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Decomposition of S-nitroso Species

J. B. Dorado,” B. Z. Dlugogorski,b* E. M. Kennedy,“ J. C. Mackie, J. Gore,” M.
Altarawneh”

Nitrosation reactions and subsequent decomposition of S-nitroso (RSNO") species remain important in
many biochemical processes as well as in industrial applications such as chemical gassing of emulsion
explosives. This paper develops kinetic mechanisms of gas formation pathways in the decomposition of
RSNO" species, particularly S-nitrosothioacetamide and S-nitrosothiourea, providing new kinetic and
thermodynamic constants. At pH levels of 1 and below, decomposition proceeds exclusively via NO
formation pathways. With decreasing acidity, molecular nitrogen formation emerges as an equally
important product of S-nitrosothiourea, while NO remains the only product for S-nitrosothioacetamide.
Theoretical calculations for reaction enthalpies further elucidate the gas formation pathways and
proposed mechanisms, fitted to experimental data, afford kinetic rate constants. In both species, the S—N
bonds split homolytically with activation energies of 70.9 and 118 kJ mol™ for S-nitrosothioacetamide
and S-nitrosothiourea, respectively. The electron donating effect of methyl substitution in S-
nitrosothioacetamide engenders lower activation energies with the bimolecular reaction of RSNO"* and
RS occurring within the diffusion controlled regime at an activation energy of 17.6 kJ mol™. For S-
nitrosothiourea, a further bimolecular reaction of two RSNO" molecules occurs irreversibly with an
activation energy of 84.4 kJ mol™.

Introduction

Nitrosation reactions sparked interest in the biochemical field
following the discovery of nitric oxide as a signalling molecule
in many biological functions prompting research, for instance,
in S-nitrosothiols as nitric oxide (NO) donors in vivo as well as
in N-nitrosamines due to their carcinogenic properties.'?
However, diverse industrial functions extend to azo-dye
production® and chemical gassing of emulsion explosives. In
the latter, a substrate and a nitrosating agent react to generate
nitrogen (N,) gas bubbles in situ providing sensitisation of the
emulsion to detonation. The decomposition of nitrosated
compounds to either NO or N, often poses problems due to
widely differing desirability of the two products. Therefore, it is
important to determine the kinetics and mechanistic pathways
of nitrosation in substrates that form N, and NO, to optimise
processes that are relevant to a particular application.

Nitrosation reactions in thiourea and thioacetamide are
particularly interesting due to the inherent structural flexibility
that allows intra- and inter-molecular transnitrosation. In these
compounds, the initial nitrosation occurs at the sulfur atom due
to its greater nucleophilicity and the subsequent NO" transfer to
a deprotonated amine group results in rapid release of N,.
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Previous studies proposed that nitrous acid initiated reactions
with thiourea proceed via two pH-dependent pathways
occurring in parallel. The first pathway results in the formation
of thiocyanate and N, consequent of the S- to N-
transnitrosation in S-nitrosothiourea, as studied earlier within
the narrow range of pH 3.8—4.1. The second pathway forming
disulfide and NO occurs at a lower pH but has not been studied
in detail. For thioacetamide, nitrosation studies limit to the
initial ~ S-nitrosation, with largely unknown subsequent
decomposition pathways.

Nitrosation potentially occurs at nitrogen or sulfur sites in
aminothiols and aminothiones, but it is generally observed to
occur at the sulfur atom producing S-nitroso species that exist
in either cis or trans isomeric forms. The presence of cis—trans
isomers signifies a transitional character between single and
double S-N bonds.* Primary and secondary thionitrites
favourably adopt cis conformation that is typically red in
colour, while tertiary species preferentially exist as trans
conformers that are green in colour due to steric reasons.
Thionitrites display strong absorbance in the UV region (200—
400 nm) and weaker transitions in the visible region (380—750
nm). Absorbance maxima of weaker transitions are found
within the range 510-550 nm for red n-alkyl thionitrites and
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550-605 nm for red-green tert-butyl thionitrites while dark red
aromatic thionitrites are around 530 and 570 nm.”” The
reaction of nitrous acid with aminothiones thioacetamide and
thiourea in acidic solutions results in yellow secondary S-
nitroso adducts, allowing in situ studies that rely on UV
spectroscopic properties reported in literature.®

