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Structure of the porphyrin used as an HNO sensor 

 

Scheme S1. Structure of manganese(III) meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin (Mn(III)TEPyP). 

 

 

 

 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy of sulfur 

molecules 

 

 

Fig.S1 Comparison between the ATR-FTIR spectra of sodium sulfate, sodium thiosulfate, sodium sulfite, sodium bisulfate, sodium 

metabisulfite, sodium dithionite, and the reaction between sodium dithionite and NO•. 
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NO• in excess 

As outlined in the manuscript, the kinetics of dithionite consumption were monitored by following its absorbance at 315 nm 

after the addition of a known volume of a saturated aqueous NO• solution. When NO• was present in excess with respect to 

dithionite, the initial decrease in absorbance could not be satisfactorily described by simple kinetic models, such as linear or 

single-exponential functions, even within the first seconds after the reaction onset (Fig. S2 and Fig. S3). 

 

 
Fig.S2   Linear and exponential fit for the reaction carried out with 35 uM dithionite and 150 uM NO • 

 

 

 
Fig.S3   Linear and exponential fit for the reaction carried out with 60 uM dithionite and 150 uM NO • 

 

Accordingly, the initial portion of the kinetic traces could not be analysed using simple rate laws. To further explore the 

dependence of the reaction rate on dithionite concentration under conditions of excess NO•, kinetic traces were recorded 

for different initial concentrations of the reductant. The experimental data were then transformed into reaction rates, 

expressed as d[S₂O₄²⁻]/dt × 10⁻⁵ M s⁻¹, and plotted as a function of [S₂O₄²⁻] × 10⁻⁶ M (Fig. S4). 
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Fig.S4 Example of one of the experimental curves of 60 µM dithionite consumption as a function of time from the addition of 250 µM NO• 

(left). A concentration-dependent consumption rate curve plotted as -d[dithionite]/dt is shown (right). It was calculated every 0.5 seconds 

as follows: (final concentration - initial concentration)/0.5 s. 

 

It was found that the experimental data could be satisfactorily described by the empirical expression 𝑍 = 𝐴 + 𝐵𝑥 +

𝐶𝑥𝑦, where 𝑍corresponds to the reaction rate, 𝐴, 𝐵, and 𝐶 are adjustable parameters, and 𝑥 and 𝑦 represent the 

concentrations of dithionite and NO•, respectively. An example of this analysis is shown in Fig. S5 for a system containing 60 

µM dithionite and 250 µM NO•. In this representation, the fitted parameters account for contributions that either increase 

or decrease the observed reaction rate, without implying a unique physical meaning at this stage. 

 

 

 

Fig.5 Experimental curve dithionite 60 µM and NO• 250 µM. Experimental data (black squares). Curve constructed from the fit to the 

equation Z = A + Bx + Cxy (red line). 

 

Therefore, the empirical equation can be expressed as the sum of three contributions: a constant term (A), a term 

proportional to the dithionite concentration (B·x), and a mixed term proportional to the concentrations of dithionite and NO• 

(C·x·y). These contributions can be interpreted phenomenologically as accounting for baseline dithionite consumption, 

concentration-dependent effects, and interactions between dithionite and NO•, respectively. For convenience, the 

parameters A, B, and C are denoted as 𝑘𝑖, 𝑘𝑟, and 𝑘𝑑 in the discussion below, without implying a unique mechanistic 

assignment. When this equation was applied to 12 experimental kinetic traces obtained at different dithionite and NO• 

concentrations, average values and standard deviations for the fitted parameters were obtained (Table S1). 
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Table S1. Average values of the kinetic parameters and their respective standard deviations 

 
Constant consumption 

(A) 

Concentration-dependent term 

(B*x) 

Consumption by NO• 

(C*x*y) 

Formula ki kr[S2O4
2-] kd[S2O4

2][NO•] 

Constant parameter value (2.9 ± 1.7) x 10-5 -0.9 ± 0.4 8400 ± 1600 

 

