambient aerosol and cloud droplets correspond to
acidic and near-neutral conditions. Future studies should
extend measurements across broader spectral ranges and
relative-humidity conditions to quantify wavelength-dependent
absorption and assess aging effects.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsearthspace-
chem.5c00392.

UV /vis spectra for imine BrC bulk solutions. Measured
versus modeled optical cross sections. Aerodynamic
versus mobility particle diameter analysis for density
determination. Table of retrieved values for aerosol
particle refractive indices (PDF)

B AUTHOR INFORMATION
Corresponding Author

Michael 1. Cotterell — Department of Chemistry, University of
Oxford, Oxford OX1 3QZ, UK,; ® orcid.org/0000-0001-
5533-7856; Email: michael.cotterell@chem.ox.ac.uk

https://doi.org/10.1021/acsearthspacechem.5c00392
ACS Earth Space Chem. 2026, 10, 897—907


https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00392?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00392?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.5c00392/suppl_file/sp5c00392_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+I.+Cotterell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5533-7856
https://orcid.org/0000-0001-5533-7856
mailto:michael.cotterell@chem.ox.ac.uk
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

Authors

Simon Xi Chen — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK.

Gwen R. Lawson — School of Chemistry, University of Bristol,
Bristol BS8 1TS, UK.

James D. Allan — Department of Earth and Environmental
Sciences, University of Manchester, Manchester M13 9PL,
U.K; National Centre for Atmospheric Science, The
University of Manchester, Manchester M13 9PL, U.K;

orcid.org/0000-0001-6492-4876

Justin M. Langridge — Met Office, Exeter EX1 3PB, UK.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsearthspacechem.5c00392

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Simon Xi Chen, James Allan, and Michael I. Cotterell thank
NERC for support via grant NE/X000036/1. Gwen R. Lawson
was supported through a studentship provided by the EPSRC
Centre for Doctoral Training in Aerosol Science (EP/
$023593/1).

B REFERENCES

(1) Intergovernmental Panel on Climate Change (IPCC). Climate
Change 2021 — The Physical Science Basis; Cambridge University
Press, 2021.

(2) Patterson, E. M.; McMahon, C. K. Absorption Characteristics of
Forest Fire Particulate Matter. Atmos. Environ. 1984, 18 (11), 2541—
2551.

(3) Mukai, H; Ambe, Y. Characterization of a Humic Acid-like
Brown Substance in Airborne Particulate Matter and Tentative
Identification of Its Origin. Atmos. Environ. 1986, 20 (S), 813—819.

(4) Andreae, M. O.; Gelencsér, A. Black Carbon or Brown Carbon?
The Nature of Light-Absorbing Carbonaceous Aerosols. Atmos Chem.
Phys. 2006, 6 (10), 3131—3148.

(5) Kirchstetter, T. W.; Novakov, T.; Hobbs, P. V. Evidence That
the Spectral Dependence of Light Absorption by Aerosols Is Affected
by Organic Carbon. J. Geophys. Res.: Atmos. 2004, 109 (D21),
D21208.

(6) Liu, J.; Scheuer, E.; Dibb, J.; Ziemba, L. D.; Thornhill, K. L.;
Anderson, B. E.; Wisthaler, A.; Mikoviny, T.; Devi, J. J.; Bergin, M,;
Weber, R. J. Brown Carbon in the Continental Troposphere. Geophys.
Res. Lett. 2014, 41 (6), 2191—2195.

(7) Sun, H,; Biedermann, L.; Bond, T. C. Color of Brown Carbon: A
Model for Ultraviolet and Visible Light Absorption by Organic
Carbon Aerosol. Geophys. Res. Lett. 2007, 34 (17), L17813.

(8) Saleh, R. From Measurements to Models: Toward Accurate
Representation of Brown Carbon in Climate Calculations. Current
Pollution Reports 2020, 6 (2), 90—104.

