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Abstract

Given their environmental abundances, it has been long hypothesized that geochemical
interactions between reactive forms of manganese and nitrogen may play important roles
in the cycling of these elements. Indeed, recent studies have begun shedding light on the
possible role of soluble, ligand-bound Mn(IIl) in promoting abiotic transformations under
environmentally relevant conditions. Here, using the kinetic data of Karolewski et al. (Geo-
chim Cosmochim Acta 293:365-378, 2021), we provide the chemical mechanism for the
abiotic oxidation of nitrite (NO,™) by Mn(III)-pyrophosphate, Mn'"PP, to form nitrate
(NO;3"). Nitrous acid (HNO,), not NO,™, is the reductant in the reaction, based on ther-
modynamic and kinetic considerations. As soluble Mn(III) complexes react in a one-elec-
tron transfer reaction, two one-electron transfer steps must occur. In step one, HNO, is
first oxidized to nitrogen dioxide, -NO,, a free radical via a hydrogen atom transfer (HAT)
reaction. We show that this inner sphere reaction process is the rate-limiting step in the
reaction sequence. In step two, -NO, reacts with a second Mn''PP complex to form the
nitronium ion (NO,*), which is isoelectronic with CO,. Unlike the poor electron-accepting
capability of CO,, NO,* is an excellent electron acceptor for both OH™ and H,0, so NO,*
reacts quickly with water to form the end-product NO;™ (step 3 in the reaction sequence).
Thus, water provides the O atom in this nitrification reaction in accordance with the O-iso-
tope data. This work provides mechanistic perspective on a potentially important interac-
tion between Mn and nitrogen species, thereby offering a framework in which to interpret
kinetic and isotopic data and to further investigate the relevance of this reaction under envi-
ronmental conditions.

P4 George W. Luther IIT
luther @udel.edu
' School of Marine Science & Policy, University of Delaware, Lewes, DE 19958, USA

Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution,
‘Woods Hole, Falmouth, MA 02540, USA

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

4 Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA

@ Springer


http://orcid.org/0000-0002-0780-885X
http://orcid.org/0000-0002-9969-4684
http://orcid.org/0000-0002-4617-3375
http://orcid.org/0000-0002-3506-7710
http://orcid.org/0000-0002-7683-0225
http://crossmark.crossref.org/dialog/?doi=10.1007/s10498-021-09396-0&domain=pdf

208 Aquatic Geochemistry (2021) 27:207-220

1 Introduction

Links among various elemental cycles are a hallmark of biogeochemical complexity
across Earth’s biosphere. Further, biogeochemical interactions between elemental cycles
are driven by complex networks of both biological and chemical reactions often operat-
ing within close proximity, making it difficult to disentangle their relative roles. For exam-
ple, while very few reports exist of microorganisms directly coupling energy-gaining redox
reactions between manganese (Mn) and nitrogen (N), repeated evidence has emerged from
redox gradients in natural sediments for the chemical coupling of Mn reduction to oxida-
tion of N species (e.g., Luther et al 1997; Lin and Taillefert 2014; Anschutz et al. 2000).
The work on the chemical mechanism for abiotic Mn/N reactions is limited to the abiotic
nitrification reaction of nitrite species with MnO, (Luther and Popp 2002) and to the oxi-
dation of NH,OH to N,O by MnO, (Cavazos et al. 2018). This is in contrast to the work on
chemical mechanisms of solid-phase oxidized Mn (e.g., MnO,) with other reductants, e.g.,
H,S (Herzsage and Afonso 2003; Yao and Millero 1993, 1995; Luther et al. 2018), organic
compounds (Matocha et al. 2001; Stone and Morgan 1984a, b), and As(III) (Owings et al.
2019). Interestingly, all these studies did not include isotope studies although they dis-
cussed electron transfer, intermediates, and molecular mechanisms.

Recently, Karolewski et al. (2021) performed a study on the reaction of Mn(III)-pyroph-
osphate [Mn''PP] with nitrite leading to the formation of nitrate (Eq. 1), an abiotic nitrifi-
cation reaction.

NO; + H,0 + 2Mn"'PP — 2 Mn"PP + NOj + 2H" (1)

The experimental details were well documented, and the results show a rate law as in
Eq. 2.

