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ABSTRACT

Our previous work demonstrated formation of highly insoluble and strongly light-
absorbing organic particles in reactions between catechol or guaiacol with Fe(IIl) under pH=3
conditions characteristic of aerosol liquid water. This work extends these measurements to
reactions of Fe(IIl) with 2,4-dinitrophenol, 4-nitrocatechol, 4-methylcatechol, 1,2,4-benzenetriol,
1,2,3-benzenetriol (pyrogallol) and coniferaldehyde to better understand the mechanism of
particle formation catalyzed by Fe(IIl). Particles were observed after 2 h of reactions of catechol
(43£1% mass yield), 1,2,4-benzenetriol (32+3%), pyrogallol (27£2%) and coniferaldehyde
(35+4%), while reactions of 2,4-dinitrophenol and 4-nitrocatechol did not produce any insoluble
products. No particles were observed in reaction of 4-methylcatechol after 2 h, however,
insoluble products appeared after a 24 h reaction time. Irradiation of a catechol + Fe(IlI) mixture
by 405 nm light was found to reduce (but not fully suppress) the particle yield due to a
competition between photodegradation and Fe(Ill)-catalyzed oligomerization. Particles
produced from precursors + Fe(III) solutions were dissolved in organic solvents and analyzed
with ultra performance liquid chromatography coupled to a photodiode array spectrophotometer
and a high resolution mass spectrometer. Major separated chromophores were identified as
dimeric, trimeric, and tetrameric products of precursor molecules. Purpurogallin was identified
as a major reaction product of pyrogallol reaction with Fe(II). To test whether this chemistry can
occur in more realistic atmospheric aerosols, reactions of biomass burning organic aerosol

(BBOA) extracts with Fe(III) were also examined. Two BBOA samples collected under flaming



conditions produced no particles, whereas a BBOA sample produced under smoldering
conditions resulted in particle formation under both dark and 405 nm irradiation conditions. The
results suggest that Fe(Ill)-catalyzed chemistry can take place in aging BBOA plumes resulting

from smoldering fires and make aerosol particles more light-absorbing.

1. INTRODUCTION

Organic compounds represent a major fraction of atmospheric aerosols particles. While
some of these compounds result from primary emissions, others are produced by secondary
reactions of various volatile organic compounds (VOCs).! The most common mechanism that
transforms VOCs into secondary organic aerosol (SOA) is free-radical driven photooxidation.
However, alternative mechanisms also exist. For example, it has been shown that Fe(III) can
catalyze oligomerization of certain VOCs leading to much less volatile products. In a study by
Slikboer et al. (2015), catechol and guaiacol were mixed with Fe(III) at pH 3 at millimolar
concentrations, which yielded highly-absorbing, water-insoluble particles of polycatechol and
polyguaiacol.? Dissolved iron from acid processing of hematite was also shown to react with
catechol and guaiacol under the same conditions to make light-absorbing particles. A follow up
study by Al Nimer et al. (2019) showed that these oligomerization reactions are not suppressed
in the presence of equimolar amounts of oxalate and sulfate ions, which are commonly found in
aerosol particles and compete for complex formation with Fe(III).? Lavi et al. (2017)
characterized the light-absorbing oligomers formed in Fe(III) reactions with guaiacol, catechol,
syringol, o- and p-cresol, and observed a mixture of strongly-absorbing dimers, timers, tetramers,
and pentamers by liquid chromatography coupled to high resolution mass spectrometry.* Ling et
al. (2020) demonstrated that Fe-containing clay minerals produced colored particles when
exposed to guaiacol.” Pang et al. (2019) found strong effect of UV irradiation on chemistry in the
Fe(I1I)-oxalate-guaiacol aqueous mixtures.® These results suggest that aqueous reactions of
phenolic compounds with Fe(IIl) may serve as an efficient source of light-absorbing organic

compounds in atmospheric particles, which are collectively known as “brown carbon”.”-#

Dihydroxybenzenes catechol, resorcinol, and hydroquinone are major constituents of
biomass burning organic aerosol (BBOA).” !° Since biomass burning is one of the largest
emission sources of organics, these compounds are ubiquitous in the atmosphere. Of these three,

catechol forms the strongest complex with Fe(III) because its adjacent phenolic groups make it



an excellent bidentate ligand, and reactions of this complex then lead to the light-absorbing
products. Likewise, aerosol particles containing Fe(III) are also widespread in the atmosphere.!!
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The dominant type of Fe-containing particles is mineral dust'~ because iron is the most abundant
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transition metal in the Earth’s crust.’” Other sources of Fe in the atmosphere include

16,17 and brake wear.'®

anthropogenic combustion including coal burning,'* !> biomass burning,
There are realistic scenarios in which catechol and related compounds can end up in iron-
containing particles. For example, primary particles from cooking emissions contain internally
mixed soluble iron and organics.!® Smoke from biomass burning is often spread by wind, which
also lifts crustal particles off the ground. Mineral dust is known to be transported globally by

d’20, 21

win and BBOA similarly travels long distances,?* offering ample time for partitioning of

organic vapors into Fe-containing particles.

In addition to catechol, BBOA also contains many other related compounds that can
potentially react with Fe(IIl) by similar mechanisms, however, their reactivity towards Fe(III) is
yet to be investigated. A study by Salgado et al. suggested that compounds similar to catechol
such as 4-tert-butylcatechol and 3,4-dihydroxybenzaldehyde behave differently after mixing the
organic solution with ferric nitrate as the result of electron affinity of their respective functional
group.?® Their computational work led to a proposed mechanism of oxidation of substituted
catechols by Fe(IIl) with three major steps. The first one is complex formation between iron and
the dihydroxybenzenes, followed by inner-sphere ligand to iron charge transfer, and then
deprotonation of one of the oxygen atoms leading to quinone formation. Other compounds
found in BBOA include guaiacol and it derivatives. The reaction mechanism of these
compounds with Fe(III) is believed to be similar to that with Mn(III) reported by Hwang et al.
(2008).2* In this mechanism, Mn(III) abstracts an electron from the -OH substituent forming a
phenoxy radical stabilized by resonance. Then, C-C coupling reactions of radicals and additional
electron abstractions by Mn(III) lead to the formation of dimers and trimers, and eventually

polyguaiacol.