A mechanistically compatible reaction network was analysed to rationalize the observed kinetic behaviour. Although 

the SO₂•⁻ monomer is generally considered the most reactive species, previous studies have shown that both monomeric 

and dimeric forms can participate in redox processes, sometimes concurrently. This complexity was incorporated into a 

reaction framework describing the interaction between dithionite and NO• under anaerobic conditions, particularly when 

NO• is present in excess relative to dithionite (Fig. S6). The experimental observations are consistent with dithionite 

consumption pathways that involve the transient formation of HNO, leading to N₂O and HSO₃⁻/HS₂O₅⁻ as final products. In 

addition, recombination processes involving sulfur-centred radicals may partially reform dithionite under specific conditions, 

although this does not imply net catalytic turnover. To evaluate the thermodynamic accessibility of the individual elementary 

steps depicted in Fig. S6, computational analysis was performed. 

 

 

Fig.S6 Network of feasible reaction pathways. In this scheme, kᵣ accounts for regeneration pathways associated with sulfur-centred radical 

recombination, kd captures the ensemble of NO•-dependent consumption pathways, and kᵢ represents NO•-independent dithionite 

consumption processes. The assignment reflects phenomenological rate terms rather than individual elementary steps. 

 

Under these conditions, the relative contribution of the different dithionite consumption pathways is expected to 

depend on the concentrations of dithionite and NO•, consistent with a rate that increases with both reactant concentrations 

(kd [S₂O₄²⁻] [NO•]). This behaviour is captured by the phenomenological rate expression described above. The experimental 

observations are consistent with reaction pathways involving reduction of NO• and oxidation of dithionite, as supported by 

the detection of HNO as a transient intermediate (see Eq. S1). 

 

S2O4
2− + H5O2

+ + NO • → HNO  + SO2 + SO2
•− + 2H2O      (Eq.S1) 

 

A plausible mechanistic scenario involves initial reduction of NO• leading to the transient formation of HNO, 

accompanied by oxidation of dithionite to sulfur-centred species such as SO₂•⁻ and SO₂. In the absence of sulfur reagents, 

HNO is well known to undergo rapid dimerization to yield N₂O and H₂O. Within the present system, however, additional 

reaction pathways can be envisaged in which nitrogen–nitrogen bond formation and sulfur redox chemistry are coupled. For 

example, reaction of HNO-derived species with SO₂ may provide an alternative route to N₂O formation accompanied by 
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bisulfite production (Eq. S2). Subsequently, the well-established equilibrium between bisulfite and metabisulfite can account 

for the presence of both species in solution (Eq. S3). 

𝑐𝑖𝑠 − HN2O2
− + SO2 → N2O + HSO3

− + H+                                         (Eq.S2) 

2HSO3
− ↔ HS2O5

− + OH−                                                             (Eq.S3) 

A computational analysis was performed to evaluate the thermodynamic feasibility of individual elementary 

steps within the proposed reaction network. Fig. S7 depicts optimized geometries for a representative pathway 

involving the direct interaction between dithionite and NO•, highlighting the role of two explicit water molecules in 

facilitating proton transfer and charge redistribution. Although the formation of HNO in this pathway is associated 

with an endergonic free energy change, subsequent reactions involving HNO are strongly thermodynamically 

favoured. In particular, Fig. S8 shows that HNO dimerization is associated with a decrease in standard Gibbs free 

energy of 54.24 kcal mol⁻¹. This thermodynamic driving force provides a plausible explanation for the effective 

consumption of HNO once formed, thereby favouring overall progression toward the observed nitrogen-containing 

end product.  

 

 

Fig.S7. Reaction free energy profiles in kcal mol-1 and optimized geometries for Reac, TS, and Prod for HS2O4
- + NO• +2H2O → HNO 

+ SO2
– + SO2

•- + H2O reaction at r2-SCAN(D4)/Def2-TZVPP(SMD) level of theory. 