C%[NO;] = k[Mn"PP]’ [HNO,). @)

The reported isotope data also clearly demonstrated that the additional O atom in the
product nitrate originated from water, the solvent, as also indicated in Eq. 1. Their nitro-
gen isotope data exhibited an inverse N isotope effect, which while unusual is consistent
with that occurring during microbial nitrite oxidation observed directly in culture studies
as well as inferred from field measurements in several oxygen-deficient zones (ODZs) and
sediment porewaters (Buchwald and Casciotti 2013; Casciotti, 2009, 2016). Mn(III)-ligand
complexes are found in many environmentally relevant redox transition zones, such as
ODZs, constituting a substantial fraction of the dissolved Mn pool (Trouwborst et al. 2006;
Oldham et al. 2015, 2017a, Delwig et al. 2012). As the kinetics of the various abiotic and
biotic nitrite oxidation reactions are similar, oxidized Mn could be at least partly responsi-
ble for the conversion of nitrite to nitrate within environmental systems.

The focus of Karolewski et al. (2021) was primarily on regulation of reaction rates and
isotope dynamics and did not address possible chemical reaction mechanisms, including
electron transfer processes, the formation of any intermediates (-NO,, N02+), and how
the O atom comes from water to form NO,™. Their rate law suggests that the oxidation of
nitrite must occur via two one-electron transfers as Mn(III) can only accept one electron;
nevertheless, they did not describe any electron transfers or intermediates. Here, using the
recently reported kinetic and isotope data together with thermodynamic data from other
works, we provide a more developed description of the redox processes involved, includ-
ing the specific chemical species that react at different pH values and the steps of reaction
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progress that include intermediates. Lastly, we perform an analysis of the molecular struc-
ture and molecular orbital properties of the reactants and intermediates to describe chemi-
cal mechanisms for each step of the reaction progress.

2 Results

The thermodynamics of the reactions over a range of pH values leads to mechanistic details
of the reaction and is described first. We show that there are three steps to the overall reac-
tion, which involves the transformation of HNO, to -NO, to NO,* to the end-product,
NO;™.

2.1 Two one-electron transfer steps

Because Eq. 1 starts with a complex of Mn(III), HNO, or NO,™ must act as a one-electron
transfer reductant. Here, we summarize the relevant reaction progress of two one-electron
transfer steps as going from HNO, or NO,™ to -NO, to NO;™ using thermodynamics and
kinetics. The electron transfer must be inner sphere for Mn as there is a mismatch of sym-
metry for the highest occupied molecular orbital (HOMO) of HNO, or NO,™ (zn* orbital)
and the lowest unoccupied molecular orbital (LUMO) of Mn(III) (c orbital) (Luther 2005,
2016). The first step in the reaction is likely a hydrogen atom transfer reaction (HAT).
Recently, Luther et al. (2018) described HAT reactions for the reduction of MnOOH,
MnO,, and HNO, by leucoberbelein blue (LBB). The reaction is pH independent for MnO,
(a two-electron oxidant) and pH dependent for the one-electron oxidants MnOOH and
HNO, (Jones et al. 2019; Luther et al. 2018). HAT reactions for LBB are a function of
the C—H homolytic bond dissociation energy (BDE) for triphenylmethane compounds that
ranges from 293 to 335 kJ mol~! (Zhang and Bordwell 1992). If the thermodynamics of the
oxidized Mn reduction half-reactions is more negative than the BDE value, the reaction is
favorable. The O—H homolytic bond dissociation energy for HNO, is 329 kJ mol~! (Bach
et al. 1996), so HNO, can react with oxidized Mn in a similar manner to LBB.

2.2 Thermodynamics of the nitrogen species HNO,, -NO,, and NO;™ over arange
of pH

Oxidation of nitrite to nitrate by soluble Mn(III) compounds occurs via two sequential one-
electron transfers according to the stoichiometry in Eq. 1 and can be represented by the fol-
lowing two equations that represent the first (Egs. 3, 4) and second electron transfer steps
(Eq. 5). As shown in the following text and as shown for the reaction of MnO, with nitrite
(Luther and Popp 2002), oxidation of HNO, is thermodynamically favored over NO, .
The free radical nitrogen dioxide, -NO,, is the expected metastable intermediate. Equa-
tions 3 and 5 demonstrate the pH dependence of the overall reaction as previously reported
(Karolewski et al. 2021).

