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Slovak Republic

(Received 5 March 2009; revised 7 April 2009)

Abstract
Endogenously produced H2S/HS�, a newly found gasotransmitter, is well represented by NaHS. In deoxygenated media it
terminated semi-stable oxidant radicals up to stoichiometric ratios of 1:1. In the presence of oxygen the antioxidant activities
of NaHS were impaired considerably due to its competitive reactions with molecular oxygen. The primary reaction steps of
NaHS were investigated using two different spin traps, 5,5-dimethylpyrroline-N-oxide and sodium 3,5-dibromo-4-
nitrosobenzenesulphonate (DBNBS), in protolytic and aprotic solvents (water and dimethylsulphoxide, DMSO) under
argon and oxygen. Sulphhydryl radicals (HS+/S+�) were primarily formed (S+� in water and HS+ in DMSO), probably
coupled to the formation of superoxide radical anions. The DBNBS spin trap acted also as an electron acceptor and formed
its radical anions in the presence of NaHS. Hence, one of the primary steps in the reactions of sulphides is the electron
transfer from H2S/HS� species to a suitable acceptor, which may play a fundamental role in their biological functions.

Keywords: Sodium hydrosulphide, hydrogen sulphide, antioxidant, electron transfer, donor, sulphhydryl radical, spin traps

Abbreviations: DPPH, 1,1-diphenyl-2-picrylhydrazyl; ABTS, 2,2?-azinobis-(3-ethylbenzothiazoline-6-sulphonate);

DMPO, 5,5-dimethylpyrroline-N-oxide; DBNBS, sodium 3,5-dibromo-4-nitrosobenzenesulphonate; DMSO, dimethyl

sulphoxide; SW, magnetic field sweep width; TEMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl

Introduction

Endogenously produced H2S in living organism is a

newly-found gasotransmitter influencing numerous

biological processes in which free radicals were

supposed to play a significant role. It is involved in

cardioprotection, hypertension, relaxation, prolifera-

tion, apoptosis and inflammation processes [1�8].

The role of H2S in the regulation of nitric oxide was

evidenced previously [9�14].

Several reports suggested that H2S/HS� could

function as an antioxidant. This suggestion was

supported by the observation that H2S was produced

by oxidative stress [15] and protected neurons from

oxidative stress, probably by scavenging free radicals

[16]. Because H2S/HS� is a reducing agent that

readily reacts with hydrogen peroxide [17,18], it was

assumed that an endogenous H2S/HS� could sca-

venge oxygen species [19�22], peroxynitrite [23�26]

and hypochlorite [27,28]. In the presence of mole-

cular oxygen and trace metal catalysts, sulphides were

spontaneously oxidized. Oxidation-reduction reac-

tions frequently involve free-radical intermediates
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and a metal-catalysed pathway has been proposed

[29], in which the initial reactions of sulphide

oxidation form superoxide and sulphide radicals.

The production of oxygen- and sulphur-centred free

radicals was also proposed during the oxidation of

sulphide in seawater [30]. However, the antioxidant

properties and radical reactions of sulphidic systems

are not fully understood. Therefore in our work we

investigated scavenging activities and radical mechan-

isms of NaHS action donating HS+/S+� species.

Referring to H2S, NaHS is recommended as

its suitable donor [31]. Assuming we work with

initial NaHS concentration, c0, in neutral aqueous

solutions (pH�7, cOH�cH$1�10�7 mol/dm3,

activities aH�,OH� approximated with concentrations

cH�,OH�), a complete dissociation of NaHS to Na�

and HS� is expected (NaHSlNa��HS�) and the

second-stage dissociation to S2� is negligible

(HS�lH��S2�; K2,H2S
�1�10�19 at 258C

[32]); consequently the concentration of S2� can

be neglected. What is decisive for the concentration

of H2S is the hydrolysis of HS� [33], namely,

HS��H2OlH2S�OH�, described by the hydro-

lysis constant KHS� �
Kw

K1;H2S

�1:13�10�7; where

Kw�1.008�10�14 is the ionic product of water

(258C) and K1,H2S�8.91�10�8 is the first-stage

dissociation constant of H2S at 258C [32].

KHS� �
cH2ScOH�

cHS�

�1:13�10�7 (1)

In buffer solutions at pH�7 the initial concentration

of NaHS, c0, is practically totally converted to two

species, HS� and H2S (S2� is neglected); hence

c0�cHS��cH2S
. Inserting the presented data in the

hydrolysis constant KHS� (equation 1) it turns out

that, approximately, cH2S$cHS�$0.5c0. This means

that, in neutral aqueous solutions, 50% of NaHS

is converted to H2S; consequently the ratio
cH2S

cHS�

$1;

and it is well justified to speak about an H2S/HS�

system. It should be added that the H2S concentra-

tion does change very sensitively with pH values

[31].