 

 

 

Fig.S8 - Reaction free energy profiles, in kcal mol-1, for HNO dimerization. 
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It is well established that dimerization of HNO leads initially to the formation of H₂N₂O₂. At near-neutral pH, the 

reported pKₐ values of this species (pKₐ₁ = 6.9 and pKₐ₂ = 11.6) indicate that the mono-deprotonated form, HN₂O₂⁻, is expected 

to be predominant under the experimental conditions employed.77,78 Fig. S9 shows optimized geometries for a representative 

reaction pathway involving abstraction of an OH⁻ group from cis-HN₂O₂⁻ by SO₂, leading to the formation of HSO₃⁻ and N₂O 

(Eq. S2). The corresponding free energy profile for this process is shown in Fig. S10. The calculations indicate that this 

transformation is thermodynamically favourable, with an overall stabilization of approximately 45 kcal mol⁻¹ in Gibbs free 

energy. 

 
Fig. S9 - Optimized geometries for the proposed mechanism for N2O formation. 

 

 

Fig. S10 - Free gibbs energy, in kcal mol-1, for reaction between cis-HN₂O₂- and SO₂ to yield HSO₃- and N₂O. 

 

 

The phenomenological kinetic analysis indicates that the overall reaction rate increases with both dithionite and 

NO• concentrations. Within this framework, the fitted constant term 𝐴 may reflect baseline processes that are not directly 

dependent on reactant concentrations, without implying a unique elementary step. This observation motivated consideration 

of alternative reaction pathways involving transient radical intermediates. One such pathway reported in the literature 

involves reaction between HNO and NO• to form the HN₂O₂• radical (Eq. S14), which can subsequently react further with 

NO• to generate N₃O₃⁻ and, ultimately, N₂O and NO₂⁻.79 However, no formation of NO₂⁻ was detected by ion exchange 

chromatography under the experimental conditions employed, indicating that this pathway does not contribute significantly 

in the present system. To further assess alternative possibilities, computational calculations were performed to evaluate 

whether HN₂O₂• could react directly with dithionite. The results indicate that reaction between HN₂O₂• and S₂O₄²⁻ to yield 

N₂O, SO₂•⁻ and HSO₃⁻ (Eq. S15) is thermodynamically accessible. As shown in Fig. S11, this transformation involves a modest 

activation barrier of approximately 10 kcal mol⁻¹, followed by a substantial stabilisation of nearly −50 kcal mol⁻¹ in Gibbs free 

energy. These results support the feasibility of this pathway, without implying that it represents the dominant route under 

the experimental conditions studied. 

 

HNO +  NO • → HN2O2
•    (Eq.SI4) 

HN2O2
• + S2O4

2− 𝑘𝑖
→ HSO3

− + SO2
•− + N2O  (Eq.SI5) 
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Fig. S11. Optimized geometries and potential energy profile (in kcal mol⁻¹) for a representative reaction between HN₂O₂• and dithionite 

(S₂O₄²⁻), illustrating a feasible pathway leading to SO₂•⁻, HSO₃⁻ and N₂O. 

 

As suggested by the phenomenological kinetic analysis, the fitted rate expression includes a term proportional to 

the dithionite concentration. This term may reflect the contribution of processes that are not directly linked to the 

instantaneous NO• concentration, without implying a closed catalytic cycle. As discussed above, SO₂•⁻ radicals formed during 

dithionite oxidation can recombine in solution to regenerate S₂O₄²⁻ through a well-established equilibrium (monomerization 

equilibrium, KH = 1.4 × 10⁻⁹). Since SO₂•⁻ species are generated as intermediates in multiple consumption pathways, 

recombination processes may occur concurrently with dithionite consumption. The observed kinetic behaviour is therefore 

consistent with the simultaneous operation of dithionite consumption and recombination pathways. Computational 

calculations support the energetic accessibility of these processes, showing modest activation barriers for the formation of 

transition complexes from the reactants and significant stabilisation upon progression to products (Fig. S11). These results 

indicate that such processes are feasible under the experimental conditions, without implying their dominance or exclusivity. 