(9) Bond, T. C; Doherty, S. J.; Fahey, D. W,; Forster, P. M,;
Berntsen, T.; Deangelo, B. J.; Flanner, M. G.; Ghan, S.; Kircher, B,;
Koch, D.; Kinne, S.; Kondo, Y.; Quinn, P. K.; Sarofim, M. C.; Schultz,
M. G,; Schulz, M.; Venkataraman, C.; Zhang, H.; Zhang, S.; Bellouin,
N.; Guttikunda, S. K.; Hopke, P. K.; Jacobson, M. Z.; Kaiser, J. W,;
Klimont, Z.; Lohmann, U.; Schwarz, J. P.; Shindell, D.; Storelvmo, T.;
Warren, S. G.; Zender, C. S. Bounding the Role of Black Carbon in
the Climate System: A Scientific Assessment. Journal of Geophysical
Research Atmospheres 2013, 118 (11), 5380—5552.

(10) Chung, C. E.; Ramanathan, V.; Decremer, D. Observationally
Constrained Estimates of Carbonaceous Aerosol Radiative Forcing.
Proc. Natl. Acad. Sci. U. S. A. 2012, 109 (29), 11624—11629.

905

(11) Kirchstetter, T. W.; Thatcher, T. L. Contribution of Organic
Carbon to Wood Smoke Particulate Matter Absorption of Solar
Radiation. Atmos Chem. Phys. 2012, 12 (14), 6067—6072.

(12) Lin, G.; Penner, J. E.; Flanner, M. G.; Sillman, S.; Xu, L.; Zhou,
C. Radiative Forcing of Organic Aerosol in the Atmosphere and on
Snow: Effects of SOA and Brown Carbon. J. Geophys Res. 2014, 119
(12), 7453—7476.

(13) Feng, Y.; Ramanathan, V.; Kotamarthi, V. R. Brown Carbon: A
Significant Atmospheric Absorber of Solar Radiation. Atmos Chem.
Phys. 2013, 13 (17), 8607—8621.

(14) Marracci, M.; Murray, C. PH-Dependent Kinetics of Imidazole
Production in Aqueous Glyoxal/Ammonium Sulfate Microdroplets.
ACS Earth Space Chem. 2025, 9 (4), 959—969.

(15) Jansen, K. T.; Tolbert, M. A. Probing the PH Dependence of
Brown Carbon Formation: Insights from Laboratory Studies on
Aerosol Particles and Bulk Phase Solutions. Aerosol Sci. Technol. 2024,
58 (4), 374—388.

(16) De Haan, D. O.; Hawkins, L. N.; Welsh, H. G.; Pednekar, R;;
Casar, J. R.; Pennington, E. A.; De Loera, A.; Jimenez, N. G.; Symons,
M. A,; Zauscher, M.; Pajunoja, A; Caponi, L; Cazaunau, M,;
Formenti, P.; Gratien, A.; Pangui, E.; Doussin, J. F. Brown Carbon
Production in Ammonium- or Amine-Containing Aerosol Particles by
Reactive Uptake of Methylglyoxal and Photolytic Cloud Cycling.
Environ. Sci. Technol. 2017, 51 (13), 7458—7466.

(17) Powelson, M. H.; Espelien, B. M.; Hawkins, L. N.; Galloway,
M. M,; De Haan, D. O. Brown Carbon Formation by Aqueous-Phase
Carbonyl Compound Reactions with Amines and Ammonium Sulfate.
Environ. Sci. Technol. 2014, 48 (2), 985—993.

(18) Fu, T. M,; Jacob, D. J.; Wittrock, F.; Burrows, J. P.; Vrekoussis,
M., Henze, D. K. Global Budgets of Atmospheric Glyoxal and
Methylglyoxal, and Implications for Formation of Secondary Organic
Aerosols. J. Geophys. Res.: Atmos. 2008, 113 (D15), D15303.