Our investigations were focused on the primary

reaction steps of NaHS under various conditions.

First, using two different types of oxidant radicals

(DPPH, ABTS+�), the antioxidant properties of

NaHS were investigated, indicating here a dominant

role of molecular oxygen. Thus, systematic investiga-

tions in aerobic and anaerobic conditions, using two

different spin trapping agents (DMPO, DBNBS) in

protolytic and aprotic solvents (H2O, DMSO) were

carried out, monitoring the reactions by electron

paramagnetic resonance (EPR) spectroscopy.

Material and methods

Materials

Chemicals used originated from the following

sources: ABTS, DBNBS, DMPO and NaHS from

Sigma-Aldrich (St. Louis, MO); DPPH from Fluka

(Buchs, Switzerland); K2S2O8, DMSO from Merck

(Darmstadt, Germany); deuterated water from the

Research Center for Applied Nuclear Physics

(Dubna, Russian Federation); ethanol of spectro-

scopic grade (Microchem, Pezinok, Slovak Republic).

Spin trapping agent DMPO was vacuum distilled and

stored at �188C prior to use. Phosphate buffer was

prepared according to Sörensen, mixing KH2PO4

and Na2HPO4 (Lachema, Brno, Czech Republic)

solutions.

Preparation of solutions

Considering the lability of NaHS solutions (the

tendency of H2S to escape from the solution to air;

the reaction of NaHS with oxygen) the corresponding

solvents (H2O or DMSO) were first saturated with

argon, then solid NaHS was added, giving the

required concentrations, and the argon bubbling

was stopped. Generally, further manipulations with

NaHS solution were carried out under argon. Spin

trap solutions (DMPO, DBNBS) were prepared and

used in air or in some experiments were also bubbled

with argon or oxygen as specified below. Aqueous

solutions of ABTS+� were prepared as described in

Re et al. [34]. DPPH was dissolved in ethanol, due to

its low solubility in water [35].

EPR measurements

The EPR measurements were carried out in a flat cell

(WG-812, Wilmad-LabGlass, USA) adapted for the

flow-technique in a Bruker TM-110 (ER 4103 TM)

cylindrical cavity using a Bruker EMX EPR spectro-

meter working in the X-band. Individual reactant

solutions (DPPH, ABTS+�, spin trap or NaHS) were

filled in separate syringes and simultaneously in-

jected, via a small mixing chamber, into a flat cell

placed in the cavity of the EPR spectrometer. The

monitoring of EPR spectra started immediately after

the injection. Various spectrometer settings (accord-

ing to stability, time scale, required quality of

recorded spectra) were used. The ER 4111 VT

temperature unit (Bruker) regulated the temperature

in experiments with liquid nitrogen.

Reproducibility

In qualitative terms the chronological succession of

individual spectra of the generated radicals is well

reproducible. However, in quantitative terms the

yield of the individual radicals in the same time scale

frequently differs due to the reaction rates, which are
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a very sensitive function of various parameters, such

as concentration ratios, bubbling with air, argon or

oxygen, the escape of H2S, the pH of the solutions

and others as well. The most representative sets of

experiments were considered in the evaluations

below, as illustrated with some original records in

Figures 2 and 5.

Evaluations

The detected EPR spectra were analysed and simu-

lated employing Bruker software WinEPR and Sim-

Fonia, and the Winsim2002 software freely available

from the website of the National Institute of Envir-

onmental Health Sciences (NIEHS) (http://epr.

niehs.nih.gov/) [36].

Results and discussion

Antioxidant properties of NaHS

Substantial differences were found in the antioxidant

behaviour of NaHS when working under argon or

with air-saturated solutions. Figure 1 presents the

results obtained using DPPH (Figure 1A) and

ABTS+� (Figure 1B) radicals as oxidants. The

relative concentrations of DPPH and ABTS+� radi-

cals monitored in situ 10 minutes after the preparation

of the sample in the EPR cavity, decreased with

increasing
c0;NaHS

c0;oxidant

ratios, where c0,NaHS and c0,oxidant

represent the initial concentration of reactants. In

experiments performed under argon, applying buf-

fered aqueous solutions (pH�7), well-shaped depen-

dencies with sharp equivalence points were obtained,

indicating that approximately one molecule of NaHS

(representing an H2S/HS� couple) terminated one

molecule of oxidant radical (DPPH or ABTS+�). A

substantially different behaviour was found under air,

as compared to argon, where no sharp equivalent

points were evident for either oxidant, even at such

high NaHS ratios as
c0;NaHS

c0;oxidant

�5 (Figure 1). Addition-

ally, in air-saturated solutions, the antioxidant activity

of NaHS monitored with DPPH is much lower than

that observed with ABTS+�. The impairment of the

antioxidant activity in aerated solutions certainly

reflects the competitive reactions of oxygen originat-

ing from air with NaHS. Thus, the amount of oxidant

radicals terminated by NaHS in aerated solution was

lower, as compared to experiments under argon. The

higher impairment by the antioxidant action of DPPH

in comparison to ABTS+� in aerated solutions may

partly result from different reaction mechanisms of

these oxidants, but probably also from the higher

oxygen solubility in the mixed water-ethanol solvent

as compared with pure water [37], thus increasing the

competitive reaction of oxygen. The mixed solvent

had to be used, due to the low solubility of DPPH in

water [35].