In this study, we further explore several catechol derivatives to better understand the
mechanism of particle formation catalyzed by Fe(IIl). Reaction of catechol (CA) with Fe(IIl) is
used as a reference system to ensure that the previous results are reproducible. Reaction of 2,4-

dinitrophenol (DNP) with Fe(IIl) is tested to verify the necessity of having two adjacent phenolic



groups for the initial metal complexation to occur. To examine the effect of the type and
location of catechol ring substituents, reactions of 4-nitrocatechol (NC), 4-methylcatechol (MC),
1,2,4-benzenetriol (4-HC), and pyrogallol (3-HC) are compared. In addition, the reaction of
Fe(III) with coniferaldehyde is tested to compare its reactivity to that of the structurally similar
guaiacol. All of the compounds selected for these experiments are commonly found in BBOA.
To check whether this chemistry can occur in more realistic atmospheric samples, reactions of
BBOA extracts with Fe(III) are also examined. Finally, the effect of near-UV radiation on this
chemistry is also examined. The overarching conclusion of this study is that the amount and
color of insoluble particles depends in a complicated way on the type of the organic reactant and,

in the case of BBOA, the conditions under which the fuel is burned.

2. EXPERIMENTAL
2.1 Chemicals and Solution Preparation

The structures of organic compounds used in this work are shown in Scheme 1. All
chemicals were used as received without further purification: catechol (1,2-benzendiol, >99%,
CAS 120-80-9, Acros Organics), 4-nitrocatechol (4-nitrobenzene-1,2-diol, 97%, CAS 3316-09-4,
Acros Organics), coniferaldehyde (4-hydroxy-3-methoxycinnamaldehyde, 98%, CAS 458-36-6,
Sigma-Aldrich), 4-methylcatehcol (4-methylbenzene-1,2-diol, >95%, CAS 452-86-8, Sigma-
Aldrich), pyrogallol (1,2,3-bezenetriol, 99%, CAS87-66-1, Alfa Aesar), 1,2,4-benzenetriol (97%,
533-73-3, Alfa Aesar), and iron (III) chloride hexahydrate (97%, CAS 10025-77-1, Sigma-
Aldrich).

All solutions were freshly prepared for each experiment by dissolving the chemical in 10
mM stock solution of KC1 (CAS 7447-40-7, EM Science) in nanopure water, with KCl added in
order to stabilize pH reading. The pH was adjusted using concentrated hydrochloric acid
(37.5%, CAS 7647-01-0, Fisher Scientific) and verified with a calibrated Mettler Toledo
SevenEasy S20 pH meter. Because the formation of the bidentate mononuclear complex is pH
sensitive,?® %7 the initial pH values were adjusted to 3.0, a common pH in aerosol particles.?® As

the pH becomes higher (>4), catechol and its analogs start to lose protons on hydroxyl groups



and form complexes with higher coordination numbers. A similar phenomenon can be found in

hydrolytic Fe(III) species as well.?’

2.2 UV-Vis Experiments under Dark Conditions

The 10 mM KCI stock solution at pH 3 was used to prepare 10 mL of 80 mM iron (III) chloride,
FeCls, and 100 mL of 1.06 mM catechol derivative. After the preparation, the catechol derivative
solution was then re-adjusted to pH 3. A 0.5 mL volume of 80 mM of FeCl; was mixed with 19
mL of 1.06 mM of a catechol derivative in a 20 mL scintillation vial resulting in an iron to organic
molar ratio of 2 mM : 1 mM. These relatively high concentrations were selected to mimic aqueous
surfaces where organic compounds are enriched. The concentrations used were the same in all
experiments as we focused on the effect of the catechol derivative on the particle yield. A typical
concentration of dissolved Fe(Ill) in cloud droplets (diameter ~ 20 pm) is around 10 M.3°
Therefore, for an aerosol particle produced by evaporation of cloud droplets down to a diameter
of 1 um, the concentration of dissolved Fe(Ill) could be as high as 10 mM, making the 2 mM
Fe(Ill) concentration in our experiments a relevant choice for aerosol particles. The gas-phase
concentration of catechol can be as high as 50 ppbv (~5x107® atm) resulting from biomass burning,
pyrolysis and combustion,*!' but in most cases it will be well below 1 ppbv (10~ atm) level. With
the Henry’s law constant of 4600 M atm™3? this translates into 0.2 mM and 0.005 mM,
respectively, in a bulk system like a cloud droplet. The concentrations could be higher in the
interfacial region of the particles because of surface enhancement of organics. In our experiments,
we selected 1 mM concentration of catechol to ensure that Fe is in excess but at the same time a
measurable amount of products can be produced on a reasonable experimental time scale of 2 h.

The mixture was covered by Al foil to avoid photochemistry. The mixture was stirred on
a stir plate at room temperature. The vial was closed but not sealed allowing the room air to

interact with the solution during this process. UV-Vis spectra of the mixture were collected by



withdrawing 0.5 mL of the mixture out of the vial, diluting 8-fold using nanopure water in a 1
cm quartz cuvette at 1-5 min, 1 h, and 2 h time points using Shimadzu UV-2450
spectrophotometer with the reference cuvette containing 3 mL of nanopure water. Shortly after
the 2 h time point, the solution was filtered via a pre-weighted nylon membrane (0.20 micron
pore size, 25 mm diameter, EMD) by syringe filtration, and a UV-Vis spectrum of the filtrate
was also collected. The filter was dried for 24 h, and weighted to estimate the particle yield.
Filter weighing was done with Sartorius ME5-F microbalance (1 pg precision). More precise

particle yield measurements were done with larger amounts of reagents, as described below.
2.3 Mass Yield Experiments