(19) Zarzana, K. J.; De Haan, D. O.; Freedman, M. A.; Hasenkopf,
C. A; Tolbert, M. A. Optical Properties of the Products of a-
Dicarbonyl and Amine Reactions in Simulated Cloud Droplets.
Environ. Sci. Technol. 2012, 46 (9), 4845—4851.

(20) Lee, A. K. Y; Zhao, R;; Li, R;; Liggio, J.; Li, S. M.; Abbatt, J. P.
D. Formation of Light Absorbing Organo-Nitrogen Species from
Evaporation of Droplets Containing Glyoxal and Ammonium Sulfate.
Environ. Sci. Technol. 2013, 47 (22), 12819—12826.

(21) Brun, N.; Mandariya, A. K.; Wy, J; Battaglia, F.; Xu, J.; Rocco,
M.,; Poulain, L; Cazaunau, M,; Berge, A.; Pangui, E; Temime-
Roussel, B.; Picquet-Varrault, B.; Clément, J. L.; Gratien, A,
Formenti, P.; Wen, L.; Schaefer, T.; Tilgner, A.; Herrmann, H,;
Doussin, J. F.; Monod, A. Online Speciation of Glyoxal Multiphase
Reactions on Deliquesced Ammonium Sulfate Particles. ACS Earth
Space Chem. 2025, 9 (6), 1350—1366.

(22) Trainic, M.; Rizig, A. A.; Lavi, A.; Flores, J. M.; Rudich, Y. The
Optical, Physical and Chemical Properties of the Products of Glyoxal
Uptake on Ammonium Sulfate Seed Aerosols. Atmos. Chem. Phys.
2011, 11, 9697—9707.

(23) Trainic, M.;; Abo Riziq, A; Lavi, A; Rudich, Y. Role of
Interfacial Water in the Heterogeneous Uptake of Glyoxal by Mixed
Glycine and Ammonium Sulfate Aerosols. J. Phys. Chem. A 2012, 116
(24), 5948—5957.

(24) Galloway, M. M.; Chhabra, P. S.; Chan, A. W. H,; Surratt, J. D.;
Flagan, R. C.; Seinfeld, J. H,; Keutsch, F. N. Glyoxal Uptake on
Ammonium Sulphate Seed Aerosol: Reaction Products and
Reversibility of Uptake under Dark and Irradiated Conditions.
Atmos Chem. Phys. 2009, 9 (10), 3331—334S.

(25) Teich, M.; Van Pinxteren, D.; Kecorius, S,; Wang, Z,;
Herrmann, H. First Quantification of Imidazoles in Ambient Aerosol
Particles: Potential Photosensitizers, Brown Carbon Constituents, and
Hazardous Components. Environ. Sci. Technol. 2016, SO (3), 1166—
1173.

(26) Liu, Y.; Daum, P. H. Relationship of Refractive Index to Mass
Density and Self-Consistency of Mixing Rules for Multicomponent
Mixtures like Ambient Aerosols. J. Aerosol Sci. 2008, 39 (11), 974—
986.

https://doi.org/10.1021/acsearthspacechem.5c00392
ACS Earth Space Chem. 2026, 10, 897—907


