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ABSTRACT: We have investigated the chemistry and Hg isotope
fractionation during the aqueous reduction of HgII by oxalic acid, p-
quinone, quinol, and anthraquinone-2,6-disulfonate (AQDS), a
derivate of anthraquinone (AQ) that is found in secondary organic
aerosols (SOA) and building blocks of natural organic matter
(NOM). Each reaction was examined for the effects of light, pH,
and dissolved O2. Using an excess of ligand, UVB photolysis of HgII

was seen to follow pseudo-first-order kinetics, with the highest rate
of ∼10−3 s−1 observed for AQDS and oxalic acid. Mass-dependent
fractionation (MDF) occurs by the normal kinetic isotope effect
(KIE). Only the oxalate ion, rather than oxalic acid, is photoreactive
when present in HgC2O4, which decomposes via two separate
pathways distinguishable by isotope anomalies. Upon UVB
photolysis, only the reduction mediated by AQDS results in a large odd number mass-independent fractionation (odd-MIF)
signified by enrichment of odd isotopes in the reactant. Consistent with the rate, MDF, and odd-MIF reported for fulvic acid, our
AQDS result confirms previous assumptions that quinones control HgII reduction in NOM-rich waters. Given the magnitude of odd-
MIF triggered via a radical pair mechanism and the significant rate in the presence of air, reduction of HgII by photoproducts of
AQDS may help explain the positive odd-MIF observed in ambient aerosols depleted of HgII.

KEYWORDS: Hg, isotope fractionation, UV radiation, reduction, aqueous phase

■ INTRODUCTION

Globally, anthropogenic Hg emissions to the atmosphere and
its subsequent deposition have increased the storage of this
neurotoxic element in land, water, and air. Hg has been
designated as a top-priority toxic chemical by international
agencies and is now regulated by the legally binding Minamata
Convention (UNEP-MC).1 Evaluation of the efficacy of
reductions in emissions set by the UNEP-MC critically
depends on the knowledge of the dynamics of the global Hg
cycle. Of these processes, the effects of redox reactions,
methylation−demethylation, and the exchange of gaseous
mercury between air and natural ecosystems are still
uncertain.2

The advent of stable Hg isotope composition measurement
in nature has established that the photo-initiated reduction of
HgII is omnipresent and important in the environment.3 In
surface waters and atmospheric hydrometeors, the photo-
induced reduction is particularly important, although the
detailed mechanisms are not well understood. In both media
types, HgII complexation and interaction with natural organic
matter (NOM) play a pivotal role in Hg speciation and
mobility.4,5 The chemical reducing effect of dissolved NOM
(humic substances) on HgII has been recognized for nearly 50

years.6 In addition to macromolecular ligands, classes of
abundant low-molecular-weight organic compounds
(LMWOCs) that display a high Henry’s law constant and
strong complexation of HgII and include labile moieties
towards oxidation (e.g., being decarboxylated) or chromo-
phores are viable candidates to efficiently reduce HgII in the
aqueous phase.7,8 Examples are oxygenated compounds such as
dicarboxylic acids, dicarbonyls, and quinones produced via
atmospheric oxidation over several reaction cycles of a more
volatile precursor molecule (“chemical aging”), which can be
either biogenic or anthropogenic (to take an example, C2H2/
C2H4 for (COOH)2

9). They are major constituents of
secondary organic aerosols (SOA), which represents a major
component of the fine-particle fraction of aerosols that has
profound effects on the global climate and human health.10
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They are also building blocks of NOM and can serve as proxies
for NOM with varying structural and functional properties. In
NOM, quinone/hydroquinone (Q/QH2) pairs are important
redox-active moieties acting as both electron acceptors and
donors in the oxidation−reduction cycle. Zheng et al.11

inferred that reduced NOM-quinones account for most HgII

reduction in anoxic environments, while Hg0 oxidation is
induced by thiols (forming HgII−NOM complexes via ligand-
induced oxidative complexation).12,13 Since the study of Zheng
et al.11 was based on experiments with reduced NOM, a study
of simpler chemical systems with free Q/QH2 molecules serves
to elucidate the mechanism at the molecular level. To our
knowledge, the reduction of HgII by QH2 has not been
investigated in detail, although it is known that p-quinol can
reduce mercuric species to Hg0.14 Berkovic et al.15 noted that
p-naphthoquinone (NQ) is a very poor reductant of HgII

relative to the CO2
•− radical formed by photosensitized

degradation of formic acid.
The aqueous reduction of HgII complexes may include

primary (intramolecular) processes with charge transfer and
secondary (intermolecular) reactions caused by reactive
intermediates. Photo- or thermolabile HgII complexes are
characterized by low-energy ligand-to-metal charge transfer
(LMCT) excited states inclined to cause internal redox
processes resulting in oxidation of a ligand and reduction of
the divalent Hg ion.16 In this study, we investigate two types of
organic ligands that can act as both one- (1e) and two-electron
(2e) reducing agents, namely QH2 and oxalate. Although
photochemical oxidation of oxalate to CO2 is a characteristic
feature of its transition metal complexes, there is a shift from a
1e-step radical-type mechanism involving lighter metal ions
(e.g., FeII/FeIII and CoII/III) to an internal 2e-redox process
that dominates for some second- and third-row metal ions.17

For example, the photochemistry of {Fe(C2O4)3}
3− follows a

rapid 1e-LMCT step succeeded by the oxidized oxalate ion
(C2O4

•−) dissociating into free CO2 and CO2
•−, which in turn

reduces another {Fe(C2O4)3}
3− to FeII in a secondary

reaction.18 For second- and third-row transition metal ions
that are relatively stable when complexed in low-oxidation
states that differ by two units (e.g., ReI/III, RhI/III, IrI/III, Pd0/II,
Pt0/II), photochemical metal-oxalate reductive elimination via
ligand fragmentation has been documented.17,19 Thus, 2e-
LMCT occurs here photoinduced as part of a concerted series
of electron rearrangements (heterolytic breaking of σ-bonds in
the complex), resulting in the oxalate ligand being eliminated
as two molecules of CO2 and the oxidation number of the
metal ion decreasing by two units. This mechanism occurs
without discernible intermediates such as free radicals.20 Thus,
for reduction mechanism studies, it is required to clarify
whether the reaction occurs through 1e- and/or 2e reductions.
As aforementioned, no light is required for QH2 to reduce the
aquatic mercuric ion to Hg0, but it remains uncertain if the
mechanism is intramolecular 2e transfer as it is for the
environmentally relevant Hg2+ + SO3