HNO, - ‘NO, + H" + ¢™. 3)

A HAT reaction, which is analogous to Eq. 3, is represented by Eq. 4 (Luther et al.
2018).
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HNO, — -NO, + H- where H" + ¢~ = H- 4)

‘NO, + H,0 — NO; +2H" +e¢". 5)

There is also a mismatch of orbital symmetry for -NO, (the intermediate formed after the
loss of the first electron from nitrite) and Mn(IIl), also indicating that this reaction is an inner
sphere electron transfer.

2.3 Thermodynamics of HNO, (NO,"), :NO,, NO;™ redox half-reactions and acid
dissociation

From Luther (2010, 2016) and Luther and Popp (2002), we have the following acid disso-
ciation (Eq. 6) reaction and redox half-reactions with their thermodynamic functions over pH
(Egs. 7-9).

HNO, < NO; +H* (dissociation) pK, = 3.25 (6)

The redox half-reactions and calculations are at standard state conditions, and potentials
are given versus the normal hydrogen electrode (NHE). The first electron transfer will be
shown to be the rate-limiting step and is a function of pH. We write the redox half-reactions
as reduction reactions noting that the reverse (oxidation) half-reactions (‘a’) are operative for
the processes discussed here. The reverse half-reaction, pe4, 1S Eq. 7a and occurs during
Mn™PP reduction (see egs. 3-5).

‘NO, +H* +e~ - HNO, pe,y = logK, 4 = pe’—pH = 16.51—-pH 7
PEoxia = 10g Kyiq = —pe” + pH = —16.51 + pH (7a)

‘NO, + ¢= —» NO; pe,, =logK 4 =pe’ =15.60 (8)

PEoxia = 10g Kyig = —15.60. (82)

The half-reaction for the reduction of NO;™ to -NO, (the second electron transfer step) is
Eq. 9.

NO; +2H" +e” - -NO, + H,0 pe 4 =log K,y = pe”—2pH = 13.07-2 pH (9)

PEpria = log K ,;q = 2pH—-13.07. (9a)

2.4 Thermodynamics of the Mn"'pyrophosphate, Mn"'PP, reduction half-reaction

The general equation for the first electron transfer of HNO,, which will be shown to be
rate limiting, is given in Eq. 10. Equation 10a using NO,™ as reductant will be shown to be
unfavorable.

Mn""PP + HNO, — Mn"PP + -NO, + H* (10)
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Mn''PP + NO; — Mn"PP + -NO,. (10a)
The second electron transfer is given by Eq. 11 (11a).
Mn'"'PP + -NO, + H,0 — Mn"PP + NO; + 2H* (11)
Or
Mn""PP + -NO, + OH™ — Mn"PP + NO; + H*. (11a)

To calculate thermodynamic favorability of these reactions requires data on the reduction
of Mn"'PP to Mn"PP (Eq. 12).

Mn"PP + e~ — Mn"PP. (12)

Watters and Kolthoff (1948, see their Table 3) measured Mn(III) reduction potentials ver-
sus the saturated calomel electrode (SCE) for Mn'"PP species (column 3 of Table 1) over the
pH range from 0.05 to 8.72. In their work, total concentrations of Mn(III) and Mn(II) were
5 mM, and the total concentration of pyrophosphate was 0.4 M at each pH. Their SCE poten-
tials were converted to potentials versus NHE (column 4 of Table 1) from which the equilib-
rium constant, K ;, and pe,.4 (column 5 of Table 1) of the half-reaction could be calculated.

Watters and Kolthoff (1948) also provided information on the protonation of the pyroph-
osphate ligand over pH. At pH <3, the complex is [Mn"(H,P,0,),]*~, and above pH 6, it is
[MnHI(HP207)3]9’ as several HY are lost on increasing pH. Thus, both Mn™PP and nitrite spe-
ciation vary with pH, and both species will lose H* as pH increases (Fig. 1).