As molecular oxygen evidently played a dominant

role in the reactions of NaHS, we focused our further

investigations on the participation of oxygen in NaHS

radical reactions. The investigations were carried out

under air and/or argon atmosphere in the presence of

two different spin trapping agents (DMPO and

DBNBS), using both protolytic (H2O) and aprotic

(DMSO) solvents.

NaHS dissolved in H2O in the presence of DMPO

Figure 2A shows the formation of radical adducts

monitored after mixing of the air-saturated 0.1 M

Figure 1. Antioxidant effect of NaHS investigated (A) in 50 mM DPPH aqueous-ethanol (50 % v/v) and (B) in 50 mM ABTS+� aqueous

solutions under argon (k) and on air (*). The relative concentrations, crel, of oxidant radicals DPPH and ABTS+� (their EPR spectra are

presented as insets) are quoted upon the increased initial concentration ratios NaHS:DPPH and NaHS:ABTS+�, respectively.

Electron transfer from sodium hydrosulphide 583
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NaHS with 0.1 M DMPO neutral solutions (pH�7,

phosphate buffer). No radicals were observed in

analogous experiments under argon, documenting

the central role of oxygen in the formation of radicals.

The maximal concentration of radical adducts was

found immediately after mixing of the reactants

under air. In the later stages of the experiment their

concentration continuously diminished and adducts

vanished completely after 8 minutes. If such a

solution was re-saturated with air, EPR spectra

identical to those shown in Figure 2A, with an

analogous diminishing pattern, were observed. This

procedure of air bubbling could be reproduced

numerous times with the same result. The observed

behaviour indicates a reaction of oxygen from air with

NaHS, leading to the formation of the radical

adducts, which are later terminated in the NaHS

system. This suggestion was supported by an addi-

tional experiment (data not shown), in which
+DMPO-OH adducts generated by the UV irradia-

tion of H2O2 in the presence of DMPO spin trap

rapidly vanished after the addition of NaHS into the

solution. This explains the relatively rapid vanishing

of the radical adducts presented above in the NaHS

system (Figure 2A), as a process of their generation,

time-limited due to the oxygen concentration present

in the solution, coupled with their termination by

NaHS or its products. The reaction of oxygen and its

continuous vanishing during the reaction were mon-

itored with the TEMPOL probe as described in more

detail in experiments presented below using DMSO

solvent.

A representative experimental EPR spectrum A1,

along with its simulation, is shown in Figure 2B. The

spectrum was extracted from Figure 2A as the third

scan and simulated as a sum of two spectra (A1�A2)

with the following spin Hamiltonian parameters: A1

with aN�1.635 mT, aH
b �1.613 mT; g�2.0056 with

share of 19.9% and A2 with aN�1.465 mT,

aH
b �1.563 mT; g�2.0055 with share of 80.1%.

According to the literature [30,38,39], the spectrum

A1 can be assigned to sulphide radical anion (+S�)

Figure 2. (A) Time monitoring of DMPO adducts formed in 0.1 M NaHS, 0.1 M DMPO aerobic aqueous solution (no radical formation

under argon). Repeated bubbling with air reproduces an analogous time evolution of EPR spectra, as presented in (A). (B) Experimental

(�) and simulated (---) EPR spectra (SW�8 mT) extracted from (A) as monitored after 3 min reaction time, simulated as a sum of two

spectra (A1�A2): A1 with aN�1.635 mT, aH
b �1.613 mT; g�2.0056 with share of 19.9% assigned to +DMPO-S� and A2 with

aN�1.465 mT, aH
b �1.563 mT; g�2.0055 with a share of 80.1% attributed to +DMPO-SO3

� adduct.
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added to DMPO, given that sulphide radical anions

most probably dominate in neutral aqueous solutions

(HS+XS+��H�) [40].