For these experiments, the starting amounts of both reactants were scaled up compared to
the amounts used in Section 2.2. The 10 mM KCI stock solution at pH 3 was used to prepare 10
mL of 20 mM FeCl; and 100 mL of 1 mM catechol derivative. The pH was re-adjusted to 3. To
initiate the reaction, the two solutions were mixed in a 250 mL beaker to achieve the iron to
organic ratio of 2:1, and the mixture was covered by Al-foil. After 2 h of mixing on a stir plate,
the mixture was filtered through a pre-weighted nylon membrane (0.20 micron pore size, 47 mm
diameter, EMD) by syringe filtration. The filtration was performed one more time through the
same filter, and the filter was washed with 50 mL of nanopure water to remove residual soluble
salts. The filter was dried for 24 hours, weighed, and the effective product mass yield was

calculated using the following formula (eq. (1)):

Yield (%) MAaSSgried filter — MASSorginal filter
0 =

X 100% (D

massorganic reactant
2.4 Dynamic Light Scattering Experiments

Dynamic Light Scattering (DLS) experiments were performed using Malvern Zetasizer
Nano DLS. Solutions of 10 mL of 80 mM FeClzand 100 mL of 1.06 mM of a catechol
derivative were prepared and adjusted to pH 3 as described above. A volume of 0.5 mL of 80
mM of FeCls was mixed with 19 mL of 1.06 mM of a catechol derivative, and 3 mL of this
mixture was transferred immediately to a cuvette for the measurement. The dispersant was
water; backscattering angle was -173° by default; viscosity was set to 0.0082 cP; the equilibrium

temperature was 25° C; the real refractive index of the material was set to 1.604 and the



imaginary refractive index was set to 0.000 (the exact values do not affect the results presented
below). Each measurement had 6 runs and a 120-second waiting time, and each run lasted 10
seconds. 10 measurements were taken for each DLS experiment. Both derived count rate (kcps)
and Z-average diameter (nm) were collected and plotted against the time of reaction (which
lasted 30 min in these experiments). The error bars were calculated based on two sets of data

using the first standard deviation (o).
2.5 Analysis of Reactions products

Black particles from reactions of 3-HC, 4-HC, and CON were analyzed with Thermo
Scientific Vanquish Horizon ultra performance liquid chromatograph coupled to a Vanquish
Horizon photodiode array spectrophotometer and to a Q Exactive Plus high resolution mass
spectrometer with a resolving power up to 1.4x10° (UPLC-PDA-HRMS). The dried filters
remaining from the mass yield experiments described in Section 2.3 were cut into 8 segments,
and one segment was extracted in 20 mL methanol using a vortex shaker. After 30-45 min of
shaking, the filters were removed. The extraction solutions were colored and filters were lighter
in color but not completely white indicating that only some reaction products could be dissolved
by this method (particles from the CA+Fe(III) reaction could not be dissolved in methanol or
other common organic solvents). The solutions were evaporated on a rotary evaporator, and the
residues were re-dissolved in a 20 mL mixture of acetonitrile and water (50% each by volume)
and filtered through a syringe filter. The column was Phenomenex Luna Omega Polar C18, 150

x 2.1 mm, with 1.6 pm particles and 100 A pores, maintained at 30 °C during the runs, and the

injected volume was kept at 5 puL. The eluent flow of 0.3 mLmin™! consisted of a mixture of
water acidified with 0.1% formic acid to pH 3 (solution A) and acetonitrile with a 0.1% formic
acid added (solution B). The gradient was: 0-3 min 95%A; 3-14 min linear ramp to 95% B; 14-
16 min hold at 95% B; 16 min return to 95% A and hold until 22 min in preparation for the next
run. PDA collected data at 5 Hz over 190-580 nm range with a 4 nm effective bandwidth. Mass
spectra were obtained with HRMS operating first in positive ion mode, and then in a separate
UPLC scan in the negative ion mode. The heated electrospray ionization (HESI) ion source
parameters were: +3.5 kV and -3.5 kV spray voltage, 300 °C probe heater temperature, 320 °C
capillary temperature, 50 units of sheath gas flow, and 10 units of aux gas flow. All peaks were

analyzed using the Thermo Scientific program FreeStyle 1.6. The strongest peaks contributing



to the near-UV and visible PDA chromatogram were correlated to the corresponding peaks in the
total ion current (TIC) chromatogram, taking into account a delay time of 0.06 min between the
PDA and Orbitrap detectors. The suspect TIC peaks were confirmed by examining selected ion
monitoring (SIM) chromatograms. Ion formulas generated by FreeStyle were verified with a
molecular formula calculator (https://fs.magnet.fsu.edu/~midas/). In addition to running

samples, standard solutions of CA, 3-HC, coniferaldehyde, and 4-HC were run on UPLC-PDA-

HRMS to verify that no oxidation of standards occurred in the HESI source (such oxidation of
CA was observed in our previous work with a different ESI instrument and complicated
assignments).? CA, 3-HC and CON standards gave clean singe-peak chromatograms with no
major impurities or oxidation products. 4-HC standard results showed that the starting material
was contaminated and, as a result, a few autooxidation products were present, however, 4-HC

was still the main component of the standard.
2.6 BBOA UV-Vis Experiment

Dried pine needles were burned and the resulting biomass burning organic aerosol
(BBOA) particles were sampled during different burning stages on Fluoropore PTFE Membrane
Filters (Millipore FGLP04700, 0.20 um pore size, 47 mm diameter) at 10 L min™'. Each filter
was extracted in 18 mL of 10 mM KCI solution at pH 3 by shaking the solution for 1 h. Not all
BBOA material could be extracted as the filter remained brown after the extraction. Since the
solubility of BBOA material is unknown, we used a typical value of mass absorption coefficient
(MAC)* at 365 nm equal to ~1 m? g'! to estimate the mass concentration of BBOA compounds
(Cmass) in the extract from the measured base 10 absorbance (A) and cuvette path length (/), as

shown in the following formula (eq. (2)):