2− reaction occurring in
the dark.21

Concerning the prospects of anomalous Hg isotope
fractionation in water, the primary process is 1e-LMCT,
which by homolytic bond rapture produces radical pairs with
spins that are either parallel (triplet) or antiparallel (singlet).
The following spin mixing may trigger a large magnitude of
odd number mass-independent fractionation (odd-MIF)
(magnetic isotope effect, MIE). Homolysis of HgII molecules
with polar bonds (e.g., HgCl2) can lead to either positive (odd

isotopes are enriched in the reactant) or negative (odd
isotopes are depleted in the reactant) MIE depending on the
reaction conditions.22 Secondary reduction by free radicals as
well as photolytic and thermal reductive elimination may give
odd-MIF on a smaller scale by the nuclear volume effect
(NVE).23 In addition to quenching of triplet complex states,
the presence of dissolved O2 causes radicals such as Hg•+

produced by the 1e-LMCT mechanism to be scavenged with
reoxidation to Hg2+ as a result. In terrestrial surface waters,
besides photoreduction of HgII, the photodissociation of
organic HgII (CH3−Hg+ species) contributes substantially to
produce significant positive odd-MIF22 in the reservoir.
Conversely, in the atmosphere with insignificant background
levels of CH3−Hg+, a more positive Δ199HgII in SOA24,25

compared to primary particles26,27 should relate to the
photoreduction of HgII.
Here, the kinetics and isotope fractionation during aqueous

HgII reduction are presented for a series of selected oxygenated
organic ligands. The kinetics of one of the reductions has been
studied previously,7,8,28 but the present study includes a more
comprehensive study that systematically assesses the effect of
light spectrum, pH, and dissolved O2. For all ligands, we
examine the reaction mechanism at the molecular level, which
has seldomly been done in the past literature.

■ EXPERIMENTAL SECTION
Materials. The following organic ligands were investigated:

oxalic acid (H2C2O4/(COOH)2), p-quinone (BQ), quinol
(BQH2), and anthraquinone-2,6-disulfonate (AQDS). Further
details regarding the chemicals and reagents used in this study
are tabulated and described in the Supporting Information
(Materials section).

MethodReduction Experiments. A 1000 ± 5 mg L−1

HgII stock solution was made by dissolving HgO in diluted
(1%) HClO4. As diluted HgII solutions undergo losses during
storage due to, e.g., wall reactions,29 all working solutions were
freshly prepared for each experimental session by dilution of
the original stock solution. The specific LMWOC was
dissolved in 300 mL of Milli-Q water, which in turn was
spiked with an HgII aliquot to yield an initial total Hg2+

concentration of ∼1 μM. LMWOCs were always present in
excess with a default of 300 stoichiometric equivalents to one
HgII. The initial pH of the HgII−LMWOC solutions at ∼3.6
was adjusted to the desired pH by the addition of either
diluted HClO4 or NaOH. By using ClO4

− as counterion,
interfering photodecomposition (NO3

−)30 or complexation
(Cl−)8 is prevented. Production of Hg0 in blanks was generally
negligible over the experimental time (Figure S1). The
reaction mixtures intended for photolytic experiments were
after preparation left in the dark (wrapped in Al foil) for at
least 1 h, allowing for equilibration to occur. A set of 500 mL
Pyrex reaction vessels with gastight caps was used in the
experiments, which were conducted in a temperature-
controlled cabinet (295 ± 1 K) equipped with a light bank
that may alternatively hold two either UVB or UVA compact
fluorescent lights (model PL-S 9W/10/2P and PL-S 9W/ 01/
2P, Phillips). The spectral power distribution of light
transmitted into the reaction vessel was in each photoexperi-
ment measured with a handheld spectroradiometer (model
OHSP-350UV, Hopoocolor Ltd., Hangzhou, China). Photon
fluxes in the reaction vessel were typically ∼2 × 1015 and ∼6 ×
1014 cm−2 s−1 during the UVA and UVB experiments,
respectively (Table S1). We have examined that the Hg in

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c03171
Environ. Sci. Technol. 2021, 55, 13376−13386

13377

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03171/suppl_file/es1c03171_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03171/suppl_file/es1c03171_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03171/suppl_file/es1c03171_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03171/suppl_file/es1c03171_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the light sources had natural isotopic compositions (Table S2).
Immediately before an experiment, depending on whether oxic
or anoxic conditions were desired, the initial HgII−LMWOC
solution was purged with O2 mixtures in Ar/high-purity Ar to
saturate or deplete the solution of O2, respectively. This
procedure also removed any initial trace of Hg0. At regular
intervals, the irradiated solution was first stripped from
dissolved Hg0 and subsequently, a subsample (∼10 mL) of
the remaining HgII (aq) was withdrawn from the bottom of the
reaction vessel. An optimized purging rate of 150 mL min−1

was deployed, yielding a carryover of 99.3 ± 0.6% for Hg0 after
20 min of bubbling (Figure S2). For the assessment of the
kinetics, the amounts of HgII and Hg0 were measured by dual-
stage Au amalgamation and cold-vapor atomic fluorescence
spectroscopy,31 while for the determination of Hg isotopic
ratios, the purged Hg0 from the solution was quantitatively
oxidized and trapped (101.4 ± 4.5%, n = 6, Figure S2) in
reversed aqua regia (40%) before analysis by cold-vapor multi-
collector inductively coupled plasma mass spectrometry (CV-
MC-ICP-MS). Depending on LMWOC reactivity, the total
irradiation time deployed ranged from 1 to 6 h. The speciation
of HgII in various experiments was estimated using
thermodynamic modeling software (Spana32 and ChemEQL;33

see Figure S3 and Table S5).
Mass Balance. The recovery efficiencies of HgII and the

product Hg0 were evaluated for the intermittent isotopic
sample by comparing the loaded HgII mass and stipulated f r in
the reaction mixture with that of the remaining reactant HgII

