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ABSTRACT: The catalytic oxidation of S(IV) species by transition metal ions

. o ; . )\?O -5057/-50, Fe3*
(TMIs) is a significant pathway for aqueous sulfate formation. Sulfoxy radicals, o — R
such as SO;7, SO,~, and SOs™ radicals, are major intermediates in this catalytic i
reaction. These radicals can also react with organic compounds to produce | l
organosulfur compounds, which are important tracers of secondary organic ¢, ¢, organosulfur

C.; oligomers

aerosol (SOA) formation. However, the mechanism for the formation of  compounds

organosulfur compounds via this pathway is not well understood. Here, we o Mn2*
investigate the formation of organosulfur compounds from the aqueous reaction of )OVO = n
isoprene oxidation products, in this case, methacrolein (MACR) and methyl vinyl A

ketone (MVK), with sulfite/bisulfite in the presence of different TMIs. In I ]

particular, we show here how this chemistry is influenced by the presence of Fe3*
and Mn*>" both separately and together. Fe’* and Mn*" have distinctly different
effects on the mechanism for organosulfur formation. Both C,—C, organosulfur
compounds and their oligomers are formed in the presence of Fe*, whereas only
C,—C, organosulfur compounds are observed in the presence of Mn’*. Fe’* dominates the formation of organosulfur
compounds when both Fe** and Mn®* are present, as indicated by the significant increase of oligomers observed even at low
ratios of Fe** to Mn®" (1:25). Furthermore, the quantification of organosulfur compounds shows that organosulfur compound
formation through TMI-catalyzed reactions makes a significant contribution to the fate of S(IV) in the aqueous phase. The
importance of these reactions in the atmosphere is discussed.

C,—C, organosulfur
compounds

No oligomers
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B INTRODUCTION

Organosulfates are a ubiquitous component of atmospheric
aerosols with mass concentrations up to 5—10% of organic
aerosols.' " Organosulfates can also potentially alter the
physicochemical properties of atmospheric aerosols, such as
surface activity and hygroscopicity, due to their polar and
hydrophilic nature, further affecting air quality and climate
chage.”'” The pathways and mechanisms for organosulfate

isoprene with SO;™ radicals, as well as organosulfates in the
aqueous solution of isoprene mixed with sulfite and Mn**.
Additionally, our previous work also observed the formation of
both orgnaosulfate and organosulfite compounds (called
organosulfur compounds hereafter) from the reaction of
methacrolein (MACR) and methyl vinyl ketone (MVK) with
bisulfite in the presence of Fe** under acidic conditions.”
Although previous studies revealed that organosulfur com-

formation in the atmosphere such as the uptake of epoxides on
acidic sulfate particles,'"'> nucleophilic substitution of nitrate
by sulfate,"”'* heterogeneous reaction of SO, with long chain
alkenes,”> and sulfate radicals addition reactions'®™>' have
been investigated in several laboratory studies.

The major sources of sulfate radicals in the atmospheric
aqueous phase are the reaction of OH radicals with sulfate and
the catalytic oxidation of S(IV) species with transition metal
ions (TMIs),**~*° of which the latter is known to be important
in inorganic sulfate formation in the atmosphere.”””” Besides
sulfate radicals, other sulfoxy radicals, that is, SO;~ and SO;~
radicals can also be generated in the presence of TMIs.””
Rudzifski et al.'® reported the formation of organosulfites,
which are elucidated to be produced from the reaction of
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pounds, particularly organosulfite that is heretofore unrecog-
nized, can be formed from TMI-catalyzed reactions,
quantitative studies about the formation of organosulfur
compounds via these reactions are greatly needed.
Furthermore, it was shown that large molar mass, oligomeric
organosulfur compounds can be formed through TMI-
catalyzed reactions in the aqueous phase.’’ However, the
formation of these larger molar mass species was not reported
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Figure 1. Mass spectra of MVK/MACR reacted with Na,SO; in the presence of Fe>* and Mn** at pH S. Labeled peaks represent the major

organosulfur compounds observed.

by others, for example, by Rudzinski et al.'® in their study. This
suggests there may be differences in the reaction, depending on
the exact reaction conditions including the nature of the
transition metal ion and the organic compounds of interest.
Therefore, in order to better understand some of these
differences observed in the literature, we have investigated the
aqueous reaction of MVK and MACR, as model compounds
for unsaturated atmospheric organic compounds, with Na,SO;
in the presence of Fe’" and Mn®', and have measured the
amount of organosulfur compounds formed in these reactions.
The purpose of this study is to explore the effects of different
TMIs on the formation of organosulfur compounds and to
evaluate on a quantitative basis the importance of organosulfur
compounds formed through TMI-catalyzed reactions in the
atmosphere.