The assignment of a radical trapped by DMPO

producing the spectrum A2 is more complex. Accord-

ing to data in the literature, numerous reports are

available on the sulphide reactions, including its

spontaneous oxidation in sea waters [30] and biolo-

gical systems [29]. However, we shall focus on some

initial steps of the reactions and species, which may

be reflected in our EPR study. The most frequently

proposed primary reaction step in the presence of

oxygen is the electron transfer from NaHS to oxygen

[29,30,41] under the formation of sulphhydryl radi-

cal HS+/S+� and superoxide radical anion O2
+�,

according to equation (2):

HS�� O2 0 HS+�O2
+� (2)

No direct confirmation of the superoxide radical

anion formation with HS� is available so far. There

are various further steps and routes for the formed

sulphhydryl radical and superoxide radical anions

considered in accordance with data in the literature,

which are summarized in Table I. In general,

superoxide radical anion in aqueous solutions rapidly

protonates to perhydroxyl radical HO2
+, enters con-

secutive reactions resulting in the formation of +OH

radicals, which can readily react with H2S/HS�

producing sulphhydryl radicals [40].

Previously, Tapley et al. [30] investigated sulphide

reactions in a system (sulphide in sea waters)

analogous to ours and suggested the formation of

hydroxyl and sulphite radicals. An alternative, in the

presence of oxygen, is that the radicals HS+/S+�

together with oxygen form sulphur dioxide radical

anion SO2
+� (as proposed in [41,42]), which in

further consecutive reactions lead to a variety of

oxygenated sulphur paramagnetic intermediates

[42], i.e. sulphur- or oxygen-centred radicals gener-

ally named here {SxOy}
+ (Table I). Concerning our

reaction system (NaHS/H2O/O2/DMPO), sulphite

radical anions generated from the sulphhydryl route

were probably added to DMPO (equation 3) and

observed as radical A2.

SO3
+� � DMPO 0 +DMPO-SO�

3 (3)

The assumed sulphite formation is in good agree-

ment with previous investigations on SO2
+� radical

spin trapping by nitrones, where a bimolecular

reaction of SO2
+� with the DMPO molecule was

evidenced, coupled with the formation of +DMPO-

SO3
� spin adduct in the presence of mild oxidants

[43]. The spin Hamiltonian parameters of A2 found

here are in good correlation with the data so far

published [38,44�48] on sulphite radical anion added

to DMPO, +DMPO-SO3
�. The rapid reaction of

sulphite radical anion with molecular oxygen,

through consecutive reactions, can produce sulphate

radical anions or hydroxyl radicals [49,50].

NaHS dissolved in DMSO in the presence of DMPO

The choice of DMSO solvent was motivated by the

general experience that the formation of a superoxide

radical anion may be well documented by spin trap-

ping in DMSO solvent. No radical formation was

observed when experiments were carried out under

argon, similarly to the experiments in water (data not

shown). The results obtained in aerated DMSO

solutions are summarized in Figure 3. A 10 mM

NaHS solution prepared under argon and 30 mM

DMPO under air were simultaneously inserted via a

small mixing chamber into the flat cell placed in the

EPR cavity and the monitoring of radical formation

started immediately. Two EPR spectra B1 and B2

(Figure 3A and B) were observed during the 10 min-

monitoring of the reaction. Their intensities varied

with time, as shown in Figure 3C. The time-course of

both spectra suggests a consecutive reaction: the rapid

formation of radical adduct B1 followed by its con-

tinuous diminution given the simultaneous increase of

B2. The EPR signals of both radical adducts vanished

completely after 10 min. Then, similarly to what was

already observed above in aqueous solutions, if the

solution was bubbled with air the radical adduct

Table I. Individual reactions with the corresponding bimolecular

rate constants reported for aerobic aqueous sulphidic systems.

Reaction M�1s�1 pH Reference

O2
+��H�XHO2

+ 5�1010 4 [51]

HO2
+�O2

+��H2O0H2O2�
O2�OH�

9.7�107 [52]

HO2
+�HO2

+0H2O2�O2 8.3�105 [52]

H2O2�O2
+�0+OH�O2�OH� 1.3�10�1 7�9.9 [53]

H2S/HS��+OH0HS+/S+��
H2O

�1010 [40]

S+��HS�0HS2
+2� 4.0�109 [54]

HS+�HS�0H2S2
+� * [40]

HS+�HS+0H2S2 6.5�109 7 [55]

H2S2
+��O20H2S2�O2

+� 4.0�108 7 [55]

HS+�O20HSO2
+ 7.5�109 7 [55]

HS+�O20SO2
+��H� 7.5�109 7 [55]

HSO2
+XH��SO2

+� * [30]

SO2
+��O20SO2�O2

+� 1�108 6.5 [56]

2 SO2
+�0S2O4

2� 1.7�109 6.5 [56]

SO2�H2O0HSO3
��H� * [57]

HSO3
��+OH0SO3

+��H2O 4.5�109 [58]

2 HS��4 HSO3
�03 S2O3

2��
3 H2O

* [57]

S2O4
2��O2�H2O0HSO3

��
HSO4

�
* [57]

2 S2O4
2��H2O02 HSO3

��
S2O3

2�
[57]

2 SO3
2��O202 SO4

2� [57]

SO3
+��O20SO5

+� 1.5�109 [59]

2 SO5
+�0S2O8

2��O2 1�108 6 [60]

SO5
+��HSO3

�0SO3
+��

HSO5
�

3.6�103 [61]

Electron transfer from sodium hydrosulphide 585
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formation and decay shown in Figure 3A and B could

be reproduced numerous times.