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Xi+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gwen+R.+Lawson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+D.+Allan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6492-4876
https://orcid.org/0000-0001-6492-4876
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+M.+Langridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00392?ref=pdf
https://doi.org/10.1016/0004-6981(84)90027-1
https://doi.org/10.1016/0004-6981(84)90027-1
https://doi.org/10.1016/0004-6981(86)90265-9
https://doi.org/10.1016/0004-6981(86)90265-9
https://doi.org/10.1016/0004-6981(86)90265-9
https://doi.org/10.5194/acp-6-3131-2006
https://doi.org/10.5194/acp-6-3131-2006
https://doi.org/10.1029/2004JD004999
https://doi.org/10.1029/2004JD004999
https://doi.org/10.1029/2004JD004999
https://doi.org/10.1002/2013GL058976
https://doi.org/10.1029/2007GL029797
https://doi.org/10.1029/2007GL029797
https://doi.org/10.1029/2007GL029797
https://doi.org/10.1007/s40726-020-00139-3
https://doi.org/10.1007/s40726-020-00139-3
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1073/pnas.1203707109
https://doi.org/10.1073/pnas.1203707109
https://doi.org/10.5194/acp-12-6067-2012
https://doi.org/10.5194/acp-12-6067-2012
https://doi.org/10.5194/acp-12-6067-2012
https://doi.org/10.1002/2013JD021186
https://doi.org/10.1002/2013JD021186
https://doi.org/10.5194/acp-13-8607-2013
https://doi.org/10.5194/acp-13-8607-2013
https://doi.org/10.1021/acsearthspacechem.5c00023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.5c00023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/02786826.2023.2267649
https://doi.org/10.1080/02786826.2023.2267649
https://doi.org/10.1080/02786826.2023.2267649
https://doi.org/10.1021/acs.est.7b00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es4038325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es4038325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2007JD009505
https://doi.org/10.1029/2007JD009505
https://doi.org/10.1029/2007JD009505
https://doi.org/10.1021/es2040152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es2040152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402687w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402687w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-11-9697-2011
https://doi.org/10.5194/acp-11-9697-2011
https://doi.org/10.5194/acp-11-9697-2011
https://doi.org/10.1021/jp2104837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2104837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2104837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-9-3331-2009
https://doi.org/10.5194/acp-9-3331-2009
https://doi.org/10.5194/acp-9-3331-2009
https://doi.org/10.1021/acs.est.5b05474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b05474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b05474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jaerosci.2008.06.006
https://doi.org/10.1016/j.jaerosci.2008.06.006
https://doi.org/10.1016/j.jaerosci.2008.06.006
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

(27) Haywood, J. M.; Shine, K. P. The Effect of Anthropogenic
Sulfate and Soot Aerosol on the Clear Sky Planetary Radiation
Budget. Geophys. Res. Lett. 1995, 22 (5), 603—606.

(28) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light
by Small Particles; John Wiley & Sons, 1998.

(29) Lang-Yona, N.; Abo-Riziq, A.; Erlick, C.; Segre, E.; Trainic, M.;
Rudich, Y. Interaction of Internally Mixed Aerosols with Light. Phys.
Chem. Chem. Phys. 2010, 12 (1), 21-31.

(30) Michel Flores, J.; Bar-Or, R. Z.; Bluvshtein, N.; Abo-Riziq, A.;
Kostinski, A.; Borrmann, S.; Koren, I; Koren, I; Rudich, Y. Absorbing
Aerosols at High Relative Humidity: Linking Hygroscopic Growth to
Optical Properties. Atmos Chem. Phys. 2012, 12 (12), 5511—5521.

(31) Toole, J. R;; Renbaum-Wolff, L.; Smith, G. D. A Calibration
Technique for Improving Refractive Index Retrieval from Aerosol
Cavity Ring-Down Spectroscopy. Aerosol Sci. Technol. 2013, 47 (9),
955-965.

(32) Washenfelder, R. A.; Flores, J. M.; Brock, C. A.; Brown, S. S.;
Rudich, Y. Broadband Measurements of Aerosol Extinction in the
Ultraviolet Spectral Region. Atmos Meas Tech 2013, 6 (4), 861—877.

(33) Zarzana, K. J; Cappa, C. D.; Tolbert, M. A. Sensitivity of
Aerosol Refractive Index Retrievals Using Optical Spectroscopy.
Aerosol Sci. Technol. 2014, 48 (11), 1133—1144.

(34) Lack, D. A; Lovejoy, E. R; Baynard, T. Pettersson, A;
Ravishankara, A. R. Aerosol Absorption Measurement Using Photo-
acoustic Spectroscopy: Sensitivity, Calibration, and Uncertainty
Developments. Aerosol Sci. Technol. 2006, 40 (9), 697—708.