B MATERIALS AND METHODS

Reactor and Experimental Conditions. A 20 mL glass
reactor was used to study the aqueous reaction of organosulfur
compound formation. Each experiment was conducted by
filling the reactor with a desired pH value mixture (pH S and
3) containing MVK/MACR, Na,SO;, dissolved O,, and TMI
catalyst, and then sealing the reactor. All experiments were
performed at 277 K in the dark for ~12 h of reaction time. All
of MVK, MACR, and Na,SO; concentrations were controlled
at 2 mM. The solutions containing TMI catalyst were prepared
from the transition metal ion sulfate salts, MnSO, and
Fe,(SO,);. These were used in different proportions to obtain
the different molar ratios of Mn®>* to Fe* for a total
concentration of 0.5 mM. The details of the solution
preparation were described in our previous study.’’ The
information on chemicals used in this study is provided in the
Supporting Information.

Mass Spectrometry Analyses. Samples collected follow-
ing the reaction were analyzed by a high-resolution hybrid
linear ion trap mass spectrometer equipped with a heated
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electrospray ionization source (HESI-HRMS, Thermo Orbi-
trap Elite) under negative ionization mode with following
settings: mass range, —50 to 2000 Da; spray voltage, —2.60 kV;
capillary temperature, —325 °C; S-lens, —60%. The samples
were diluted by a factor of 20 with acetonitrile and directly
infused into the HESI source at the rate of 5 uL min™. For
some experiments, complementary analyses were performed
using ultrahigh-performance liquid chromatography (UPLC,
Thermo Ultimate 3000) coupled to the HESI-HRMS system.
Further details of the method are described in the Supporting
Information.

lon Chromatography Analyses. Selected samples were
analyzed by ion chromatography (IC) to determine the
concentration of inorganic sulfate and residual inorganic sulfite
(inorganic sulfur). The parameters of the IC program are
detailed in a previous work as described in Coddens et al.*®
The difference between the measured concentration of
inorganic sulfur and total sulfur is taken as the corresponding
amount of organosulfur compounds formed.”** In this study,
the total sulfur concentration was obtained from the solution
containing Na,SO; and TMI catalyst under the same
experimental conditions. The related discussion on the
calculation of organosulfur compounds using this method
can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Reactions of MVK/MACR with S(IV) in the Presence of
Mn?* or Fe3*. Figure 1 shows the mass spectra of both MVK
and MACR following the reaction of each with Na,SOj in the
presence of TMIs, Mn** and Fe’*, respectively, at pH 5. The
analysis of product formation of this reaction with Fe®* was
discussed in detail in our previous study.” It was shown that
organosulfur compounds can be formed in the reaction of
MVK/MACR with Na,SO; in the presence of Fe’. The
formula, retention time, and structure of some of the
organosulfur compounds observed in this previous study are
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Table 1. Formula, Retention Time and Structure of Major Organosulfur Compounds Formed from the Reaction of MVK/
MACR with Na,SO; in the Presence of Transition Metal Ions

MVK MACR
m/z Retention m/z Retention
[M-H] time (min) Formula Structure [M-H] time (min) Formula Structure
- 0
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167.00183 1.60 C4H-SO )’\) 152.98624 1.69 C3HsSO 0
4117 5 315 5 _0380\)1\
03
182.99664  1.69 C4H7S06 )H) 167.00182  1.60 CiHiSOs  ~60 L o
OH
(0]
“05S .0
221.04865 1.85 CsHi3S0s )j/l 221.04861 1.78 CsHi3S0s 3
“0;8 0 0
I 0,80 A0
291.09023 1.88 C12H19S06 m 237.04346 1.73 CsHi3S05 ~o
-0, O o

5S

Scheme 1. Proposed Mechanism for the Formation of m/z 123, 165, and 167 for MVK and m/z 137 for MACR"
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“The reaction of MVK/MACR with sulfate radicals is similar to that with sulfite radicals.