A(A) X In(10)

MAC (A) = (2)

l Cmass

The molar concentration of BBOA compounds in the extract was estimated assuming an average
molecular weight of 200 g mol!. A pH=3 solution of FeCls in 10 mM KCI was then added to
achieve an estimated Fe(IIl):organics molar ratio of 2:1, which produced the maximal particle
yield in our previous study of Fe(Ill)+catechol reaction.? The reaction took place under dark

conditions. The solution was exposed to air, allowing O to participate as an oxidant. After a


https://fs.magnet.fsu.edu/%7Emidas/

certain reaction time, 1 mL of the solution was filtered through a syringe filter to eliminate

suspended particulates, transferred into a cuvette and diluted 4-fold to take a UV-Vis spectrum.
2.7 Effect of near-UV Irradiation on Particle Formation

The procedure was similar to the procedure in Section 2.2. However, the mixture was not
covered by Al foil and was instead irradiated from above through the opening in the scintillation
vial. The vial was fully open to room air during this process. UV radiation at 405 nm was used
because oxidation species of Fe-catechol complex has a strong absorption band at 400 nm. The
radiation was produced by a light-emitting diode (LED, M405L4, Thorlabs) with a center

wavelength of 4057 nm (the quoted range refers to full width at half maximum). Two different
intensities of the UV light were tested: one with the maximal LED output (~135 mW), and

another with LED power set to 50% of the maximal value (~70 mW).

3. RESULTS AND DISCUSSION
3.1 Dark Reaction between Fe(IlT) and Organic Reactants

Figure 1 (a-g) show the absorption spectra recorded after 1-5 min, 1 h and 2 h of
reactions, as well as spectra of solutions after filtering out the particles. It also shows the
corresponding photographs of the reacting mixture vials taken over time. Several species
contribute to the overall light absorption in the reaction mixtures of Fe(IlI) and organic reactants.
Prior to mixing, the Fe(III) solution is dominated by the strong absorption band of Fe(OH)," at
296 nm, and the organic reactant solution features a m to n* transition peaking between 250 and
300 nm, depending on the compound. For example, the & to ©* transition of the aromatic ring in
catechol occurs at 276 nm,** and a similar peak can be observed across all catechol analogs
discussed in this paper (Figure 1). Mixing the solutions results in a sequence of color changes,
accompanied in some cases by particle formation. The additional features are observed in the
absorption spectrum during the reaction due to: (a) m to n* transition centered on the ligand in
Fe-organics complex appearing in the near-UV and shifted from the corresponding transition in
the isolated ligand; (b) ligand-to-metal transition (LMCT) in the bidentate iron-organics
complexes appearing in the near-IR; (c) bands from soluble reaction products between Fe(III)

and the organics reagents, including n to ©* transition in the o-quinone species formed from



oxidation of catechol—Fe complexes; (d) scattering and absorption by the insoluble suspended
particles with a weak wavelength dependence. As demonstrated by Salgado et al.,?* the Fe-
complex transitions appear quickly after mixing, whereas absorption features of the reaction
products take minutes or even hours to develop. In this study, the reaction was terminated after
two hours, and presence of particulate products was verified visually as well as by comparing
absorption spectra before and after filtering the solution. We will discuss the behavior of each

organic reactant shown in Scheme 1 separately over the time frame of our experiments.

Catechol (CA): Reaction with CA was carried out multiple times throughout the study
because it served as a reference experiment to which reactions of other organic compounds were
compared. CA formed complexes with Fe(III) shortly after mixing. An intense peak at 390 nm
indicates n to * transition of o-quinone, which decreased in intensity in one hour, as observed in
our previous study.”* A broad band at 700 nm corresponds to the LMCT in the bidentate
mononuclear catechol-iron complex.?* The mixture was intensely green at the beginning; it
slowly turned into pale green, while the black tint became progressively prominent. After 2 h of
reaction, an overall decrease in transmittance (manifesting itself as increase in the apparent
absorbance) across all wavelengths was observed as a result of scattering and absorption by dark

colloidal particles formed by the reaction.

2,4-Dinitrophenol (2,4-DNP): To examine the role of bidentate nature of catechol
derivatives in the reaction, 2,4-DNP was tested. This compound has only one phenolic group
capable of forming a complex with Fe(IIl), and two nitro groups, which do not contribute to
complexation but strongly affect the electron density distribution in the aromatic ring. The
mixture remained pale-yellow in color throughout the experiment; and there was no apparent
reaction after mixing. There was one band in the spectrum at 295 nm, and no evidence of the
LMCT band (which is expected since LMCT appear in bidentate complexes). No particles could
be detected at the end of the experiment. These results confirm the importance of the formation
of bidentate catechol-iron complex for the particle formation.>?* In addition, the electron-
withdrawing nature of the nitro groups has a suppressing effect on the reactivity, as discussed

below.

4-Methylcatechol (MC): Reaction of Fe(IIl) with MC mixture exhibited similar UV-Vis

spectrum to that of CA. An intense peak n to m* transition at 400 nm from the quinone species
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appeared promptly and decreased over time. A LMCT band was expected but not observed. It is
worth noting that the mixture turned into light green at the moment of the introduction of Fe(IIl);
then it quickly shifted to bright yellow within seconds, and maintained this color for the rest of
the experiment, so it is possible the LMCT band disappeared too quickly for us to detect it.
There was a slight increase in a peak at around 500 nm observed during the course of two hours.
The lack of overall scattering indicates that the mixture did not produce any light-absorbing
particles on this time scale. Interestingly, an experiment carried out under the same protocol did
produce some coloration on filter after 3 and 24 h of mixing. The results also show a slight
increase in yield after 24 h of mixing. This result coincides with the one reported in previous
study by Larson et al., where Mn(II) was used as the catalytic metal ions.>> We conclude that
particles can be eventually formed, however the kinetics are much slower compared to the other

organic reactants used in this study.