The thermodynamics for the reactions represented by Egs. 10 and 11 can now be calculated
to predict the favorability of the reaction over a range of pH values. The thermodynamics of
Eq. 10 (column 6 in Table 1) is calculated from the sum of Eq. 7a (column 2 in Table 1) and
Eq. 12 (column 5 in Table 1), which is Eq. 13.

A10g K goction = PEreg (Mn"'PP) + pe g (HNO,) (13)

A log Kreaction = pgred(MnmPP) + P€oxid (Noz_ ) . (1 33-)

Column 6 in Table 1 shows that the reaction (from eqs. 10, 13) is favorable (Alog
K caction > 0) at pH values < ~4.3 (Fig. 1).

The first electron transfer using NO,~ (column 7 in Table 1) rather than HNO, shows that
NO," is not as favorable as an oxidant for Mn'PP (last column of Table 1; Eq. 10a) as HNO,.
Here, Alog K .,.ion data (addition of columns 5 and 7; Eq. 13a) indicate that the reaction
of Mn'"PP with NO,™ to form -NO, is favorable only at low pH (<2.3), where NO,™ is not
the dominant chemical species according to Eq. 6 (see also Sect. 3.2). Thus, NO,™ is not the
reductant for Mn'"PP. These data parallel the thermodynamic data found for the two-electron
reduction of MnO, by HNO, to form NO;™ (Luther and Popp 2002) where the nitrate forma-
tion reaction rate also decreased with increasing pH.

Similarly, the thermodynamic favorability of Eq. 11 is calculated from the sum of Eq. 9a
(column 2 in Table 2) and Eq. 12 (column 3 in Table 2), which is Eq. 14.

A IOg Kreaction = pered(MnmPP) + psoxid('NOZ)' (14)
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Fig. 1 Thermodynamics of Mn'PP reduction over pH by nitrite species and nitrogen dioxide. The vertical
lines indicate the predominant pyrophosphate species noted by Watters and Kolthoff (1948). They also indi-
cate the change in Mn'!'PP speciation with increasing pH as H* dissociates from the pyrophosphate species

Table2 Prediction of thermodynamic favorability for the reaction Mn"PP+-NO,+H,0— Mn"PP+
NO;~+2 H* (Column 4, Eq. 11)

(1) pH (2) pegyig=10g Kojg for 2" elec-  (3) pe,gg=10g K,g (4) Alog K,ciion = PErea + PEoxia for
tron transfer -NO, —NO;~ Mn'"PP — Mn''PP Mn'"PP reduction/-NO, oxidation
0.05 —13.02 20.13 7.11
0.19 -12.88 19.93 7.05
0.52 —12.55 19.40 6.85
0.8 -12.27 19.00 6.73
1.12 —11.95 18.68 6.73
1.52 —11.55 18.09 6.54
1.76 -11.31 17.86 6.55
1.97 -11.10 17.46 6.36
2.27 —-10.80 16.94 6.14
2.99 —-10.08 15.41 5.33
3.59 -9.48 13.88 4.40
4.02 -9.05 12.88 3.83
4.54 -8.53 11.35 2.82
5.85 =722 9.48 2.26
7.11 -5.96 8.53 2.57
8.72 -4.35 7.26 291

Values of Alog K,,ion that are positive and in bold font indicate a favorable reaction

The fourth column in Table 2 shows that the reaction is favorable (Alog K. .iion > 0)
at pH values up to 8.72 (Fig. 1). Thus, the reaction of Mn™PP with ‘NO, to NO;™ is
favorable over all pH conditions considered.
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3 Discussion
3.1 Concentration Dependence of HNO, as the Reductant

The Alog K .,.iion Values in columns 6 (Eq. 10) and 8 (Eq. 10a) of Table 1 and in column
4 (Eq. 11) of Table 2 are plotted versus pH in Fig. 1. These data again demonstrate that
HNO, is the reactant and not NO,™. The first electron transfer reaction with HNO, as the
reductant is favorable up to a pH of 4.3 and then becomes slightly inhibited due to thermo-
dynamics. Thus, this is the rate-determining step in the reaction of HNO, with Mn""PP to
form NO;™. The second electron transfer reaction with -NO, as the reductant has no ther-
modynamic barrier at these pH values. Thus, this step is likely fast and not rate inhibiting.
It is at this point that O atoms from water are added to form nitrate.