withdrawn for analysis ( f R), the product Hg0 purged and
trapped into an oxidizing solution ( f P), and products retrieved
from wall deposits ( fW). The latter portion of Hg was found to
be <0.1% of the initial Hg and was considered negligible. In
Table S3, the mass balance of Hg (%) is given for each organic
reactant as the sum of f R and f P. In general, the mass balances
were near unity, with the exception of the AQDS experiments,
which demonstrate a relatively low recovery of 86.0 ± 1.1%.
Isotope Composition Measurements. Hg isotopic ratios

were determined by a Nu-Plasma II CV-MC-ICP-MS (Nu
Instruments Ltd., U.K.). The sample introduction system
consists of a continuous-flow cold-vapor generation system
(model HGX-200, CETAC Corp.) coupled to an Apex-Q
desolvation unit (Elemental Scientific Inc.) for Hg and Tl
introduction, respectively. SnCl2 was used as the reducing
agent and mixed online with Hg standards or samples to
generate Hg0. The Hg0 vapor from the CV generation system
was mixed with a dry Tl aerosol produced via the desolvation
device.
Following Blum and Bergquist,34 we report our results as

( ) ( )Hg (‰) / 1

1000

xxx Hg
Hg sample

Hg
Hg NIST 3133

XXX XXX

198 198δ = −

×

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
to de-

scribe the mass dependent fractionation (MDF), and ΔxxxHg
= δxxxHg − δ202Hg·βxxx, where βxxx is 0.252 for

199Hg, 0.502 for
200Hg, and 0.752 for 201Hg, to describe the MIF of these three
isotopes. The kinetic fractionation factors (αxxx/198) were
estimated by Rayleigh distillation in a closed system to
describe an irreversible sink of pseudo-first kinetic order

Rxxx/198 = R0
xxx/198·f R

(αxxx/198−1), where R and R0 are
xxxHg/198Hg

ratios for the residual and initial HgII, respectively, and α is the
ratio of the heavy-to-light isotope reduction rates. Introducing
the δ-notation, this equation can be approximated by

fln
1000 Hg

1000 ( Hg)
( 1) ln( )

xxx

xxx
xxx

0

/198
R

δ
δ

α
+

+
= −

(1)

where (δxxxHg)0 is the initial δ
xxxHg value of the reactant HgII

and the slope represents αxxx/198 − 1 (units per mille). In turn,
the isotope enrichment factor εxxx/198 is related to αxxx/198 by
1000 × (αxxx/198 − 1). ε199/198 (units per mille) caused by MIF
was derived from the slope of a plot of Δ199HgII−(Δ199HgII)0
versus ln( f R), where (Δ199Hg)0 is the initial Δ199HgII value.35

Linear regressions of Δ199Hg versus Δ201Hg for the different
reductants were conducted by the York method using the
IsoplotR36 package on R version 4.0.4.37

Instrumental mass bias correction was achieved using Tl
(NIST SRM 997) as an internal standard and external
standard-sample bracketing with a NIST SRM 3133 Hg
solution. A typical sequence consisted of measuring the NIST-
3133 Hg standard before and after each sample. The acid and
Hg concentrations of the bracketing solution were systemati-
cally adjusted to within 10% of the sample. On-peak-zero
mode was used during all measurements. The long-term
reproducibility of the isotope measurements was assessed by
repeated measurements of secondary standard solutions NIST
3177, UM-Almaden, and IGCAS Fluka relative to NIST-3133
(Table S4).

■ RESULTS AND DISCUSSION

Reaction between Oxalic Acid and Divalent Hg.
Despite claims of the existence of {Hg(C2O4)2}

2−,38 the only
aquatic mercuric complex of oxalate characterized with a
stability constant is HgC2O4 (Ks = 4.6 × 109 M−1 39). By
operating at low Hg and total oxalate concentrations, Hg2+

complexation with HO− (log β2 = 21.432) become dominant at
pH 6.5 (Figure S3). Although not established for oxalate,
strong mercuric hydroxyl carboxylate complexes are recorded
for a series of multi-carboxylic acids.40 The reactivity of these
compounds is unknown but previous laboratory experiments
show that neutral Hg(OH)2 can be slowly photo-decomposed
into Hg0 by sunlight.41 Consequently, all experiments were
carried out at pH ≤ 5.5 characteristic of atmospheric waters. In
all cases, insignificant production of Hg0 occurred in the blank
or dark control experiments (Figure S1). Given the excess of
oxalic acid in the experiments, pseudo-first-order kinetics was
obtained for the other reactant HgII. When the recovery was
approximately unity, −d[HgII]/dt ≅ d[Hg0]/dt allowing us to
conveniently follow the course of the reaction by detecting the
evolution of the volatile product Hg0 according to

k tln( Hg /( Hg Hg ))t t t
II

0
II

0
0

obs[ ] [ ] − [ ] = •= = (2)

where kobs is the apparent reaction rate coefficient, t is reaction
time, [Hg0] and [HgII] represent Hg0 and HgII concentrations,
respectively. kobs is substantially greater when reaction mixtures
are irradiated with UVB compared with UVA radiation
(spectral data in Table S1) with a maximum kobs of ∼1.2 ×
10−3 and ∼0.9 × 10−3 s−1, respectively. If normalized to the
photon flux, the photo-decomposition frequency is more than
quadrupled in UVB compared to UVA light. For actinic light,
the absorption of HgC2O4 extends into the UVB with weak
bands28 and the photolysis has been described as a reductive
elimination in one kinetic step42−44

HgC O Hg 2CO
h

2 4
0

2→ +
ν

(3)
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As expected from actinometric studies,45 the rate of aqueous
HgC2O4 photolysis is found to be temperature-dependent. The
effect of temperature was studied over the narrow range
between 295 and 303 K over which kobs was observed to
increase from 1.3 to 2.4 × 10−3 s−1 corresponding roughly to a
doubling of the rate for each 10° increase.
Dependence of pH and Ligand Concentration. The

pseudo-first-order rate constant of eq 2 is greatly pH-
dependent and shows an asymptotic behavior towards high
pH (Figure 1a). Previous investigations either excluded a pH
study8 or were conducted at disparate pHs (3.9 and 7.0; 5.3
and 12.0, respectively) in that Hg2+ speciation is diametrically
changed.7,28 In the present study, the course of the pH
dependence of kobs suggests that the reactant is the fully
deprotonated form of oxalic acid