 

Reaction performed in deuterium oxide 

When a reaction is carried out in deuterium oxide (D₂O), isotopic substitution of H by D can modify the observed 

kinetics. Solvent kinetic isotope effects (SKIEs) may manifest as changes in rate constants when hydrogen transfer or bond 

breaking/formation involving hydrogen occurs in, or near, the rate-determining step.80 In the system studied here, the 

kinetics observed when D₂O was used instead of H₂O (with the pH adjusted to 7.25 using the appropriate correction) showed 

an increase in the effective rate of dithionite consumption by NO• (see Fig. 6 in the MS). This behaviour corresponds to an 

inverse solvent isotope effect. Unlike normal isotope effects, which may arise from SKIEs, solvent equilibrium isotope effects 

(SEIEs), or a combination of both, inverse isotope effects are most commonly dominated by SEIEs, that is, by equilibria that 

are thermodynamically more favourable in D₂O.80  

Under the experimental conditions employed, the concentrations of protonated dithionite species are expected to be 

very low. The reported pKₐ values for the protonated forms of dithionite, H₂S₂O₄ and HS₂O₄⁻, are pKₐ₁ = 0.35 and pKₐ₂ = 2.45, 

respectively.81 In addition, D₂O has a lower ionic product constant (Kw = 8.9 × 10⁻¹⁶ at 20 °C) than H₂O.82 These considerations 

make it unlikely that the observed isotope effect arises from direct hydrogen transfer in the rate-determining step. On the 

other hand, formation of the SO₂•⁻ radical occurs as an intermediate in the reaction system. In this context, the observed 
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solvent-dependent rate enhancement may be associated with differential stabilisation of this radical species in D₂O relative 

to H₂O. Since the electronic structure is identical for hydrogen and deuterium, isotope effects arise from differences in atomic 

mass and the corresponding zero-point vibrational energies. Heavier isotopes lead to lower vibrational frequencies and lower 

zero-point energies.83 As a consequence, hydrogen bonds involving D₂O are generally stronger than those involving H₂O.84 

Accordingly, it can be proposed that interactions between SO₂•⁻ and the solvent via deuterium bridging are stronger in D₂O 

than the corresponding interactions mediated by H₂O, potentially contributing to stabilisation of this intermediate. 

 

 
Fig. S12. A) N₂O formation measured by headspace IR for the reaction between dithionite and NO• carried out in H₂O and D₂O (30 

minutes). The increased N₂O signal in D₂O indicates an inverse solvent isotope effect on N₂O formation (H₂O/D₂O ≈ 0.62). B) Free Gibbs 

energy change (ΔG, kcal·mol⁻¹) for the dimerization of HNO and DNO to form hyponitrous acid isotopologues (2 HNO → H₂N₂O₂ and 2 DNO 

→ D₂N₂O₂). The calculated ΔG values are very similar for both processes, indicating only a minor energetic isotope effect for HNO/DNO 

dimerization under the present computational model. 

 

Anaerobic decomposition of 172 µM dithionite at pH 7.4 (10 mM) and room temperature: 

  

Fig.S13 - The anaerobic decomposition of dithionite was measured by UV-visible, taking a spectra every 15 seconds for 6 hours. 

Concentrations were calculated from the absorbance peak at 315 nm and the molar extinction coefficient of 8000 M-1 cm-1. 
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Fig.S14 - Linear regression of 1/[dithionite] as a function of time. The value of the slope of this line corresponds to the reaction 

constant for a second order reaction. 

 

Fig.S15 - One-dimensional electronic energy profile along the N–S coordinate for the interaction between NO• and SO₂•⁻. The 

calculated energy decreases by approximately 15 kcal·mol⁻¹ as the distance is reduced from 3.0 to 2.1 Å, indicating the favorable formation 

of a stabilized intermediate adduct. 
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Fig.S16 - Left: Optimized transition state structure for the protonation of the SO₂NO⁻ intermediate by a Zundel ion (H₅O₂⁺), 

highlighting the hydrogen-bonding network involved in the proton transfer process. Right: Displacement vectors corresponding to the 

imaginary frequency (i286.48 cm⁻¹) of the transition state, showing that the vibrational mode is associated with structural reorganization of 

the SO₂NO⁻·2H₂O adduct rather than HNO formation. 
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