4-Nitrocatechol (NC): Before the addition of Fe(III), the spectrum presented an intense
broad band with peaks at 310 and 345 nm, attributed to n to n* transitions. Upon mixing NC and
Fe(Il), a different n to * band of the NO> substituent at 386 nm immediately appeared and
persisted throughout the observation time. This peak is red shifted relative to its initial position
due the deprotonation of catechol moiety as a result of complexation to iron.?” Similar to what
was observed in the spectrum of CA, a broad peak at 660 nm, indicative of LMCT for NC-iron
complex, was observed from the beginning to the end. The mixture also had an intense, dark
green color, akin to the one catechol-iron mixture had in the beginning. No particle scattering
was observed in the UV-Vis spectrum, indicating that the reaction did not go past the formation

of the bidentate complex.

3-Hydroxycatechol (3-HC): The 3-HC and Fe(III) reaction exhibited the most
complicated color changes in this series of experiments. The 3-HC solution changed from clear
to dark, blue-purple a few seconds after adding FeCls, and then quickly turned into dark, amber-
orange, which further changed to bright orange, then faded into brown in the first 10 minutes.
The UV-Vis spectra indicated that a quinone species absorbing at 371 nm was produced after 5
min; the peak gradually decreased in the two-hour period. The UV-Vis spectrum also had a

contribution from scattering by particles by the end of the observation period.
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4-Hydroxycatechol (4-HC): 4-HC and Fe(IlII) reaction demonstrated a similar trend as 3-
HC. A product peak was detected around 360 nm in the first 5 min while the solution changed
from amber-orange to a brighter orange shade. Unique to this system, as the reaction progressed,
the product peak shifted to the red to 450 nm after 1 h. The mixture maintained brown color
throughout the process. The UV-Vis spectrum also exhibited scattering by suspended particles

towards the end of the experiment.

Coniferaldehyde (CON): The mixture of CON and Fe(III) exhibited large changes in
intensity of the n to m* peak around 337 nm, with the peak first increasing at the 5 min mark and
then decreasing over time. No LMCT band was detected, in agreement with the expectation that
CON should not form a strong bidentate complex with Fe(IlI). The solution color changed from
a faint green to light orange in the first hour; the color then became progressively darker into
brown in the second hour. The overall effective absorbance increased at all wavelengths due to
scattering and absorption by the particles, and a large difference was observed between the

spectrum of the unfiltered and filtered solution.

In summary, UV/Vis observation of the evolution of near-UV peaks, LMCT broadband
peaks, and particle scattering are indicative of the formation of Fe(Ill)-complexes, which in some
cases is followed by the formation of light-absorbing particles (Table 1). The near-UV peak
indicative of a m—>7n* transition in the Fe-organics complex occurred in all reactions. The n—»>n*
transition in the o-quinone product was observed in all cases except for 2,4-DNP and CON. A
clear LMCT band was observed for CA and 4-NC. Particle formation after 2 h or reaction was
observed in CA, 3-HC, 4-HC, and CON. The explanation for this diverse behavior will be

presented in Section 3.4.
3.2 Measured Particle Mass Yields

The catechol derivatives that produced particles after 2 h of reaction, namely CA, CON,
3-HC, and 4-HC, were further investigated by scaling up the amounts of reagents to more
accurately determine the mass yields. Figure 2 reproduces the resulting mass yields from Table
1, as well as shows photographs of particles retained on the filters. As much as 30-40% of the
initial mass of the dissolved organic reactants was converted into insoluble particles. Previous
measurements on CA-derived particles showed that they contained no iron; we presume the same

applies to the CON, 3-HC and 4-HC particles (but we have not explicitly verified that). Further
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experiments using XRF and ICP-MS would need to be used to verify the absence of iron in these
particles. The reproducibility of experiments was excellent resulting in small standard deviations
of the measurements. All particles appeared dark in color, ranging from brown for CON, dark

brown for 3-HC and 4-HC, and black for CA.
3.3 Time-Dependence of Particle Formation under Dark Conditions

The formation of polymeric particles was further examined using DLS, similar to
previous work.> > 3¢ Figure 3 shows the time-dependent particle count rate from the reaction of
each organic in Scheme 1 and Fe(III) at pH 3 for the first 30 min. The particle count in both NC
and MC remained low throughout the experiment, confirming the absence of the particulate
reaction products. As discussed below, the electron withdrawing group on NC inhibits the
reduction of Fe(IlI) in the ligand to metal charge transfer step during the catalytic cycle.*?* In
the case of MC, which introduces an electron donating group to the 1,2-dihyroxybenene ring, the
particles still form but the kinetics of particle formation is significantly reduced. In contrast,
mixtures of CA, 3-HC, 4-HC, and CON with Fe(IIl) show steady growth in particle count over
time, in agreement with large particle yields from these compounds discussed in section 3.2.
CON has the fastest particle growth from the beginning of the experiment as a result of an
electron donating group which facilitates the reduction step of the catalytic cycle. We note that
the yield from CON (35+4%) is actually smaller than that for guaiacol (49+14%) reported in our
previous study,” possibly as a result of steric effects associated with the bulkier substituent group

in CON.
3.4 Effect of the Substituent Groups on the Reaction Mechanism

The results described above can be rationalized in terms of the effect of different ring
substituents for the catechol and guaiacol derivatives examined here (2,4-DNP is excluded from

this comparison because it can only form monodentate complexes with Fe(III)).%’

Scheme 2 shows reaction steps involved in the oxidation of catechol as reported earlier.?*:
25.35,38,39 The first step is a formation of an Fe(IlI)-ligand bidentate complex. This is followed by
a ligand to metal charge transfer (LMCT) to Fe(Il) complex, and a release of the corresponding

1,2-benzoquinone compound. In presence of oxygen, Fe(Il) is oxidized back to Fe(IIl) producing
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hydrogen peroxide. The latter serves as a source of OH that drives the oligomerization and other

reactions of the 1,2-benzoquinone compound.