K KH C O 2H C O ,2 2 4 2 4
2

a1 a2V ++ −
(4)

and

k k K K K K K/( H H )obs a1 a2
2

a1 a1 a2= ′· · [ ] + ·[ ] + ·+ +
(5)

is the curve-fitting function. In the pH region (<3) with the
predominance of either HC2O4

− or C2O4
2−, kobs is largely

diminished, indicating that these species are essentially
unreactive. The fit to eq 5 yields the intrinsic rate constant
k′ = 1.8 × 10−3 s−1 and the acid dissociation constants Ka1 = 7
× 10−2 M−1 and Ka2 = 9 × 10−5 M−1. The latter two fitted
values compare quite favorably with literature data on oxalic
acid at a low ionic strength of pKa1 = 1.25 and pKa2 = 4.27.39

The reaction order was evaluated by varying the oxalic
concentration at a fixed pH and initial HgII concentration. For
the oxalic acid concentrations investigated, Figure 1b depicts
the course of HgII decline presented in the logarithmic format
of eq 2 plotted as a function of the UVB irradiation time.
Analogous to pseudo-first-order plots of the pH effect
experiment, the data sets of Figure 1b align well with linear
fits. The magnitude of the slopes increase with oxalic acid
concentration as a characteristic of a second-order reaction. As
previously elucidated here, only the oxalate ion induces HgII

reduction during UV irradiation, and consequently, a

bimolecular rate coefficient (k) is formulated as k = kobs/
[C2O4

2−]. From the fitted values of kobs, we calculate k to be
15.7 ± 2.8 M−1 s−1 at 295 ± 1 K. The given error limits include
both 10% from systematic experimental error and the 95%
confidence interval obtained from least-squares fitting.
Earlier kinetic studies at low concentration level unan-

imously present evidence that the photochemical reduction of
HgII complexed by oxalate may be of major importance in an
atmospheric environment.7,8,28 Nonetheless, they report
conflicting kinetic and mechanistic outcomes. Pehkonen and
Lin7 proposed a secondary two-step HO2

•/O2
•− reduction

mechanism based on photolysis of oxalate in the presence of
O2 (aq)

K

C O 2O 2CO 2O andO H

HO (p 4.8)

h
2 4

2
2 2 2 2

2 aV

+ → + +

=

ν− •− •− +

•
(6)

Hg Hg HgII HO /O I HO /O 02 2 2 2⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
• •− • •−

(7)

Using similar reactant concentrations and UV photon fluxes to
the present study, the bimolecular rate coefficient of the left-
hand step of reaction 7 was estimated by independent methods
to be ∼5 × 103 (O2

•)28 and 1.7 × 104 (HO2
•)7 M−1 s−1,

respectively. From reduction potential measurements, Gård-
feldt and Jonsson28 rendered under oxic conditions the right-
hand step of reaction 7 nullified and suggested that reaction 3
in lieu may help to explain the observed Hg0 production. A
study conducted at pH 3 using part-per-trillion-level HgII (∼10
ng L−1) irradiated with UV (290−400 nm) yielded a
bimolecular rate coefficient between HgII and total oxalic
acid of 1.2 × 104 M−1 s−1.8 In retrospect, the magnitude of the
reported rate parameter is surprisingly high, as it is on par with
that between HgII and the radicals of reaction 7. Besides, it is
obtained for a low pH with the predominance of unreactive
protonated forms of oxalate. If erroneously expressed as a
function of the total oxalic acid, in comparison, our rate
parameter amounts to roughly 1.3‰ of their value. Given the
low Hg quantity investigated (∼1 ng Hg) and their large excess
of UV photolabile nitrate, we argue that experimental

Figure 1. (a) Dependence of the pseudo-first-order rate coefficient for photoreduction of HgII with H2C2O4 on the concentration of hydrogen ion.
The solid curve is the fit to eq 5. (b) Reduction of HgII by various concentrations (0.03, 0.15, and 0.3 mM corresponding to 1:30, 1:150, and 1:300
stoichiometric ratios, respectively) of oxalic acid in excess at pH 3.6.
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peculiarities of Si and Ariya8 made it difficult to curtail the
spurious Hg loss that ubiquitously occurs in waters containing
ultra-trace Hg concentrations.29

Mechanism. The photoreduction of HgII complexed by
oxalate is retarded by dissolved O2 (Table S6),28,45 as well as
by competitive complexing ligands such as Cl−.28 Since oxalic
acid/oxalate does not discernibly photo-decompose by actinic
radiation,46 the information gathered above suggests that the
photoreduction of HgII occurs initially via excited HgC2O4 (η

2-
oxalate) states that decompose in a branched way. The
formation of Hg0 takes place partly by heterolytic reductive
elimination (reaction 3) of oxalate promptly to two CO2,
which is relatively unaffected by the presence of radicals, ions,
and scavengers (Figure S6) and partly by homolysis of an Hg−
O bond, which starts a chain reaction (Figure S5). The
photoinduced homolysis is as follows

hHgC O Hg C O Hg C O2 4 2 4 2 4Vν+ [ ··· ]* → +•+ •−
(8)

where the excited state with radical pair formation is indicated
as the intermediate. Formation of Hg0 would occur from the
thermal reaction between Hg•+ and the bulk ligand8

Hg C O Hg C O2 4
2 0

2 4+ → +•+ − •−
(9)

Hg•+ is reformed from free Hg2+ in solution by the action of
oxalyl (C2O4

•−) and the carbon dioxide anion radical (CO2
•−)

Hg C O Hg 2CO2
2 4 2+ → ++ •− •+

(10)

Hg CO Hg CO2
2 2+ → ++ •− •+

(11)

Formed by rapid decarboxylation of C2O4
•− (C2O4

•− →
CO2

•− + CO2, k = 2 × 106 s−1 47), CO2
•− is in comparison the

stronger reductant for HgII with k10 = 5.9 × 108 M−1 s−1.48 In
the presence of dissolved O2, Hg

2+ must compete with O2 for
CO2

•− (CO2
•− + O2 → O2

•− + CO2, k = 2.4 × 109 M−1

s−1 49). Besides, Hg•+ is efficiently re-oxidized to Hg2+ by O2
(Hg•+ + O2 → O2

•− + Hg2+, k ≥ 1 × 109 M−1 s−1 30).
Consequently, the production of Hg0 is limited in the presence
of O2 (Figure S6).