The thermodynamic functions 7 and 7a can be expanded as in Eqs. 15 and 15a to
include the concentrations of HNO, and -NO,. Because -NO, is a free radical and its reac-
tion with Mn"PP is favorable over all pH values considered, it likely quickly reacts. The
-NO, concentration does not buildup so is negligible at any time point; thus, Eq. 15b is the
relevant half-reaction for calculation of thermodynamic favorability.

PE€,eq = log K .y = pe’—pH = 16.51—pH + log[HNO,]— log[-NO,] (15)
Peoxia = 108 Kyjq = —pe” + pH = —16.51 + pH—log [HNO, ] + log[-NO,]  (15a)

PEoxia = —Pe’ + pH = —16.51 4+ pH—log[HNO,]. (15b)

At pH 7.11 and a total nitrite concentration of 100 uM as done in the work of
Karolewski et al. (2021), aHNO, (i.e., the fraction of nitrite existing in the protonated
form) is 1.41x 107, so [HNO,] equals 141x10° M (or 14.1 nM). From the following
calculations (note that the measured pe,.4 includes Mn concentrations), the reaction is ther-
modynamically favorable at the conditions of the experiments in Karolewski et al. (2021),
but slow due to the trace concentration of HNO,.

P€,yia(HNO, ) = —16.51 + 7.11—(~7.85) = —1.56
Pe eq (Mn''PP) = 8.53

A 10g Kreaction = PEoxid T PEred = 6.7.

The vertical lines in Fig. 1 indicate the predominant pyrophosphate species noted by
Watters and Kolthoff (1948). They also indicated the change in Mn"PP speciation with
increasing pH as H* dissociates from the pyrophosphate species. They indicated that the
solution color changes from intense violet at pH <3 where [Mn'"(H,P,0,%7);]*~ dominates
speciation to less intense violet above pH 3. The solution color changes to amber starting at
pH 4.5 and brown-amber as the pH approaches 7, where [Mn"{(P,0,*");]°~ dominates spe-
ciation. These color changes are consistent with stronger metal-ligand bonding and ligand
to metal charge transfer transitions (Luther 2016). Stronger metal-ligand bonding with
increased pH also results in less positive or more negative redox potentials (see data in
column 3, Table 1), which make the HNO, reaction less favorable as observed. In alkaline
solutions of pH>9, OH™ attacks [MnHI(P2074‘)3]9‘ and leads to the disproportionation of
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the Mn''PP complex to Mn(Il) and MnO, (Klewicki and Morgan 1998; Qian et al 2019;
Watters and Kolthoff 1948). At low pH and in the presence of excess pyrophosphate to Mn
as done by Karolewski et al. (2021), the complexes are stable to disproportionation (Kle-
wicki and Morgan 1998).

3.2 Kinetics data compared with the concentration of HNO, over pH

Figure 2a shows the HNO,/NO,™ species diagram over pH and indicates that there is
still a minor amount of HNO, at higher pH for reaction with Mn''PP. Karolewski et al.
(2021) documented a slow reaction at pH > 7. In fact, the nitrite oxidation rate data from
Table 2 in Karolewski et al. (2021) follow the speciation of HNO, not NO, . Here,
Fig. 2a, inset, b documents that as the fraction of HNO, decreases in solution, the nitrite
oxidation rate decreases. Figure 2a shows similar curves for the fraction of species and

1.0 r 600

094 (A \ f’ ¢ cHNO, .
n ] ( ) . ¢ B v aNO, L s
k) s v . - S00
g 0.8 .. v @ reaction rate L -
2 0.7 . v : -

L 400 =

P ] .5 0.0100 t =1
= 0.6 L 24 N =
= ] ] £ [ I
& 05 ot L S P ¥
o - -3 § [ =
S 04 e % 0.0050 | [ g
g ] o e 0, 2
€ 03 v e 0081 SEME
& 1 v e [ 9“)
& E v e 0.0000 - F -
S 02 g o @ - 100

0.1 - pH [

0.0 4 - mmesm—— O

6 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH
600
L) o
~ 500 - -
—"U 4 rate=3.12+ 294.5 [HNO1] 7
7 ) pd
400 ] 2 =0.999 p
] P -
& ] ~
& 300 e
g 1 ~
's 200 P e
S 1 -
~ 100 Ja
1 ~
1.~
0 T T T L T T T
0.0 0.5 1.0 15 2.0
HNO, (uM)