summarized in Table 1. These organosulfur compounds are
formed via the reaction of sulfoxy radicals SO;~ and SO, with
MVK/MACR. The addition of the sulfoxy radical on the C=
C double bonds of MVK/MACR leads to the formation of
MVK-sulfoxy/MACR-sulfoxy radicals (called R radicals here-
after). R radicals can react with O, to form RO, radicals and
then undergo further decomposition to produce C,—C,
organosulfur compounds. Scheme 1 shows the reaction
pathways for the formation of m/z 123, 165, and 167 for
MVK and m/z 137 for MACR to elucidate the mechanism for
the formation of C,—C, organosulfur compounds from the
decomposition of RO, radicals via unimolecular and
bimolecular reactions. Alternatively, R radicals react with
MVK/MACR resulting in oligomers formation, for example,
m/z 221, 237, 291, and 307 (see Scheme 2). As shown in
Figure 1, organosulfur compounds can also be observed when
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Mn?* s present. However, when the spectra of the MVK/
MACR reaction in the presence of Mn”* are compared with
that of MVK/MACR reaction in the presence of Fe', distinct
differences in the product distribution are observed. For the
MVK reaction with Mn2+, the compound with m/z 123 is
preferentially formed, whereas oligomers are hardly apparent in
the mass spectrum. Similarly, for the MACR reaction with
Mn?", the oligomer organosulfur peaks are not present. These
observations are also found at pH 3. Additionally, Figure 2
shows that a decrease in pH value seems to accentuate this
discrepancy. Acidity favors the oligomerization of MVK in the
reaction with Fe®*, but the m/z 123 peak from MVK becomes
the most pronounced peak in the spectrum of the reaction with
Mn?* at pH 3. The results of the MS® analysis show that the
structures of C,—C, organosulfur compounds observed in the
presence of Mn>" is the same to that observed in the presence
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Scheme 2. Proposed Mechanism for the Formation of m/z 221 and 291 for MVK and m/z 221 for MACR from
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Figure 2. Mass spectra of MVK/MACR reacted with Na,SOj in the presence of Fe** and Mn®* at pH 3.

of Fe*, suggesting that the mechanism for the formation of
organosulfur compounds in the presence of Mn* also involves
the reaction of sulfoxy radicals with MVK/MACR. Therefore,
on the basis of these data and the mechanism proposed
previously, the rare production of oligomers in the presence of
Mn?* indicates that the pathway for oligomerization (Scheme
2) is inhibited when Mn*" is present.

To the best of our knowledge, the formation of organosulfur
compounds via a TMI-catalyzed reaction affected by different
TMIs has not been reported previously. Employing the
oxidation of sulfite by Mn®* as the source of sulfoxy radicals,
Rudzinski et al.'® found that four types of organosulfur
compounds, m/z 163 (CH,S0,), 165 (CsH,SO,), 179
(CsH,SOg), and 181 (CiHySO;), were produced from the
reaction of isoprene with these sulfoxy radicals, but found no
evidence for the formation of oligomers. However, since only
manganese was used as the catalyst, the formation of
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organosulfur compounds via this reaction using Fe®* as the
initiator of sulfoxy radicals remained unclear. In the current
study, we also examined the different products formed from
the reaction of isoprene with sulfite in the presence of Fe** and
Mn**. Figure S1(a) illustrates the formation of these four
organosulfur compounds when Mn?' is present. However, in
addition to these four peaks, new peaks at m/z 217 and 291
appear in the spectrum of isoprene reacted with sulfite in the
presence Fe** (Figure S1(b)). Peaks at m/z 217 and 297
correspond to C;,H;,SO; and C,(H;S,04 respectively,
indicating the existence of dimers. Thus, besides that for
MVK and MACR, there is also a difference in organosulfur
compounds formation between Mn>* and Fe*" for isoprene.
This result shows that these differences may persist for the
different organic compounds present in the atmosphere.

It is noted that R radicals undergo a competition between a
reaction toward O, and a reaction toward MVK/MACR for
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Figure 3. Organosulfur compounds detected by UPLC—MS following the reaction of MVK/MACR with Na,SO, in the presence of Mn**/Fe**

mixtures at pH S.

decomposition and oligomerization, respectively. Given that
the rate constants of sulfite oxidized by Fe®* is higher than that
of sulfite oxidized by Mn?>*,>>*" control experiments were
performed under the same experimental conditions with the
exception of TMI concentrations. The concentration of Mn**
is increased to 2 mM in order to enhance the production of
sulfoxy radicals and then produce more R radicals. Figure
S2(a) shows that oligomers are not formed. Alternatively,
when the concentration of Fe>* was decreased to 20 uM, the
peaks corresponding to oligomers are still pronounced (not
shown here). Previous studies revealed that the formation of
oligomers is closely related to the initial concentration of
organic compounds.’”** Our previous study also found that
higher concentrations of MVK/MACR in the presence of Fe*"
promotes oligomer formation;*° thus, the experiment was also
carried out at 10 mM MVK in the presence of Mn**. However,
as shown in Figure S2(b), the intensities of oligomers peaks are
still negligible. The results of the control experiments show
that the discrepancy between Fe** and Mn”* in organosulfur
compounds formation is not caused by the specific organic
compounds used, the rate of sulfoxy radical production, or the
concentration of MVK/MACR. Thus, one of the possible
explanations is that this discrepancy is ascribed to the nature of
the TMIs themselves. The inhibition of the oligomerization
pathway in the presence of Mn?* is unclear but one potential
cause could be due to complexes formed between Mn** and R
radicals which inhibited chain propagation.