(35) Lambe, A. T.; Cappa, C. D.; Massoli, P.; Onasch, T. B;
Forestieri, S. D.; Martin, A. T.; Cummings, M. J; Croasdale, D. R;;
Brune, W. H.; Worsnop, D. R.; Davidovits, P. Relationship between
Oxidation Level and Optical Properties of Secondary Organic
Aerosol. Environ. Sci. Technol. 2013, 47 (12), 6349—6357.

(36) Nakayama, T.; Sato, K.; Matsumi, Y.; Imamura, T.; Yamazaki,
A.; Uchiyama, A. Wavelength and NOx Dependent Complex
Refractive Index of SOAs Generated from the Photooxidation of
Toluene. Atmos Chem. Phys. 2013, 13 (2), 531—54S.

(37) Radney, J. G, Zangmeister, C. D. Comparing Aerosol
Refractive Indices Retrieved from Full Distribution and Size- and
Mass-Selected Measurements. J. Quant Spectrosc Radiat Transf 2018,
220, 52—66.

(38) Cotterell, M. L; Szpek, K.; Haywood, J. M.; Langridge, J. M.
Sensitivity and Accuracy of Refractive Index Retrievals from Measured
Extinction and Absorption Cross Sections for Mobility-Selected
Internally Mixed Light Absorbing Aerosols. Aerosol Sci. Technol. 2020,
54 (9), 1034—1057.

(39) Lawson, G. R.; Chen, S. X;; Collins, G.; Lawson, N.; Szpek, K.;
Bowles, J.; Allan, J.; Langridge, J. M.; Cotterell, M. I. An Innovative
Approach to Characterizing the Refractive Indices and Effective
Densities of Internally Mixed Light-Absorbing Aerosol Particles.
Aerosol Sci. Technol. 2025, 59, 857—876.

(40) Miles, R. E. H.; Rudic, S.; Orr-Ewing, A. J.; Reid, J. P. Sources
of Error and Uncertainty in the Use of Cavity Ring down
Spectroscopy to Measure Aerosol Optical Properties. Aerosol Sci.
Technol. 2011, 45 (11), 1360—1375.

(41) Khalizov, A. F.,; Xue, H,; Wang, L; Zheng, J; Zhang, R.
Enhanced Light Absorption and Scattering by Carbon Soot Aerosol
Internally Mixed with Sulfuric Acid. J. Phys. Chem. A 2009, 113 (6),
1066—1074.

(42) Tavakoli, F.; Olfert, J. S. An Instrument for the Classification of
Aerosols by Particle Relaxation Time: Theoretical Models of the
Aerodynamic Aerosol Classifier. Aerosol Sci. Technol. 2013, 47 (8),
916—926.

(43) Yao, Q; Asa-Awuku, A,; Zangmeister, C. D.; Radney, J. G.
Comparison of Three Essential Sub-Micrometer Aerosol Measure-
ments: Mass, Size and Shape. Aerosol Sci. Technol. 2020, 54 (10),
1197—-1209.

(44) Johnson, T. J.; Irwin, M.; Symonds, J. P. R;; Olfert, J. S.; Boies,
A. M. Measuring Aerosol Size Distributions with the Aerodynamic
Aerosol Classifier. Aerosol Sci. Technol. 2018, 52 (6), 655—665.

9206

(45) Hu, D.; Alfarra, M. R;; Szpek, K.; Langridge, J. M.; Cotterell, M.
L; Flynn, M. J; Shao, Y.; Voliotis, A.; Du, M,; Liu, D.; Johnson, B.;
McFiggans, G.; Haywood, J. M.; Coe, H.; Allan, J. Refractive Index of
Engine-Emitted Black Carbon and the Influence of Organic Coatings
on Optical Properties. J. Geophys. Res.: Atmos. 2023, 128 (16),
No. €2023]JD039178.