8 Experiments conducted in a 1% O2 mixture
in Ar at pH 3.9 yielded a kobs that is ∼6% of the magnitude
observed under anoxic conditions (Table S6). The branching
ratio k3/k8, i.e., the fraction of HgC2O4 that undergoes
reductive elimination to the fraction that is decomposed,
initiated by a 1e-LMCT mechanism, is challenging to examine
(cf. Figure S5). However, since reaction 8 proceeds by a radical
pair mechanism, it is likely to trigger a large degree of odd-MIF
in contrast to reaction 3. The observation of odd-MIF is
accounted for in the section “Hg Stable Isotope Fractionation
during Various HgII Reduction Experiments”.
Reaction between p-Quinones/Quinol and Divalent

Hg. HgII interacts with ortho-QH2 moieties such as those in
natural polyphenols of humic substances and tannins.50 A
direct reaction yields redox-active Hg complexes with ligands
of semiquinone radical character that eventually may
decompose into Hg0.51 The formation as well as structure of
Hg−semiquinone complexes is pH-dependent.51 However, the
coordination chemistry of Q/QH2 species with HgII has been
sparsely documented, with the accounts almost exclusively
dealing with ortho-QH2.

51,5251,52 To the best of our knowledge,
no mercuric complexes of para-species have been characterized
with a stability constant. We studied the simplest para-
substituted Q/QH2, namely BQ, BQH2, and AQDS,
mimicking polycyclic organic matter (POM) identified in the

atmosphere.53 All of these compounds absorb actinic light
substantially, especially in the UV part, and the photoreduction
of the Q species is rather efficient.54 Unlike the other
compounds, BQH2 discernibly reacts with HgII in the dark,
yielding Hg0 and BQ as end products14

Hg C H (OH) C H ( O) Hg 2H2
6 4 2 6 4 2

0
+ → + ++ +

(12)

As depicted in Figure 2, the observed rate coefficient for the
dark reaction is calculated to be (8.2 ± 2.4) × 10−5 s−1.

Also shown in Figure 2, kobs shows disparate pH dependence
for the UV photoreduction of HgII by the different Q/QH2
that plausibly reflect a HgII ligation effect.55 For all pHs, the
investigated kobs increases in the order BQ, BQH2, and AQDS.
For AQDS, kobs attains at pH 3.4 a maximum value similar to
that of the oxalate reaction (cf. Figure 1a). Below pH ∼ 5, the
rate of photoreduction by BQH2 increases with [H+] from an
apparent leveling-off section at higher pH. The ligation of HgII

is dominated by Hg(OH)2 (∼98%) at pH 4.6 and beyond,
while at pH 3.4, the proportions of both Hg2+ (16.8%) and
HgOH+ (16.8%) gain importance (Table S5, reaction 13).

n nHg H O Hg(OH) Hn
n2

2
(2 )V+ { } ++ − + +

(13)

“Free” Hg2+ and HgOH+ are more reactive than Hg(OH)2, as
one may expect56 when interacting with the quinol. The
mechanism of reaction 12 has been elucidated, involving the
formation of a phenoxymercury species (reaction 14) followed
by 2e-LMCT (reaction 15) rather than an ipso-mercuration
mechanism (outlined in Figure S7).14 There is nothing in our
data to contradict that this is also the case for photoreduction
of HgII

Hg(OH) C H (OH)

(HO) Hg OC H OH H O
n

n

n
n

(2 )
6 4 2

1 6 4
(2 )

2V

{ } +

{ − − } +

− +

−
− +

(14)

Figure 2. Dependence of the pseudo-first-order rate coefficient for
UV photoreduction of HgII (∼1 μM) with BQH2, BQ, and AQDS
(∼0.3 mM) on the concentration of hydrogen ion. Inserted is also kobs
for the dark reduction between HgII and BQH2 measured at pH 4.6
(green triangle). Detailed data are provided in Table S7.
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n n

(HO) Hg OC H OH C H ( O)

Hg H ( 1)/H O( 2)
n

n h
1 6 4

(2 ) /
6 4 2

0
2

{ − − } ⎯ →⎯⎯⎯

+ + = =

ν
−

− + Δ

+
(15)

The reductive elimination mechanism of reaction 15 outlined
in Figure S7 is supported by the isotopic composition
measurements, which give a low degree of odd-MIF during
dark and UV irradiation (section “Hg Stable Isotope
Fractionation during Various HgII Reduction Experiments”).
The aqueous photochemistry of quinones is complicated and
may involve both ground- and excited-state reactions as well as
free radicals.54 The absorption spectrum of BQ has a maximum
in UVC, but extends to the visible light (ε240 = 2 × 104 M−1

cm−1 and ε440 = 200 M−1 cm−1).54,57 Following von Sonntag et
al.,57 the reaction scheme of Figure S7 shows that the
photoreduction of BQ produces equal amounts of BQH2 and
2-BQOH. Superimposed in the scheme are the Hg reactions
we envisage to be involved. Analogous to BQH2, BQ is found
to photoreduce HgII in UVB, with a mutually similar reaction
frequency at pH 5.6 (∼2.2 × 10−4 s−1, Figure 2). It is
conceivable to assume that BQH2, as the photoproduct, also in
this case drives the Hg0 production. However, kobs(Hg

II + BQ
+ UVB) declines with [H+] in contrast to kobs(Hg

II + BQH2 +
UVB), and the ratio kobs(Hg

II + BQH2 + UVB)/kobs(Hg
II +

BQ + UVB) grows from unity to a value of ∼2.3 at pH 3.4.
This divergent behavior is difficult to interpret, but may be
related to a lower production of BQH2 from BQ or increased
presence of oxidizing radicals (e.g., •OH) at low pH.54

AQDS is an effective electron shuttle58 that facilitates
electron transfer from metal-reducing bacteria (MRB) to
HgII,59 as well from Hg0 (aq) to organic thiols (R-SH) during
oxidative complexation, forming Hg(SR)2.