Fig.2 A) Nitrite species diagram versus pH. The inset shows that the nitrite oxidation rate [taken from
Table 2 in Karolewski et al. (2021)] increases with the fraction (concentration) of HNO, («HNO,). B)
Nitrite oxidation rate increases linearly with [HNO,] (calculated by multiplying «HNO, by the concentra-
tion of nitrite of 100 pM used in Karolewski et al. 2021)
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reaction rates reported in Luther and Popp (2002) and Luther et al. (2018) for the two-
electron transfer between HNO, and MnO,; however, that mechanism was postulated to
be a O atom transfer from MnO, to HNO,.

3.3 Chemical mechanism for the nitrite to nitrate transformation

Here, we use the Lewis structures for HNO,, -NO,, NO,* and NO;~ to describe the
complete oxidation of HNO, to NO;~. Equations 3 and 5 describe the oxidation of
HNO, to -NO, to NO;~. However, we also note that there is a short-lived intermediate
that forms, but which is not represented in these equations. Figure 3 shows two schemes
for the complete oxidation and transformation of NO,™ to NO;™. Scheme 1 shows the
conversion of HNO, to -NO, via a one-electron transfer. The one-electron oxidation of
:NO, leads to formation of the intermediate NO,", which is isoelectronic with CO,. Just
as CO, can react with H,O and OH™ to form H,CO,/HCO;~, NO,* reacts with H,0
and OH™ to form HNOs/NO;™ as in Scheme 2 of Fig. 3 (Egs. 16, 16a). Thus, the O
atom comes from water in a Lewis acid—base reaction as found with the O-isotope data
from Karolewski et al. (2021). Note that loss of H" from H,O increases on oxidation of
HNO,.

NOj + OH™ — HNO; - NOj +H* (16)

NO? + H,0 — HNO; + H* — NOj + 2H*. (16a)

Overall, the N species reaction pathway is from HNO, to -NO, to NO,* to NO; ™.

Scheme 1) N N -e :\,ﬂ + g -¢ o 1:.1 o
. N 1 — =N —=
~ "o _.O/ \\O,. - -
/ 1 . .
H .NOZ N02+

H//\ ’“\\H
Scheme 2) - \ Y
A O ’

Fig.3 Lewis structures including formal charges on each atom showing the conversion of NO,™ to -NO, to
NO," in Scheme 1. Scheme 2 shows that a bond between the O atom in H,O forms with the N in NO,™; the
dashed brackets indicate the electrons from the H-O bonds in H,O remain with the O atom when H* dis-
sociates, and the curved arrow indicates one of the pairs of electrons in the O=N double bond moves to the
O atom so NO;™ results
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3.4 Energetics and reactivity of NO," as a transient intermediate

Unlike the slow kinetics at low pH for the reaction of CO, with H,O to form H,CO;,
the reaction of NO," with H,O is fast enough to promote nitrate formation at low pH.
Figure 4 shows the energies of the HOMO and LUMO orbitals (tabulated in Luther
2016) for the relevant species described in this paper. The LUMO energy for NO,*
is equivalent to the reverse of the ionization potential of -NO, (experimental value is
9.75 eV), so the LUMO value is—9.75 eV. Thus, N02+, which has a positive N atom,
is an excellent electron acceptor in contrast to CO,, which has a LUMO experimental
value of + 0.5 eV, indicating it is a poor electron acceptor (Luther 2004). Although the
H,0 HOMO energy is — 12.61 eV, this difference of 2.86 eV between the Eygyo of H,O
and the E| ;o of NO,* is an acceptable uphill energy of activation, E, (Luther 2016).
This uphill E, is similar to that found for the reaction of OH™ with CO, (2.325 eV) to
form HCO;™. In contrast, the OH™ HOMO of — 1.825 eV gives a downhill reaction with
NO,* and an energy difference of — 7.925 eV; thus, there is no E,.