(46) Hu, D.; Alfarra, M. R; Szpek, K.; Langridge, J. M.; Cotterell, M.
L; Belcher, C.; Rule, L; Liu, Z.; Yu, C.; Shao, Y.; Voliotis, A.; Du, M,;
Smith, B.; Smallwood, G.; Lobo, P.; Liu, D.; Haywood, J. M.; Coe, H;
Allan, J. D. Physical and Chemical Properties of Black Carbon and
Organic Matter from Different Combustion and Photochemical
Sources Using Aerodynamic Aerosol Classification. Atmos Chem. Phys.
2021, 21 (21), 16161—16182.

(47) Zhou, J.; Xiong, C.; Pei, X.; Kuang, B.; Xu, Z.; Zhang, F.; Song,
Y,; Li, M.; Wang, Z. Optical Properties and Cloud Condensation
Nuclei Activity of Brown Carbon Containing a—Dicarbonyls and
Reduced Nitrogen Compounds. Atmos Res. 2023, 293, No. 106935.

(48) Marrero-Ortiz, W.; Hu, M; Du, Z.; Ji, Y.; Wang, Y.; Guo, S;
Lin, Y.; Gomez-Hermandez, M.; Peng, J.; Li, Y.; Secrest, J.; Zamora,
M. L; Wang, Y,; An, T.; Zhang, R. Formation and Optical Properties
of Brown Carbon from Small a@-Dicarbonyls and Amines. Environ. Sci.
Technol. 2019, 53 (1), 117—126.

(49) Knight, J. W.; Egan, J. V.; Orr-Ewing, A. J.; Cotterell, M. L
Direct Spectroscopic Quantification of the Absorption and Scattering
Properties for Single Aerosol Particles. J. Phys. Chem. A 2022, 126 (9),
1571-1577.

(50) Davies, N. W.; Cotterell, M. L; Fox, C.; Szpek, K.; Haywood, J.
M.,; Langridge, J. M. On the Accuracy of Aerosol Photoacoustic
Spectrometer Calibrations Using Absorption by Ozone. Atmos Meas
Tech 2018, 11 (4), 2313—2324.

(51) Cotterell, M. I; Orr-Ewing, A. J,; Szpek, K.; Haywood, J. M,;
Langridge, J. M. The Impact of Bath Gas Composition on the
Calibration of Photoacoustic Spectrometers with Ozone at Discrete
Visible Wavelengths Spanning the Chappuis Band. Atmos Meas Tech
2019, 12 (4), 2371—-2385.

(52) Cotterell, M. I; Szpek, K.; Tiddeman, D. A.; Haywood, J. M,;
Langridge, J. M. Photoacoustic Studies of Energy Transfer from
Ozone Photoproducts to Bath Gases Following Chappuis Band
Photoexcitation. Phys. Chem. Chem. Phys. 2021, 23 (1), 536—553.

(53) 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
Submicrometer and Supermicrometer Aqueous Particles. Anal. Chem.
2018, 90 (19), 11232—11239.

(54) Lin, X.; Huang, M.; Ly, T.; Zhao, W.; Hu, C.; Gu, X.; Zhang,
W. Characterization of Imidazole Compounds in Aqueous Secondary
Organic Aerosol Generated from Evaporation of Droplets Containing
Pyruvaldehyde and Inorganic Ammonium. Atmosphere 2022, 13 (6),
970.

(85) Vokes, E. T.; Lewis, E. R;; Johnson, A. L.; Cotterell, M. L
Densities of Internally Mixed Organic-Inorganic Particles from
Mobility Diameter Measurements of Aerodynamically Classified
Aerosols. Aerosol Sci. Technol. 2022, 56 (8), 688—710.

(56) Kim, J. H.; Mulholland, G. W.; Kukuck, S. R.; Pui, D. Y. H. Slip
Correction Measurements of Certified PSL Nanoparticles Using a
Nanometer Differential Mobility Analyzer (Nano-DMA) for Knudsen
Number From 0.5 to 83. J. Res. Natl. Inst Stand Technol. 2008, 110
(1), 31.