12 Zheng et al.12

reported that AQDS (aq) individually during dark and
anaerobic conditions is capable of neither oxidizing Hg0 nor
reducing HgII (cf. Figure S1). AQDS-assisted biotic HgII

reduction by the MRB Shewanella oneidensis MR-1 is
associated with the scavenging of negative charge that
temporarily increases the content of reduced AQDS species,
such as AQH2DS and semiquinone radicals, in the system.59

Alone, the anthraquinol species AQH2DS is a potent reductant
of HgII in the dark60 and most plausibly also in actinic light,
while the action of AQDS on HgII in irradiated aqueous
solutions was investigated here for the first time. As shown in
Figure 2, UVB-irradiated AQDS (aq) is an effective reductant
of HgII. In the UVA photolysis of NQ with an excess of HgII

and HCOOH at pH < 2, Berkovic et al.15 reported that, in
their system, a reaction between HgII and NQ compared to
reaction 10 was insignificant. kobs(Hg

II + AQDS + UVB) is on
par with that of the oxalate reaction (∼1 × 10−3 s−1) as
aforementioned, and nearly 7-fold larger than that of HgII +
BQ at the lower end of the pH range investigated. The HgII +

AQDS reaction shows an opposite yet stronger pH depend-
ence in comparison to the HgII + BQ-irradiated system. As
outlined in Figure S8, the reduction of HgII is mediated via the
formation of a chelated structure with AQH2(OH)DS, the
photohydrated product of AQDS. The complex of the radical
pair (HgI−semiquinone) character50 makes the O-bonded
Hg•+ (RO−Hg•+) susceptible to further reduction to Hg0,
which splits away. The pH dependence can be rationalized by
the hydrolysis of Hg2+ (reaction 13), which causes the
reduction to slow down at low [H+]. Admission of O2 to the
solution causes the photoreduction of HgII to experience a
substantial slowdown (Table S6). This behavior can be
explained by the triplet AQDS quenching and scavenging of
RO−Hg•+ by O2, which are two processes that work together
to suppress Hg0 production.

Hg Stable Isotope Fractionation during Various HgII

Reduction Experiments. Mass-Dependent Fractionation.
In Table 1, kinetic MDF fractionation factors α202/198 are listed
for the studied reactions under the given experimental details.
They are calculated using a linear regression of eq 1 (plotted in
Figure S4) on the measurements of the reactant pool (Table
S8). In all cases, when HgII is reduced in our experiments, a
normal kinetic isotope effect (KIE) results in a faster removal
of lighter isotopes in the reactant (α202/198 < 1). Our measured
α202/198 value falling in the range from 0.99841 to 0.9934
(corresponding to the ε202 ranging from −1.45 to −0.66, Table
1) compares well with those of experimental abiotic HgII

photoreduction reported in the literature.23 In our inves-
tigation, due to its small absolute value, ε202 for AQDS differs
from that of the other compounds, indicating less extensive
MDF during this reaction. Nonetheless, the value (−0.66 ±
0.10) is comparable with that reported for actinic light HgII

reduction by fulvic acid (FA; ∼−0.6) in the seminal paper of
Bergquist and Blum.61 By using a high ratio of Hg to FA (≥60
μg mg−1)61 in their experiments, they forced HgII to bind
predominantly to hard donor groups (O/N-containing)
instead of soft donor ones (S-containing).62,63 Through a
large element of aromatic substances (25−30%) and low N
content,64 it could be speculated that the photochemistry of
the conditional HgII−O binding environment in the FA
experiment has significant similarities to our AQDS experi-
ment.

Mass-Independent Fractionation. Displaying a low extent
of MDF, in this study, the photoreduction of HgII by AQDS
resulted in a very large magnitude of odd-MIF, with maximum
values of Δ199Hg and Δ201Hg exceeding 2.5‰ in the reactant
pool (ε199 = −0.86 ± 0.09‰). As also shown in Figure 3, the
product Hg0 displays a reciprocal negative magnitude of
Δ199Hg and Δ201Hg values. Moreover, in all cases, each of the
reactant and product samples displays nearly equal odd-MIF
signatures (Δ199Hg ≈ Δ201Hg). Finally, no significant MIF of

Table 1. kobs with 95% Confidence Intervals and 5% Systematic Errors (Isotopic Parameters Given within 95% Confidence
Intervals)a

reductant conditions kobs (s
−1) ε202 (‰) ε199 (‰) α202/198

BQH2 dark, pH 4.6 (8.2 ± 2.4) × 10−5 −1.25 ± 0.19 0.12 ± 0.07 0.99875
BQH2 UVB, pH 3.4 (3.2 ± 0.5) × 10−4 −1.36 ± 0.12 0.07 ± 0.06 0.99864
BQ UVB, pH 5.6 (2.2 ± 0.4) × 10−4 −1.11 ± 0.06 0.05 ± 0.06 0.99889
AQDS UVB, pH 3.4 (9.9 ± 2.7) × 10−4 −0.66 ± 0.10 −0.86 ± 0.09 0.99934
C2O4

2− UVB, pH 3.9 and 5.2 (9.3 ± 1.6) × 10−4 −1.45 ± 0.06 0.15 ± 0.03 0.99841
aFor oxalate, the reported kinetics is based on the average of anoxic data at two pH values, and ε202, ε199, and α202/198 are the averages for both oxic
and anoxic experiments.
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even isotopes is triggered in any of the reduction experiments
(Δ200Hg values are within the analytical precision reported in
Table S4). Our range of odd-MIF observations, the ratio
Δ199Hg/Δ201Hg of unity (Figure 4a), and, as aforementioned,
ε202 = −0.66 ± 0.10 are all very similar to the isotopic results
for HgII reduction by FA in full sunlight,61 but to a lesser extent
similar to those in light filtered from UVB.65 Photoreduction
by water bulk NOM studied for lower HgII concentration
ratios (≤8.33 μg mg−1) shows in comparison deviations in the
reaction rate, kinetics, and isotope fractionation. Both the
degree of odd-MIF and the ratio Δ199Hg/Δ201Hg are affected
by the ratio between HgII and bulk NOM, where the latter well
exceeds unity (1.19−1.31 for photoreduction and ∼1.54 for
reduction in the dark).63 For humic substances, the mechanism
connected with the HgII photoreduction has been suggested to
involve Hg•+ (FA61) and a 1e−-LMCT-type reaction,

schematically written as R−HgII + hν → R• + HI (bulk
NOM63). HgI (representing Hg•+ or Hg2