Reaction of MVK/MACR with S(IV) in the Presence of
Mn?* and Fe** Mixtures. Both iron and manganese are
found in catalytically significant concentrations in atmospheric
aqueous phases.”* Since the mechanism for organosulfur
compounds formation in the presence of Fe'* and Mn*" are
quite different, we also investigated the additivity of these two
reactions when both Mn”* and Fe®" are present. It is noted that
there exists a synergistic interaction between Fe** and Mn** for
inorganic S(IV) oxidation,””** but the mechanism for the
formation of organosulfur compounds may be not significantly
affected given that this interaction may only impact the
production of sulfoxy radicals. The intensity of major
organosulfur compounds measured by UPLC—MS at different
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ratios of Mn** to Fe® at pH 5 are shown in Figure 3. For
MUVK, as the Mn**/Fe’* ratio decreases, the intensities of peaks
at m/z 123 and 167 decrease, but the intensities of peaks at
221 and 291 increase. As mentioned above, there are no
oligomers formed in the presence of Mn?* alone, however,
although a low concentration of Fe** was added (Mn**/Fe** of
25:1), the intensities of the two oligomers peaks, m/z 221 and
291, are significantly increased to (2.7 & 0.2) X 10° and (8 +
2) X 10°, respectively. Compared to MVK, MACR is more
prone to undergo decomposition, thus it seems that the
intensities of both C,—C, organosulfur compounds and
oligomers increase with the decreasing ratio of Mn*'/Fe’".
Analogous to that of MVK, the peak at m/z 221, which is not
observed in the spectra of the reaction with Mn?*, is also
pronounced even at the high Mn®'/Fe®" ratio. These results
suggest that the formation of organosulfur compounds may be
dominated by Fe** when they are in coexistence.

A previous study reported that the concentration of iron is
generally 10—100 times higher than manganese in rain, fog,
and cloud droplets.** We also employed mineral dust and fly
ash to mimic the concentration of soluble iron and manganese
on wet aerosols under acidic conditions (pH S and 3). The
results of the dissolution experiments show that the
concentration of iron is also much higher (>20 times) than
manganese. Although the reactions were not performed at
lower Mn**/Fe*, as shown in Figure S3, the spectra of the
MVK/MACR reacted with sulfite in the presence of Mn>*/
Fe** ratio of 1:5 are similar to that of the reaction in the
presence of Fe®* alone, illustrating that the formation of
organosulfur compounds via a TMI-catalyzed reaction is
dominated by Fe®" in the atmospheric aqueous phase.

In this study, the amount of specific organosulfur
compounds was not measured due to the lack of any standards
for quantitative analysis. However, the percentage of organo-
sulfur compounds accounting for the total sulfur at pH S in the
presence of TMI are displayed in Table 2. In the presence of
Mn?", 18% and 26% of sulfite were converted to organosulfur
compounds for MVK and MACR, respectively. It is expected
that the percentage of sulfite converted in the presence of Fe*"
is ~2 times higher than that in the presence of Mn*" for both
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Table 2. Percentage of Organosulfur Compounds Formed
Relative to the Total Sulfur (pH 5)

percentage (%)

reactant Mn** Mn**/Fe** (1:1) Fe*
MVK 18 +2 40+ 1 39+1
MACR 26+ 3 43+1 44 + 4

MVK and MACR, as Fe’" is a more efficient catalyst than Mn**
for oxidation of S(IV). The high yield observed indicates that
TMI-catalyzed reactions may be in fact a significant pathway
for organosulfur compounds formation in the atmosphere.

Atmospheric Implications. Our current study shows that
organosulfur compounds can be formed through the aqueous
reaction of MVK/MACR with sulfite in the presence of a TML
However, Fe** and Mn*" have distinctly different product
distributions and mechanisms for the formation of these
organosulfur compounds. Given the concentration of iron and
manganese in the atmospheric aqueous phase, the formation of
organosulfur compounds via this TMI-catalyzed reaction may
be dominated by Fe**. Additionally, our findings also reveal
that the formation of organosulfur compounds through these
reactions contributes significantly to the conversion of S(IV).
The formation of organosulfur compounds indicates a
reduction in the formation of of inorganic sulfate; thus, the
interaction of unsaturated organic compounds, sulfite, and
TMI not only can serve as the source of organosulfur
compounds, but also has a significant inhibitory effect on the
formation of inorganic sulfate in the atmosphere.
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