(57) Handbook of Chemistry, 10th ed.; Lange, N. A., Ed.; McGraw-
Hill Book Co.: New York, 1967.

(58) Tutton, A. E. H. CIX.—Ammonium Selenate and the Question
of Isodimorphism in the Alkali Series. Journal of the Chemical Society,
Transactions 1906, 89 (0), 1059—1083.

(59) Johnston, J.; Adams, L. H. ON THE DENSITY OF SOLID
SUBSTANCES WITH ESPECIAL REFERENCE TO PERMANENT
CHANGES PRODUCED BY HIGH PRESSURES. J. Am. Chem. Soc.
1912, 34 (3), 563—584.

(60) CRC Handbook of Chemistry and Physics, 95th ed.; Haynes, W.
M., Ed.; CRC Press, 2014.

https://doi.org/10.1021/acsearthspacechem.5c00392
ACS Earth Space Chem. 2026, 10, 897—907


https://doi.org/10.1029/95GL00075
https://doi.org/10.1029/95GL00075
https://doi.org/10.1029/95GL00075
https://doi.org/10.1039/B913176K
https://doi.org/10.5194/acp-12-5511-2012
https://doi.org/10.5194/acp-12-5511-2012
https://doi.org/10.5194/acp-12-5511-2012
https://doi.org/10.1080/02786826.2013.805875
https://doi.org/10.1080/02786826.2013.805875
https://doi.org/10.1080/02786826.2013.805875
https://doi.org/10.5194/amt-6-861-2013
https://doi.org/10.5194/amt-6-861-2013
https://doi.org/10.1080/02786826.2014.963498
https://doi.org/10.1080/02786826.2014.963498
https://doi.org/10.1080/02786820600803917
https://doi.org/10.1080/02786820600803917
https://doi.org/10.1080/02786820600803917
https://doi.org/10.1021/es401043j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es401043j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es401043j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-13-531-2013
https://doi.org/10.5194/acp-13-531-2013
https://doi.org/10.5194/acp-13-531-2013
https://doi.org/10.1016/j.jqsrt.2018.08.021
https://doi.org/10.1016/j.jqsrt.2018.08.021
https://doi.org/10.1016/j.jqsrt.2018.08.021
https://doi.org/10.1080/02786826.2020.1757034
https://doi.org/10.1080/02786826.2020.1757034
https://doi.org/10.1080/02786826.2020.1757034
https://doi.org/10.1080/02786826.2025.2468966
https://doi.org/10.1080/02786826.2025.2468966
https://doi.org/10.1080/02786826.2025.2468966
https://doi.org/10.1080/02786826.2011.596170
https://doi.org/10.1080/02786826.2011.596170
https://doi.org/10.1080/02786826.2011.596170
https://doi.org/10.1021/jp807531n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807531n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/02786826.2013.802761
https://doi.org/10.1080/02786826.2013.802761
https://doi.org/10.1080/02786826.2013.802761
https://doi.org/10.1080/02786826.2020.1763248
https://doi.org/10.1080/02786826.2020.1763248
https://doi.org/10.1080/02786826.2018.1440063
https://doi.org/10.1080/02786826.2018.1440063
https://doi.org/10.1029/2023JD039178
https://doi.org/10.1029/2023JD039178
https://doi.org/10.1029/2023JD039178
https://doi.org/10.5194/acp-21-16161-2021
https://doi.org/10.5194/acp-21-16161-2021
https://doi.org/10.5194/acp-21-16161-2021
https://doi.org/10.1016/j.atmosres.2023.106935
https://doi.org/10.1016/j.atmosres.2023.106935
https://doi.org/10.1016/j.atmosres.2023.106935
https://doi.org/10.1021/acs.est.8b03995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/amt-11-2313-2018
https://doi.org/10.5194/amt-11-2313-2018
https://doi.org/10.5194/amt-12-2371-2019
https://doi.org/10.5194/amt-12-2371-2019
https://doi.org/10.5194/amt-12-2371-2019
https://doi.org/10.1039/D0CP05056C
https://doi.org/10.1039/D0CP05056C
https://doi.org/10.1039/D0CP05056C
https://doi.org/10.1021/acs.analchem.8b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/atmos13060970
https://doi.org/10.3390/atmos13060970
https://doi.org/10.3390/atmos13060970
https://doi.org/10.1080/02786826.2022.2062293
https://doi.org/10.1080/02786826.2022.2062293
https://doi.org/10.1080/02786826.2022.2062293
https://doi.org/10.6028/jres.110.005
https://doi.org/10.6028/jres.110.005
https://doi.org/10.6028/jres.110.005
https://doi.org/10.6028/jres.110.005
https://doi.org/10.1039/CT9068901059
https://doi.org/10.1039/CT9068901059
https://doi.org/10.1021/ja02206a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja02206a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja02206a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