2+) is, according to
Zheng and Hintelmann,63 quickly reduced to Hg0 in the
presence of an excess of electron donors (e.g., organic
compounds). However, in our experiment, the abundance of
free aqueous Hg•+ is unfeasible since the parent molecule
AQDS may efficiently re-oxidize it66

Hg AQDS Hg AQ DS2+ → + • −•+ +
(16)

where AQ•− DS is the semiquinone anion radical analogue
of AQDS. In Figure S8, details of the actinic light photolysis of
dilute aqueous AQDS solutions are outlined, following Garg et
al.67 The major photoproduct is a hydroxy-anthraquinol
(AQH2(OH)DS). Multifrequency electron spin resonance
(ESR) spectroscopic studies of the interaction between HgII

and various humic-like polyphenols have revealed that a
prerequisite for the formation of HgI−semiquinone complexes
is the presence of two vicinal hydroxyl groups at the phenyl
ring.50 Although not specifically studied before, AQH2(OH)-
DS fulfills this criterion and is expected to form a chelating
binding mode with Hg2+ as depicted in Figure S8. The
directions of odd-MIF (+MIE) observed in the reactant and
product pool of the UVB-illuminated Hg2 + + AQDS system
(Figure 3) corroborate that 1e-LMCT occurs in an excited
AQH(OHg)DS chelate with a radical pair resulting, which is
most likely but not necessarily born in a triplet state.22 As
detailed in Figure S9, the overall spin of the triplet radical pair
can be changed (intersystem crossing, ISC) in the presence of
the magnetic 199Hg and 201Hg by the hyperfine coupling
mechanism (HFC). The formed singlet radical pair enriched in
odd Hg isotopes recombines to remake the photolyzed bond
by its paired electrons, leading back to the ground-state
chelate. In contrast, recombination of the triplet radical pair is
spin-forbidden, and when the pair separates, RO−Hg•+

becomes available for reduction tentatively by AQH2(OH)DS,
leading to volatile Hg0 being split off (Figure S9). The large
magnitude of odd-MIF imparted indicates an efficient ISC
between the radical pairs, which is supported by the larger
HFC constants for mercurous radicals with ionic character.68

Figure 3. Scatterplot of ΔxxxHg (xxx = 199, 200, and 201) versus
δ202Hg for UVB photoreduction of HgII at pH 3.4 mediated by
AQDS. Open markers are samples of reactant HgII and filled ones are
samples from the product Hg0 during the reaction course. (δ202Hg)0
represents the initial composition of HgII in the reaction mixture.

Figure 4. (a) Scatterplot of Δ199Hg/Δ201Hg in the reactant and product pool during reduction by various compounds. Lines are the corresponding
fits from York regression, and envelopes represent 95% confidence intervals of the mean. (The slope and intercept of the lines are given in the
upper left corner within one standard deviation (±1σ).) (b) Magnification of the dashed rectangle in the center of the left panel. Error bars
represent analytical uncertainties (±3σ, Table S4).
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In turn, the decrease in Hg0 production in the oxic
environment (Table S6) is due to a number of interacting
factors, as indicated in Figure S8: trapping of mercurous
radicals (RO−Hg•+) and excited triplets of AQDS, as well as of
AQH(OHg)DS by ground-state dissolved O2.
The other studied organic reducing agents give rise to a

comparatively low level of ε199, which also has the opposite
sign vis-a-̀vis ε199 for AQDS + UVB (Table 1). The negative
Δ199Hg and Δ201Hg but positive δ199Hg and δ201Hg
unanimously characterize the remaining HgII pool (Table
S8). We have performed most isotope analyses on the UVB-
irradiated HgII + C2O4

2− system, which includes a range of pH
and oxic as well as anoxic conditions. Mutually, these HgII +
C2O4

2− data sets obtained at different reaction conditions
present similar distribution and slope in the Δ199Hg−Δ201Hg
space (Figure 4b). Linear regression of all data gives a slope of
1.62 ± 0.12 (Figure 4a), which falls within the range 1.54−
1.66 determined for processes that have been attributed to
NVE in the literature.13 In the context of previous LMWOC
studies (stoichiometric ratio LMWOC/HgII ≥ 2000), our HgII

+ C2O4
2− isotope data are similar to those reported for UV

photolysis of mercuric serinate complexes specifically during its
initial phase, but not for further advanced reduction
approaching completion.35,69 In our case, both ε202 and ε199

are quite constant over the entire reduction process ( f R >
0.01), which well follows the Rayleigh fractionation model (eq
1), while both Zheng and Hintelmann69 and Motta et al.35

observed for serine (anoxic, pH 3.8) an abrupt shift from weak-
negative (NVE) to strong-positive odd-MIF (+MIE and NVE)
in the remaining HgII for an advanced extent of photo-
reduction. Motta et al.35 report the emergence of +MIE already
when more than 20% of HgII is remaining, and that the onset
coincides with MDF being strongly suppressed (εMDF ∼
0.05‰). From a single screening experiment (anoxic, pH 6)
for a series of LMWOC including both serine and oxalic acid,
the onset of +MIE appears near complete UV−vis HgII

photoreduction ( f R = 0.11) by C2O4
2−.69 A shift in dominant

isotope effect has been interpreted as a transition from a
prevailing secondary to a primary reduction mechanism.35,69

Without clearly considering the plausibility, the initial
reduction phase associated with NVE has been supposed to
occur bimolecularly with free radicals.69 However, since
neither oxalic acid nor serine (HSer) absorb sunlight, the
corresponding mercuric carboxylate complexes are the only
species that may generate free radicals upon irradiation. The
net Hg0 production in the serine experiments may be explained
as a result of the reductive elimination with CO2 and 2-
aminoethanol as co-product. Moreover, that the reduction by
serine is not suppressed by dissolved O2,