The oxygen concentration in the NaHS system was

monitored following the changes of the line widths in

the EPR spectra of the TEMPOL radical. The line

width (reflecting the interaction between TEMPOL

and oxygen) increases with the oxygen concentration.

We performed an experiment analogous to that

described in Figure 3C, where DMPO was replaced

with 1 mM TEMPOL and mixed with a 10 mM

NaHS solution under air. TEMPOL enters reactions

in the NaHS/DMSO/O2 system [62], but due to its

high applied initial concentration, the decrease of its

integral EPR intensity was here insignificant. The

relative EPR line widths of TEMPOL (DBpp,rel) that

we evaluated decreased with time, as shown in Figure

3D. To illustrate the changes in the TEMPOL

spectrum, the insets in Figure 3D shows one spec-

trum observed at the beginning of the experiment

(t�0 min), which had widely broadened lines, and

documents the presence of oxygen at high concentra-

tions. Then, the second spectrum, monitored at the

end of the reaction (t�10 min), shows relatively

sharp lines, resulting from the narrowing of its line

width. This second spectrum corresponds well to the

TEMPOL spectrum obtained under argon and

indicates the total consumption of oxygen originating

from the air in the presence of NaHS. The monitored

changes of the TEMPOL spectrum can be stably

repeated, if the solution obtained at the end of the

monitoring is saturated with air again. The oxygen

consumption in Figure 3D correlates well with the

radical formation described in Figure 3C. The

maximal radical formation is coupled with the highest

oxygen drop and the radical formation stays out after

oxygen availability ends.

Spectra B1 and B2 presented in Figure 3A and B were

well simulated, employing the following hyperfine

Figure 3. (A, B) Experimental (�) and simulated (---) EPR spectra B1, B2 as monitored over 10 min after mixing equal volumes of 10 mM

NaHS solution prepared under argon with 30 mM DMPO solution saturated with oxygen, both in DMSO solvent. Spectrum B1 was

extracted as the second scan and spectrum B2 as the last but one scan. Simulation parameters are: B1 with aN�1.37 mT, aH
b �1.175 mT,

aH
g �0.083 mT; g�2.0056 and B2 with aN�1.36 mTand aH

b �1.31 mT; g�2.0055. Spectrum was B1 tentatively assigned to +DMPO-SH

adduct and B2 to the radicals of oxidized sulphides {SxOy}
+ added to DMPO. (C) The change of relative intensities Irel, of EPR spectra B1

and B2 quoted upon the time resulting in an EPR silent system after 10 min. After saturation of the thus obtained EPR silent solution with

air, the pattern of spectra presented in (C) can be well reproduced again. (D) Working under conditions analogous to (C) in the presence of

TEMPOL the decrease of its relative line widths DBpp,rel maps the decreasing concentration of oxygen dissolved. Insets present EPR spectra

of the investigated solution saturated with air (t�0 min) and its changes after 10 min reaction time (t�10 min). The spectrum with

t�10 min corresponds well to the TEMPOL spectrum under argon, thus indicating the total consumption of oxygen from air by NaHS.
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splittings: radical adduct B1 with aN�1.37 mT, aH
b�

1.175 mT, aH
g �0.083 mT; g�2.0056 and B2 with

aN�1.36 mT and aH
b�1.31 mT; g�2.0055. Spec-

trum B1 of the first observable adduct to DMPO was

expected to originate from superoxide radical anion,

O2
+� or sulphhydryl radical HS+, which are most

probably formed as the primary product in the reaction

of HS� with oxygen, as indicated in equation (2).

However, the simulation parameters of B1 substantially

deviate from those reported in the literature in DMSO

solvent for +DMPO-O2
� adducts (e.g. aN�1.275,T,

aH
b�1.035 mT, aH

g �0.135; g�2.0057) [63�67].

Therefore, neither B1 nor B2 is likely to represent

superoxide radical anion spin adduct with DMPO.