The strongly electron withdrawing NO> group on NC inhibits the LMCT following the
formation of a stable NC-Fe(IIl) complex. Hence, NC showed no detectable yield of particles
from the oxidative polymerization reaction steps that follow complexation. In comparison, the
hydroxyl substituent in 3-HC and 4-HC can donate the electron to the n-system and help stabilize
the LMCT intermediate. Both 3-HC and 4-HC exhibited similar results in reaction with Fe(III),
where both compounds formed colored particles with mass yield of 27+2% and 324+3% for 3-HC
and 4-HC, respectively. MC was also tested to see the effect of a weak electron donating group
on the iron-catalyzed polymerization reaction. The mixture of MC and FeCl3 did not produce
particles over the 2 h reaction time. The signature green color of the complex disappeared in
seconds after the two solutions were mixed. Meanwhile, a gradual emergence of the peak at 500
nm implies a formation of new, more conjugated product. As mentioned above, particles did
eventually appear on the filter after letting the mixture further react for 24 h. The solution after
filtration was also visibly lighter in color than the unfiltered solution. DLS measurements also

support kinetically slow and inefficient nature of the polymerization of MC by Fe(III).

The reactivity of CON with Fe(III) leading to particle formation is explained by the
effective electron donating group, -CH=CH-CHO, in the para position. As shown in Scheme S1
for guaiacol (no substituents), Fe(IlT) will abstract an electron from the phenolic group leading to
the formation of phenoxy radicals. These radicals are stabilized by resonance and lead to the
formation of quinones, dimers and eventually polyguaiacol through C-C coupling reactions. The
substituent in CON limits the number of phenoxy radicals available for oxidation and
polymerization. Hence, CON is able to rapidly complete the reaction along the pathways that
lead to dimer formation. Since ortho and para position are blocked, formation of higher degree
oligomers would be less likely than for guaiacol (Scheme 3). It is possible that the dimers with
the -(CH)2CHO substituents would be less soluble than CON, and would precipitate out of
solution, hence the relatively lower particle mass yield of 35+4% compared to 49+14% reported

earlier for polyguaiacol.?

3.5 UPLC-PDA-HRMS Analysis of Particles Produced from Fe(III) Reactions with 3-HC,
CON, and 4-HC
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Figure 4 shows UPLC data for the products of the CON + Fe(III) reaction, which was
found to give more detectable products than reactions of 3-HC (Figure S1) and 4-HC (Figure
S2). Since our focus was on light-absorbing products, we attempted to assign all peaks appearing
in the PDA chromatograms at near-UV and visible wavelengths. For all PDA peaks, a suitable
companion peak appeared in the TIC chromatograms, and its formula could be confirmed with
SIM chromatograms. Table 2 summarizes the retention times (RTs) of major peaks observed in
all the PDA chromatograms, and their molecular assignments. The formula of the neutral
compounds was obtained by adding a proton to the ion formula assuming that deprotonation was

the main ionization mechanism.

In the case of the 3-HC reaction (Figure S1), only one major absorption peak was
detected at RT 9.38 min. Two compounds appeared to co-elute at this RT with neutral formulas
of C24H14010 and C11HgOs. The former has the correct formula for a tetramer of 3-HC. We
believe that compound C11HsOs corresponds to purpurogallin, which was observed in earlier
studies during aerobic oxidation of 3-HC.**** Purpurogallin has an absorption peak at 325 nm,
consistent with the PDA observations. The hydrogen peroxide produced by Fe(II) to Fe(III)

oxidation (e.g., Scheme 2) should promote conversion of 3-HC to purpurogallin.

The analysis of the 4-HC products (Figure S2) was complicated by the initial impurities
in the starting 4-HC material. However, the major product at RT 8.18 min has a formula
corresponding to an O-bridged dimeric product, C12H¢O7. The low number H-atoms in this
compound suggests a highly-conjugated quinone structure. Another related dimeric product,
C12H607, eluted at RT 9.77 min. The rest of the peaks had carbon numbers that were not
multiples of 6, suggesting more complicated mechanism than dimerization and other chemistry
associated with starting material impurity. We do not have good suggestions for the specific

structures of the products beyond the chemical formulas.

The CON + Fe(IlI) reaction produced a surprisingly large number of peaks (Figure 4).
CON itself C1oH1003 was observed at RT 9.09 min indicating that it was either trapped in
particles or produced from particles by decomposition in solution. Several major peaks had 20
carbon atoms in them consistent with dimerization. For example, C20H1sOg eluting as three
isomers at 9.79, 10.47 and 10.73 min had the same formula as the two dimers shown in Scheme

3. Three of the compounds had 30 carbon atoms in them, consistent with trimer formation,

15



including C30H2409, C30H2609, and C30H30011. Compounds with carbon numbers that were not
multiples of 10 were observed as well, such as CigH160s, and C2sH2409, indication a loss of two
carbon atoms from the CON skeleton before or during oligomerization. At present time, we do

not have a good mechanism that explains their formation.
3.6 Reaction of Fe(III) with a Mixture of Organics in BBOA

Figure 5 (a-c) shows the UV-Vis spectra of the reaction mixture of BBOA and FeCl; at
pH 3 under dark conditions. We found that the results varied depending on the amount of
smoldering combustion that occurred while BBOA samples were collected. Sample #1 was
taken at the start of the burning when conditions could be characterized as flaming (from the
visual inspection of the flame). Upon mixing the extract of sample #1 with FeCls, the solution
color changed from light yellow to a faint yellow of a similar shade. This could be explained
simply by mixing of the colors of FeCl; and dissolved BBOA; there was no strong evidence for a
reaction. No further color change was observed afterwards, as shown in the UV-Vis spectrum.
There was also no particle yield after the filtration, confirming the absence of reaction. We infer
that the BBOA sample #1 either did not contain sufficient quantities of reactive catechol or
guaiacol derivatives or contained compounds with stronger affinity to Fe(Ill) preventing it from
particle-forming reactions. Flaming combustion products include nitrated aromatics, formed

44, 45

from reactions of high levels of NOx with aromatic vapors, which could have suppressed

particle yield.