35 in contrast to that
by oxalate, shows that the initial phase may not involve free
radicals at all. If radicals were to control the net reduction, one
would expect an initial phase with increased Hg0 production
from a low level as it takes time for the radical concentration to
build up. The lack of a time lag for serine suggests that NVE
arises here through an intramolecular redox mechanism that
benefits from the fact that the dominant complex HgSer2
(log β2 = 19.170) can undergo mercuration, forming an
intermediate with a photolabile Hg−C bond.16 For oxalate
lacking aliphatic H atoms that can be substituted by
mercuration, the photoreduction emanates from HgC2O4. In
turn, observations of +MIE explicitly mean there is a net Hg0

production along the pathways originating in a radical pair
mechanism (corresponding to reactions 8−11). The explan-

ation for why +MIE first appears near complete HgII reduction
is at least partially because the termination step when Hg0

splits off (corresponding to reaction 9) is favored by a
diminishing concentration ratio between oxidized Hg and the
bulk ligand. In view of the above discussion, it is intriguing
that, contrary to the literature,69 we do not observe any traces
of triggered +MIE in the oxalate experiments. We have no
convincing explanation for this discrepancy, but it should be
noted that the oxalate reaction with our default stoichiometry
is completed in almost 1 h, while the +MIE observations in the
referred serine studies (Δ199HgII > 0.6‰) occur only after
several hours (>4 h) of photoreduction. The conditions at the
single +MIE observation for oxalate69 also differ from ours in
terms of reactor material, pH, light spectrum, concentration
levels, and stoichiometry between HgII and the ligand.
However, given the observed O2 sensitivity of the photo-
reduction and that +MIE has been previously observed, there
is little doubt that photolysis of HgC2O4 occurs by both
homolytic and heterolytic cleavage of an Hg−O bond (Figures
S5 and S6) as has previously been deduced.8

Compared to oxalate in UVB light, the reduction mediated
by BQH2 in the dark, as well as by BQ and BQH2 in UVB light,
exhibits odd-MIF in a smaller range (Figure 4b). The
proportion in NVE can be explained as that its magnitude
due to reduction approximately reflects the change in the 6s
orbital electron density of Hg, which is larger for stronger and
more electron-withdrawing Hg−O bonds in the HgC2O4
chelate than for the complexes formed by reaction 14. The
definitive determination of the Δ199Hg/Δ201Hg-slope is here of
low diagnostic credibility, as observations are distributed over a
scale similar to that of the magnitude of the corresponding
analytical uncertainties. Nevertheless, a York regression of
these data combined gives a slope of 1.39, which, given the
standard error (±0.19), does not exclude the odd-MIF
following NVE. In addition to MDF, NVE makes a certain
additive contribution to ε202, 23 and, in comparison with other
processes involving NVE,23 ε202 attains for the aforementioned
reduction processes (−1.45‰ < ε202 < −1.11‰) similar
values. Besides the dark reactions71,72 and complexation,73 an
exclusively small odd-MIF subject to NVE has been reported
for photochemical HgII reduction with large excess in the
organic ligand, such as that induced by UVC light in the
%-level of HCOOH at pH < 1,74 and in serine solution under
exclusive visible light.35 Referred to as an effect essentially of
secondary processes,23 NVE specifically in the HgII + BQH2 +
UVB system is plausibly triggered by primary photolysis
(reaction 15). MIE is not invoked since Hg0 is produced
entirely via reductive elimination, as outlined in Figure S7. We
postulate that the same reaction principally yields Hg0 during
UVB photolysis of BQ, where BQH2 is a major photoproduct.

Environmental Implications. In summary, we have
investigated the kinetics, mechanism, and isotope fractionation
for mercuric ion reduction to elemental mercury in the
aqueous phase by a number of oxygenated LMWOCs. Some of
these organic substances have previously been considered
important for mercury redox cycling in the environment, and
the dicarboxylic acid H2C2O4 has been adopted into Hg air-
quality models as a reductant.75 Our re-investigation has
shown that only the fully deprotonated form of oxalic acid
(C2O4

2−) contributes to the HgII photoreduction, which, like
the determined bimolecular rate constant, differs greatly from
what has been reported in the literature.8 Consequently, the
formation of Hg0 as a result of the photoreduction of mercuric
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dicarboxylates in the environment is less important than
previously thought. Furthermore, this process does not result
in the isotope fractionation observed in the atmosphere, for
example, in HgII in aerosols that have been subjected to
photoreduction.25 On the contrary, aqueous photoexperiments
with AQDS produce very similar kinetics and isotope
fractionation characteristics as those from HgII photoreduction
by the humic substance FA. The result supports previous
suggestions that HgII photoreduction by NOM is mostly
driven by NOM-bound quinonic moieties.11 While only
quinolic compounds can reduce HgII to Hg0 in the dark,
both the investigated quinones and quinols readily do so upon
UV irradiation. The photolysis rate of HgII with photohydrated
AQDS is relatively fast (∼10−3 s−1), and in addition, a large
odd-MIF is triggered during the reaction. The HgII photo-
reduction by AQDS also proceeds by a considerable rate (∼3%
h−1 in actinic light at mid-latitude and noon for summer
equinox) in oxic waters, implying that atmospheric reduction
of HgII by NOM should be considered as a potentially
important source of Hg0 that helps to mitigate the existing
biases in modeling atmospheric Hg deposition. Being an
oxidation product of polycyclic aromatic hydrocarbons
(PAHs) that in turn are emitted into the atmosphere as
byproducts of, e.g., incomplete combustion processes,
quinones (of which anthraquinone (AQ) is one of the main
components) are often detected in ambient air76 and
omnipresent in SOA of heavy industrialized regions77,78 at
concentrations that are frequently on par with those of the
unreacted parent PAHs. In addition to photohydroxylation,67

heterogeneous OH reaction79 is a likely major chemical sink
for atmospheric AQ that produces hydroxylated species. As we
previously reported here, such products mediate photo-
reduction of HgII. Recently, combined measurements of the
concentrations and stable isotope composition of airborne
particle-bound Hg (PBM) have proven valuable in predicting
the extent of HgII photoreduction by a statistically significant
anticorrelation between PBM concentration and the corre-
sponding Δ199Hg.24 Fu et al.25 found that nearly depleted PBM
(<10 pg Hg m−3) has Δ199Hg values that are up to 1‰ more
positive than particles with high Hg content (>50 pg Hg m−3)
that are characteristic of primary anthropogenic emissions not
processed by HgII photoreduction. Atmospheric interaction of
HgII with organic aerosols may therefore assist to explain the
large Δ199Hg in particulates of SOA type. At this point,
however, a deeper understanding of how key parameters affect
the isotope signals resulting from photoreduction is required.
Further studies should be concerned with establishing a wider
range of reactions at a molecular mechanistic level.
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