As the detection of superoxide radical anion by the

spin trapping technique was not effective, probably

due to a rapid consecutive reaction of O2
� or the

termination of its DMPO adducts in the NaHS

system [68], we tried a different route to detect the

superoxide radical anion. The relatively good stability

of O2
� in DMSO is known, and by lowering the

temperature down to 160 K, it can be well identified

with a characteristic EPR spectrum [69]. Even such

an experiment (preparing NaHS solution under

argon and mixing with oxygen containing DMSO

solutions, dropping the temperature to 160 K) did

not bring the expected evidence for the presence of

O2
�. Otherwise we readily obtained a typical EPR

spectrum of O2
� at 160 K from KO2 dissolved in

DMSO. However, if NaHS was added to such a

system, the spectrum vanished, documenting the

above-assumed possibility, that O2
� may be termi-

nated in the NaHS system.

However, in numerous literature reports, so far

without unambiguous evidence, the formation of O2
�

is proposed; for the reason given above we also

assume that in the primary step NaHS donates an

electron to molecular oxygen forming intermediately

superoxide radical anion (equation 2).

As the spectrum of the primary formed adduct B1

is not compatible with +DMPO-O2
�, another alter-

native remains of assigning B1 to the adduct of

sulphhydryl radical HS+ formed in the primary

reaction step (equation 2), since in DMSO solutions

NaHS is practically completely dissociated into free

ions [70]. This appears very probable, as under

analogous conditions using DBNBS spin trap in

DMSO instead of DMPO (described below), evi-

dence for the -SH group added to the spin trap was

confirmed in the presence of deuterated water. The

radical B1 with hyperfine splittings aN�1.37 mT,

aH
b �1.175 mT, aH

g �0.083 mT represents an accep-

table alternative for +DMPO-SH adduct.

Adduct B2, consecutively formed after B1, probably

originates from oxidized sulphhydryl radicals, namely
+DMPO-{SxOy}, as already discussed above (Table I).

Sulphite adduct +DMPO-SO3
� remains out of

consideration, since the hyperfine splittings of B2

differ substantially from the data published previously

for +DMPO-SO3
� in DMSO solvent [71].

NaHS dissolved in water in the presence of DBNBS

Representative time-dependent EPR spectra of the

sample after mixing 0.1 M NaHS with 0.1 M

DBNBS under argon are shown in Figure 4. Similar

spectra were obtained in aerated solutions, indicating

that the primary reactant for NaHS is not necessarily

just molecular oxygen, but in this case the DBNBS

spin trap also, under argon. The three-line EPR

Figure 4. (A) EPR spectra monitored for 10 min after mixing 0.1 M NaHS and 0.1 M DBNBS aqueous solutions under argon. (B) A

detailed view of the final spectrum. The first spectrum (C1) is assigned to the radical anion of spin trap DBNBS+� and the second (C2) to

S+� added to DBNBS (+DBNBS-S�). For simulation parameters see Table II and the details of C2 in Figure 5.
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spectrum (C1) typical for the interaction of an

unpaired electron with a 14N nucleus with aN�
0.92 mT, g�2.0070 plus further not-well-resolved

splittings dominate in the primary stage of the

experiment. The EPR signal C1 quickly decayed

and was replaced by the spectrum C2 (Figure 4B).

The well-resolved satellite pattern, with detailed

analysis, is shown in Figure 5.

Spectrum C1 is assigned to the radical anion of

DBNBS spin trap, based on our electrochemical

investigations (not presented), where in the rever-

sible one-electron reduction of DBNBS in water, a

radical species with a closely analogous EPR spec-

trum was found. Such a DBNBS radical anion can

be formed in the presence of NaHS by an electron

transfer from sulphide HS� to DBNBS according to

equation (4):

H2S=HS��DBNBS0HS+=S+��DBNBS+��H�

(4)

Additionally, in the aerated aqueous solution, an

alternative path of DBNBS+� generation can also be

proposed (equation 5) [72], resulting in the en-

hanced DBNBS+� formation observed in aerobic

solution, as compared to the experiments under

argon.

O2
+��DBNBS 0 O2�DBNBS+� (5)

Spectrum C2 was simulated with hyperfine split-

tings aN�2.17 mT, aH(2Hmeta)�0.07 mT,

g�2.0058, and we assign it to the HS+/S+� adduct

of DBNBS, based on the following data. The

reaction was carried out under argon in NaHS/

H2O/DBNBS solution. DBNBS spin trap is the only

potential acceptor available for the HS� donor in

this system. Formation of its radical anion was

confirmed above and is actually coupled with the

formation of sulphhydryl radicals. Therefore, a

straightforward alternative is the addition of so

formed HS+ to DBNBS nitroso spin trap under

the formation of +DBNBS-SH (equation 6). The

Figure 5. A detailed view of the experimental (A) and simulated (B) EPR spectra of radical species C2 obtained from Figure 4, mixing

anaerobic aqueous solutions of 0.1 M NaHS with 0.1 M DBNBS. The simulation parameters of C2 are: aN�2.17 mT aH(2Hmeta)�
0.07 mT and satellite splittings aN(15N)�3.04 mT, aS(33S)�0.128 mT, and aC(13C)�0.95 mT.
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missing proton interaction from the HS group may

be explained by its dissociation to sulphidic anion
+DBNBS-S�.