Sample #2 was collected later in the burning process, when at least half of the fuel
burned. Upon mixing with Fe(III), the solution color changed from light yellow to green for
about 2 seconds, but then the solution became and remained darker yellow for the next 2 h. The
UV-Vis spectrum of the sample #2 mixture showed minimal changes after the first 2 min. The
pattern of color change of the mixture of BBOA #2 and FeCls was similar to that of the mixture
of MC and FeCls. No particles were detected after syringe filtration at the end of the 2 h reaction
time. We infer that BBOA compounds produced during this burning stage may form complexes

but they do not partake in the subsequent polymerization over relatively short reaction times, i.e.,
2 h.

Sample #3 was taken after the fire was extinguished by placing a lid on the container

where burning took place. This resulted in purely smoldering conditions, expected to emit lignin
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pyrolysis and distillation products.*® Upon mixing, the solution color changed from beige-yellow
to bright orange. The color then slowly faded and progressively became darker brown over the
course of the experiment. Unlike the other two cases discussed above, the UV-Vis spectrum for
sample #3 had a notable decrease over time at 480 nm. The pattern of color change of the
mixture of BBOA #3 and FeClz matched that of the mixture of 4-HC and FeCls. It therefore
appears that chemicals produced during the burning at this stage follow the similar mechanism to
4-HC. Syringe filtration of the mixture after 2 hours suggested a large particle mass yield of
52.8%.

The large differences in the behavior of three different samples of BBOA contrasts with
the highly reproducible results of experiments in which individual catechol derivatives were
mixed with Fe(III). This suggests that the reaction of aqueous BBOA extracts with Fe(III) is
more complex and its outcome may depend strongly upon the specific burning conditions and
presumably the nature of the fuel (this was not examined in this study) which dictates BBOA
particle composition. We suggest that effect of burning conditions on the reactivity of BBOA

towards Fe(III) should be more systematically explored in future studies.
3.7 Reaction in presence of near-UV radiation

Figure S3 shows the spectra and photographs of solutions of the reaction between Fe(III)
and CA collected under 405 nm LED irradiation. A clear trend can be observed from the
spectra. As the LED power increases from 0 mW to 70 mW or 135 mW, the quinone product
peak at 390 nm persisted for a longer period of time. In addition, the overall scattering due to
suspended particles reduced as the UV intensity increased, and the measured particle yields
dropped from 43+2% at 0 mW to 32+6% at 70 mW and 28+2% at 135 mW, as shown in Figure
S4. The results suggest that photodegradation counteracted the polymerization. Indeed, it was
reported that catechol photodegrades under UV irradiation in the presence of 02.*’ In an
oxidative environment, the easily produced radical caused by irradiation is the main reason for
degradation.*”- *® Nevertheless, the photodegradation was not sufficiently fast to prevent particle
formation, suggesting that the chemistry studied here will occur under both dark and sunlit

conditions.
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4. ATMOSPHERIC IMPLICATIONS

Experiments described in this paper have broadened the list of organic compounds
capable of forming insoluble particles in aqueous reactions with soluble iron. Previous studies
found insoluble products in reactions of Fe(III) with catechol, guaiacol, syringol, o- and p-cresol.
2.4 We have added 4-hyroxycatechol, 3-hydroxycatechol and coniferaldehyde to the list of
particle-forming compounds over short periods of time (i.e., 2 h). In contrast, 2,4-dinitrophenol,
4-nitrocatechol, and 4-methylcatechol did not produce any insoluble products on this time scale.
All of these compounds are common constituents of BBOA, but their relative yields depend on
the combustion conditions. We have been able to directly demonstrate that BBOA produced
under smoldering conditions (favoring lignin pyrolysis and distillation products) can produce
particles in Fe(IlI)-catalyzed reactions, whereas BBOA produced under flaming conditions
(favoring nitroaromatics) does not appreciably react in presence of Fe(III). The results suggest
that Fe(III)-catalyzed chemistry can take place in smoldering BBOA plumes and make aerosol
particles more light-absorbing. This has important implications for understanding the direct

effect of BBOA and mixed dust/BBOA aerosols on climate.

The millimolar concentrations of Fe(Ill) and organic reactants used in our experiments
may only be attainable on surfaces of particles or in aerosol liquid water, so the results of this
study should not be applied to cloud and fog droplets, where the concentrations are lower.
Furthermore, these experiments have not evaluated the possible effect of competing
complexation between Fe(IIl) and oxalate ion, which has been shown to decrease the particle
yield in Fe(III) + catechol reaction.? Finally, in real particles, there are other organic compounds
that do not form complexes with Fe(III) but can scavenge OH (an intermediate in this chemistry),
thus indirectly affecting the chemistry leading to particle formation. This makes it challenging to

extrapolate these results to actual atmospheric conditions.

UV irradiation of aqueous organic aerosol tends to fragment organic compounds
producing smaller, more volatile compounds from larger oligomeric ones.*->! Light-absorbing
compounds derived from BBOA have also been found to fragment and photobleach under
irradiated conditions.** Such photodegradation processes can be amplified in presence of Fe(III),
which efficiently catalyzes photo-Fenton processes.>**’We tested whether 405 nm irradiation can

suppress Fe(Ill)-catalyzed oligomerization reactions in the catechol + Fe(III) system. The
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irradiation was found to reduce, but not fully suppress the particle yield. This important result
shows that chemistry described in this study is not limited to nighttime, and can also take place