Also, the species OH™, H,0, HNO,, and NO,™ have HOMO energies that permit the
ease of donation of a pair of electrons to a labile Mn(III) complex or a vacant coor-
dination site to form a Mn—O bond. Thus, an inner sphere complex can form prior to
electron transfer, which is required for the orbital symmetry mismatch for the HOMO
of HNO, and the LUMO of Mn(IIl). The LUMO energies for most transition metals
that are labile are more negative than — 14 to— 15 eV so are excellent electron accep-
tors (Luther 2016). For Mn(IIl) complexes with a d* or t2g3eg1 electron configuration
for octahedral complexes, Jahn—Teller distortion occurs, which leads to labile com-
plexes and attack of Mn(III) by an electron pair donor (ligand). Here, because of distor-
tion, one O atom from a pyrophosphate ligand can dissociate from Mn(III) for HNO,
to attack. At alkaline pH, hydroxide ion, which is increased in concentration and is a

Fig.4 Energies for the HOMO e donor — e acceptor
and LUMO orbitals of the 2 2
various reactants. The HNO, 14 1
data point is from Hoener et al. 0 Unstable 0
(2021). Good electron donors Stable orbitals
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values, whereas good electron 2] P
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stronger nucleophile than the N species in Fig. 4, outcompetes the N species for the Mn
in Mn™PP. Thus, disproportionation of Mn™PP occurs yielding Mn(II) and MnO,.

4 Conclusions

Using the kinetic and isotope data from Karolewski et al. (2021) as well as known ther-
modynamic data for the speciation of the reactants, we show that HNO, is the reactant
with Mn""PP to form NO;~. Using the molecular properties of the intermediate N spe-
cies (-NO, and NO,™), we show that the O atom must come from H,O in agreement with
the isotope data. The first intermediate formed is -NO,, which on losing an electron to
reduce Mn""PP forms NO,*, which in turn reacts with H,O to form NO;™.

The investigation of reactions of Mn(IIl) complexes for environmental applications
has been few. Despite the favorable thermodynamic conditions for reactions coupling
Mn and N transformations, direct evidence for the occurrence of these reactions in natu-
ral systems remains limited. Prior to this study, only two laboratory studies detailed
the kinetics of Mn and N reactions and provided mechanistic insight (Cavazos et al.
2018; Luther and Popp 2002). However, the products of some Mn and N reactions have
been more widely examined. For reactions with reduced nitrogen compounds, Luther
et al. (1997) reacted a Mn"bistris complex with ammonia, NH;, and found reduction
of Mn(IIl) to Mn(ID). In that work, the reaction of a Mnbistris complex with hydra-
zine, N,H,, also led to N,. Luther et al. (2018) documented that ammonia, NH;, (not
NH,*) oxidation by soluble Mn(III) and MnO, are examples of HAT reactions, as pro-
posed here for Mn(III) oxidation of HNO,. Similarly, the reaction of oxidized Mn with
hydroxylamine (NH,OH), an intermediate in NH; oxidation, to form N,O (Liu et al.
2017; Heil et al. 2016; Zhu-Barker et al. 2015; Cavazos et al. 2018) likely occurs by
HAT reactions.

As dissolved Mn(III) complexes can be abundant in a wide range of environments (e.g.,
Dellwig et al. 2012; Madison et al. 2013; Oldham et al. 2017b, c; Trouwborst et al. 2006;
Yakushev et al. 2007), they have the potential to serve as an important control on the redox
landscape of natural systems. Beyond nitrogen species, Mn(III) complexes can also oxidize
ferrous iron and sulfide (Kostka et al. 1995; Oldham et al. 2015; Siebecker et al. 2015;
Trouwborst et al. 2006). In fact, due to the versatility of Mn(III) as both a reductant and
oxidant, its presence in the suboxic zone has been implicated in preserving suboxic zones
by “titrating” downward diffusing oxygen and upward diffusing reductants (Dellwig et al.
2010; Madison et al. 2013; Trouwborst et al. 2003; Yakushev et al. 2007). We recom-
mend coupling molecular information with more detailed kinetics and isotope experiments
exploring oxidized Mn [including dissolved Mn(III)]-mediated reactions, which would
permit a more refined assessment of the underlying chemical mechanisms at play and the
overall importance of these reactions in sediments, soils, and oxic—anoxic transition zones.
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