HS+=S+��DBNBS 0 +DBNBS-S��H� (6)

A further support for such an assignment is

obtained from experiments described above with

an analogous system (NaHS/DMPO/H2O). DMPO

there was replaced here with DBNBS. In the

DMPO system, the sulphhydryl radical was identi-

fied as +DMPO-S� adduct. As both systems differ

only in the spin trap present, we assume that

identical sulphhydryl radicals (HS+/S+�) are formed

and added to both spin traps. This implies here the

formation of +DBNBS-S�.

The highly-resolved EPR spectrum C2 from Figure

4 reveals satellite splittings as presented in Figure 5. It

was simulated with: aN�2.17 mT aH(2Hmeta)�
0.07 mT and satellite splittings aN(15N)�3.04 mT,

aS(33S)�0.128 mT and aC(13C)�0.95 mT. The evi-

dence of a sulphur satellite with aS(33S)�0.128 mT

in spectrum C2 is similar to aS(33S)�0.178 mT

observed in spectrum C3, assigned to sulphite radical

anion adduct. The sulphur in C3 is directly bonded to

the nitroxi group (+ON-S). Consequently, an analo-

gous constellation, namely an addition of a sulphur-

centred radical to the nitroso spin trap DBNBS is

expected in C2 radical. If a 0.2 M NaHS solution was

exposed to air for 12 h and then DBNBS added, a

spin trap adduct C3 was observed. It was well

simulated with hyperfine splittings (Table II: C3),

already published by Stolze and Mason [73], for

sulphite added to DBNBS (+DBNBS-SO3
�). There-

fore it is to be assumed that NaHS here is oxidized to

sulphite in good accordance with the results found

with DMPO [74,75].

NaHS dissolved in DMSO in the presence of DBNBS

A relatively high concentration of radical D1 (Figure

6A) was observed during the first 42-s scan commen-

cing instantly after mixing the 0.02 M NaHS with

0.02 M DBNBS in DMSO solutions under argon. In

the second scan a further spectrum of radical D2

(Figure 6B) is clearly evident under a progressive

vanishing of D1. Both spectra vanished completely in

the next scans. We assign D1 to HS+ radical added to

DBNBS and D2 to the radical anion of spin trap

DBNBS+�. This is based on the following data.

Considering again the components present in the

solutions (NaHS/DBNBS/DMSO) under argon,

DBNBS is the only available potential acceptor for

the HS� donor. Thus, electron transfer from HS� to

DBNBS is taking place under the formation of HS+

and DBNBS+� radicals, as already formulated above

(equation 4). Radical HS+ formed there is then

stabilized as +DBNBS-SH adduct (equation 6),

evident as D1.

The suggested assignment of D1 was confirmed in

an additional experiment analogous to that presented

in Figure 6A, where deuterated water D2O was added

(giving 1 M D2O solution in DMSO), obtaining

spectrum D3 (Figure 6C). The simulation parameters

of both spectra (D1 and D3) reveal the same hyperfine

splittings originating from the DBNBS skeleton

(nitroxi group with aN�0.86 mT and two protons

from benzene ring with aH(2Hmeta)�0.125 mT, Table

II). A further splitting evident in D1, with aH(SH)�
0.26 mT, was assigned to the hydrogen from +SH

added to DBNBS, since the experiment with deuter-

ated water brought the expected changes of aH(SH)�
0.26 mT in D1 to aD(SD)�0.04 mT in D3 (Figure

6C). The assignment of D2 to DBNBS+� is based on

our electrochemical reduction of DBNBS in DMSO

solvent, where the radical anion with an analogous

Table II. An overview of radicals (R) formed and hyperfine splitting constants extracted from their EPR spectra observed as spin adducts in

the reaction of NaHS in the presence of two spin traps (DMPO and DBNBS) in two various solvents (H2O and DMSO) under argon or in

the presence of oxygen.