under sunlit conditions.
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Figures and Tables
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Scheme 1: Chemical structures and abbreviation codes of pyrocatechol (CA), 2,4-dinitrophenol
(2,4-DNP), 4-nitrocatechol (NC), coniferaldehyde (CON), 4-methylcatechol (MC), 4-
hydroxycatechol (4-HC), and 3-hydroxycatechol (3-HC). The frames in black highlight the
organic compounds that produced particles promptly due to reaction with Fe(IIl); MC is
surrounded by a red frame because it produced particles on a slower time scale.
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Figure 1: UV-Vis absorption spectra of mixtures of Fe(Ill) with (a) pyrocatechol, (b) 2,4-
dinitrophenol, (c) 4-methylcatechol, (d) coniferaldehyde, (e) 4-nitrocatechol, (f) 3-
hydroxycatechol, and (g) 4-hydroxycatechol. Different colors of traces correspond to spectra of
organic reactant before mixing (red), 1-5 min after mixing (orange), 1 h after mixing (green), 2 h
after mixing (blue), and filtered solution (purple). The final concentration of organics is 1mM,
and the final concentration of Fe(IIl) is 2 mM. The photographs are those of unfiltered solutions.
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Table 1: Summary of UV/vis and particle yield observations. The last column contains the
average (n=3) effective mass yield in percent (also shown in Figure 2).

Compound | n—n* transition in the o- | LMCT transition Particle mass yield
quinone product (around | (around 700 nm) after 2 h (%)
400 nm)

CA Yes Yes 43+1

2,4-DNP - - -

4-MC Yes - -

4-NC Yes Yes _

3-HC Yes - 2742

4-HC Yes - 3243

CON - - 354
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| 32+3%

3-HC

Figure 2: Photographs of filters containing particles after 2 h or reaction, filtration, and drying
for catechol (CA), coniferaldehyde (CON), 4-hydroxycatechol (4-HC), and 3-hydroxycatechol
(3-HC). The last column contains the average (n=3) effective mass yield in percent.
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Figure 3: DLS measurements of the derived count rate of each iron-organic solution mixture as
a function of reaction time during the dark condition of the organics including pyrocatechol
(red), 4-nitrocatechol (orange), coniferaldehyde (green), 4-methylcatechol (dark green), 3-
hydroxycatechol (blue), and 4-hydroxycatechol (dark blue). Error bars represent a standard
deviation from two repeat measurements.

25



WXL/ IV VIS T ULTU T UV VUL

forRy 5, R, 'V

+ =H,R =O0OH (3-HC)
R, o) R, o) for R4
\Fe||| LMCT \Fe|| for R = OH, ﬁ =H (4-HC)
o’ o "=CcH ® =HMC)
for R1 3 R2
2 2
R O oH
N » Oligomers
Fe(lll) / -2H ( >\( polycatechol
pH=3
Fe(lll) Fe(ll 2
R OH X ( )\\Hzoz
OH H
-+ Fe(lll) +
2 H,0, 2  OH OH

Scheme 2: Suggested mechanisms for the oxidation of catechol derivatives in the presence of
excess iron under dark conditions leading to the formation of oligomers and polycatechol
particles. The rate of the ligand to metal charge transfer (LMCT) depends on the substituents R
and R,. The reactions are based on the results from Refs. 2% 2% 333839,
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Scheme 3: Suggested mechanism for the oxidation of CON forming dimers. Compared to the
reaction of guaiacol, extensive oligomerization is less likely for CON due to steric constraints.
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Figure 4: UPLC-PDA-HRMS data for the CON + Fe(III) reaction products: (a) photodiode array
(PDA) chromatogram; (b) total ion current (TIC) chromatogram; and (c & d) single ion
monitoring (SIM) chromatograms. The TIC and SIM chromatograms were corrected for the
0.06 min delay time between PDA and Orbitrap detectors. The formulas listed correspond to
neutral compounds observed as deprotonated ions at the specified m/z values.
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Table 2: Summary of compounds detected by UPLC-PDA-HRMS in negative ion mode from
reactions of CON, 4-HC and 3-HC with Fe(IIl). The formula of the neutral compounds was
obtained by adding a proton to the ion formula assuming that deprotonation was the main
ionization mechanism.

PDA MS Description of Major m/z Relative Neutral
Retention | Retention Absorption Values Peak Formula
Time Time Spectrum Correlating with | Abundance
(min) (min) Observed by PDA Eluted Peak
(negative mode)
From the CON + Fe(IIl) reaction
9.09 9.15 222 nm and 338 nm 177.0559 - Ci0H1003
peaks
9.35 9.40 200-380 nm broad 565.1724 - C30H30011
spectrum
9.79 9.85 222 nm and 338 nm 353.1032 Major C20H 806
peaks 421.0907 Minor C23H 1505
10.18 10.25 200-400 nm broad 327.0875 - CisHi60¢
spectrum
10.47 10.53 222 nm and 342 nm 353.1031 - C20H130¢
peaks
10.73 10.79 222 nm and 338 nm 353.1032 - C20H150¢
peaks
11.08 11.14 222 nm and 338 nm 503.1347 - C23H2409
peaks
11.22 11.28 222 nm and 338 nm 529.1501 - C30H2609
peaks
11.79 11.85 200-380 nm broad 351.0876 - C20H160¢
spectrum
12.21 12.25 222 nm and 334 nm 527.1346 - C30H2409
peaks
From the 4-HC + Fe(IIl) reaction
6.28 6.34 210 nm and 318 nm 166.9988 - C7H40:5
peaks
6.60 6.66 210 nm peak 237.0042 Major Ci0HsO7
304.9918 Minor Ci3HO9
8.18 8.24 218 nm and 336 nm 163.0038 Minor CsH404
peaks 261.0039 Major C12HsO7
9.77 9.83 218 nm peak 245.0091 - C12HOgs
From the 3-HC + Fe(IIl) reaction
9.38 9.44 220-340 nm broad 219.0299 Major C11HsOs
spectrum 461.0492 Minor C24H14010
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Figure 5: UV-Vis absorption spectra of mixture of excess Fe(Ill) and BBOA extracts. Different
colors of traces correspond to spectra of BBOA before mixing (red), 2 min after mixing (orange),
30 min after mixing (green), 1 h after mixing (light blue), 2 h after mixing (dark blue), and
filtered solution (purple).
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