(61) Kracek, F. C.; Gibson, R. E. The Polymorphism of Sodium
Sulphate. II. The Densities on Anhydrous Sodium Sulfate at 25
Degrees. J. Phys. Chem. 1929, 33 (9), 1304—1308.

(62) Andersen, F. A. Final Report on the Safety Assessment of
Glyoxal. J. Am. Coll. Toxicol. 1995, 14 (5), 348—363.

(63) Glyoxal Dihydrate | CAS#:4405—13—4 | Chemsrc https://www.
chemsrc.com/en/cas/4405-13-4 1026468.html (accessed 2025 —10
-23).

(64) Glyoxal Hydrate Trimer | 4405—13—4 https://www.
chemicalbook.com/ChemicalProductProperty EN_CB6477806.htm
(accessed 2025 —11 —04).

(65) Hexahydro[1,4]dioxino[2,3-b]-1,4-dioxin-2,3,6,7-tetrol | 4405—
13—4, Hexahydro[ 1,4]dioxino[2,3-b]-1,4-dioxin-2,3,6,7-tetrol Formula -
ECHEMI https://www.echemi.com/products/pid_Seven38368-
glyoxalhydratetrimer.html (accessed 2025 —11 —04).

(66) Loeffler, K. W.; Koehler, C. A,; Paul, N. M.; De Haan, D. O.
Oligomer Formation in Evaporating Aqueous Glyoxal and Methyl
Glyoxal Solutions. Environ. Sci. Technol. 2006, 40 (20), 6318—6323.

(67) Bluvshtein, N.; Lin, P.; Michel Flores, J.; Segev, L.; Mazar, Y.;
Tas, E.; Snider, G.; Weagle, C.; Brown, S. S.; Laskin, A;; Rudich, Y.
Broadband Optical Properties of Biomass-Burning Aerosol and
Identification of Brown Carbon Chromophores. J. Geophys. Res.:
Atmos. 2017, 122 (10), 5441—5456.

907

https://doi.org/10.1021/acsearthspacechem.5c00392
ACS Earth Space Chem. 2026, 10, 897—907


https://doi.org/10.1021/j150303a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150303a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150303a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3109/10915819509083596
https://doi.org/10.3109/10915819509083596
https://www.chemsrc.com/en/cas/4405-13-4_1026468.html
https://www.chemsrc.com/en/cas/4405-13-4_1026468.html
https://www.chemicalbook.com/ChemicalProductProperty_EN_CB6477806.htm
https://www.chemicalbook.com/ChemicalProductProperty_EN_CB6477806.htm
https://www.echemi.com/products/pid_Seven38368-glyoxalhydratetrimer.html
https://www.echemi.com/products/pid_Seven38368-glyoxalhydratetrimer.html
https://doi.org/10.1021/es060810w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es060810w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/2016JD026230
https://doi.org/10.1002/2016JD026230
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