R

Confirmed

[suggested] Hyperfine splitting (mT) System

A1
+DMPO-S� aN�1.635; aH

b �1.613 NaHS/DMPO/H2O/O2

A2
+DMPO-SO3

� aN�1.465; aH
b �1.563

B1
+DMPO-[SH] aN�1.37; aH

b �1.175; aH
g �0.083 NaHS/DMPO/DMSO/O2

B2
+DMPO-[{SxOy}] aN�1.36 mT; aH

b �1.31

C1 DBNBS+� aN�0.92 NaHS/DBNBS/H2O/Ar or O2

C2
+DBNBS-[S�] aN�2.17; aH(2Hmeta)�0.07 satellites NaHS/DBNBS/H2O/O2

aN(15N)�3.04; aS(33S)�0.128; aC(13C)�0.95

C3
+DBNBS-SO3

� aN�1.26; aH(2Hmeta)�0.062 satellites* NaHS/DBNBS/H2O/O2 after 12-h

sulphite formation

aN(15N)�1.765; aS(33S)�0.178; aC(13C2,6)�0.832;

aC(13C1)�0.655

D1
+DBNBS-SH aN�0.88; aH(2Hmeta)�0.125; aH(SH)�0.26 NaHS/DBNBS/DMSO/Ar or O2

D2 DBNBS+� aN�0.61; aH(2Hmeta)�0.116;

D3
+DBNBS-SD aN�0.88; aH(2Hmeta)�0.125; aD(SD)�0.04

*According to [73].
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EPR spectrum to that presented by D2 was observed

(Table II) as a primary reversible reduction product.

The NaHS/DBNBS/DMSO reaction system pro-

duced a large variety of radicals, if saturated with air

(not presented). A similar experience of a variety of

radicals was reported by Stolze and Mason [73] when

investigating the alkaline/DMSO/DBNBS system. We

assume that, as discussed above, {SxOy}
+ radicals of

oxidized sodium hydrosulphide are added to DBNBS

here. The sulphite radical DBNBS adduct

(+DBNBS-SO3
�) remains the only definitely identi-

fied product in the NaHS/DMSO solution exposed to

air for 12 h, similarly to what was described above in

aqueous solutions.

Conclusions

The H2S/HS� system frequently referred to in the

literature and well represented with NaHS in neutral

(pH�7) solution was investigated in detail by EPR

spectroscopy. Sodium hydrosulphide (donor of H2S/

HS�) acts as an effective antioxidant and terminates

DPPH and ABTS+� radical oxidants up to a

stoichiometric ratio of 1:1 under argon. The antiox-

idant activity is substantially lowered by the compe-

titive reaction of NaHS with molecular oxygen, if

present in the system.

Systematic investigations of NaHS in its function

as an electron donor were carried out. Two different

types of spin trapping agents (DMPO, DBNBS) in

protolytic and aprotic (H2O, DMSO) solvents under

an argon or an oxygen atmosphere were employed.

An overview of the radicals observed and the data

extracted from their EPR spectra is presented in

Scheme 1 and Table II. Electron acceptors such as O2

or the spin trap DBNBS were necessary to initiate the

NaHS radical reactions. The formation of sulphhy-

dryl radicals (S+� predominates in aqueous solvents

Figure 6. Experimental and simulated EPR spectra observed in 0.02 M NaHS, 0.02 M DBNBS solution in DMSO under argon. (A) D1

represents HS+ radical adduct to DBNBS observed during the first 42-s scan. (B) D2, observed as the second scan, was assigned to radical

anion of spin trap DBNBS+�. Spectrum D3 confirms HS+ radical adduct formation D1, where in an analogous experiment to (A) in the

presence of deuterated water the expected change of aH(SH) to aD(SD) splitting was observed. For simulation parameters see Table II.
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and HS+ in DMSO) and radical anions of spin trap

DBNBS were confirmed. The expected formation of

superoxide radical anion coupled with the formation

of sulphhydryl radicals (equation 2) was implied, but

not confirmed, as +DMPO-O2
� spin adduct, prob-

ably due to the rapid consecutive reactions of O2
+� or

the low stability of its adduct in the sulphidic system.

No radical formation was indicated in the presence of

NaHS with DMPO spin trap under argon, evidently

due to the missing electron acceptor in the system.

Sulphhydryl radicals in the presence of molecular

oxygen rapidly form further unidentified paramag-

netic radical intermediates {SxOy}
+, e.g. the sulphite

radical adducts (+DMPO-SO3
� and +DBNBS-SO3

�)

were found in NaHS solutions exposed to air.

These results may contribute to understanding

numerous biological effects of H2S/HS�
, particularly

in which an oxidative stress is involved, keeping in

mind that, due to the electron donor properties,

especially in the presence oxygen, sulphides are

involved in a variety of reactions. For example, it was

reported that H2S reduced oxidative stress in a model

of a myocardial ischemic heart disease [5,76], in a lung

and hepatic ischemia�reperfusion injury [77,78], in a

H2O2-induced neural injury [21], in a rat gastric

mucosal epithelium [19] and in brain endothelial and

neuronal cells [16,79,80]. H2S inhibited peroxynitrite-

induced cytotoxicity and protein oxidation in human

neuroblastoma SH-SY5Y cells [24], hemin-mediated

oxidation of low-density lipoprotein [81], superoxide

formation in human vascular smooth muscle cells [14]

and production of reactive oxygen species in sponta-

neously hypertensive rats [82].
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