S-nitroso  compounds undergo different decomposition
pathways depending on the conditions that are present. One
such process represents the spontaneous thermal decomposition
of RSNO observed in neutral aqueous solutions as in the two-
stage reaction in Eqgs. 1 and 2; where RS‘ denotes a thiyl
radical. Photodecomposition occurs in thermally stable RSNOs
in a similar manner. The stability of RSNO depends on both the
strength of the S-N bond and the ease of S-S bridge
formation.”'® Previous authors demonstrate that the homolytic
splitting of the S—N bond is reversible*'® and the formation of
the corresponding disulfide is the rate-limiting step. Applying
calorimetric measurements, Lii et al. propose that, the
homolytic S—N bond dissociation enthalpy [Do(S—N)] is 84 kJ
mol™ for aromatic RSNOs in comparison to 105 kJ mol™ for
aliphatic RSNOs.!" Bartberger et al.'"> report a much higher
values of 130-134 kJ mol™ for primary to tertiary aliphatic S-
nitrosothiols using the CBS-QB3 methodology," with known
accuracies of up to 8 kJ when compared to experimental data.

RSNO = RS* + NO
RS* + RS* —» RSSR

ey
€3

Experiments performed by Grossi and Montevechci'® in
refluxing solvents show that, thermal stability of RSNOs
decreases with increasing bulkiness of the alkyl group.
Although there is a clear indirect solvent effect on kinetic rates,
tertiary nitrosothiols consistently decompose faster than
primary nitrosothiols and this concurs with the conclusion by
Martin-Diaconescu et al.* that S—N bonds in tertiary aliphatic S-
nitrosothiols are weaker when compared to primary analogues.
However, activation energies of 84-96 kJ mol' fall
significantly lower than literature values'""'> of 105 kJ for bond
dissociation enthalpies of related aliphatic RSNOs. Under
oxidative conditions, Zhao et al.'® propose a nitrosonium
catalysed cationic chain mechanism that explains the much
faster S—-N homolysis decomposition rate than expected. In
aerated solutions, N,Oj;-mediated decomposition of RSNOs
proceeds upon reaction of oxygen with nitric oxide. Such
autocatalytic  chain  decomposition predominates over
unimolecular S—N bond scission.'*

For thiourea and substituted thioureas at higher acidities, the
decomposition of the S-nitroso species consists of two parallel
pathways represented by Eqs. 3 and 4. For S-nitrosothiourea,
Eq. 3 translates to the formation of disulfide and nitric oxide
radicals in Eq. 5, while Eq. 4 corresponds to a simple
bimolecular reaction of two S-nitrosothiourea molecules in Eq.
6 producing nitric oxide radicals and the cationic disulfide,
(NH,),CSSC(NH,),**2X ", isolated by Werner in the form of
the salt.'”'®

RS + RSNO* — RSSR™* + NO 3)

RSNO"™ + RSNO™ — RSSR?*"+ 2NO 4

(NH,),CS + ONSC(NH,), & (NH,),CSSC(NH,)," - + NO
(%)

20NSC"(NH,),—2NO+ (NH,),CSSC(NH,),>" (6)
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An X-ray study of Foss et al. confirms the structure of
(NH,),C*SSC*(NH;),."” The kinetic stability of the cationic
product CC’-dithiodiformamidinium ion investigated by
Garcia-Rio et al.,*® over a wide pH range of 1.9 to 9, suggests a
decomposition mechanism via the reactive tautomer
(HN=)(NH;")CSSC"(NH,), under base-catalysed conditions. In
acidic solutions with pH of 0.3 to 1.8, this doubly charged
cation reacts with nitrous acid as depicted in Eq. 7 at a slower
rate than the RSNO" decomposition process.”’ Francisco et al.
further studied the autocatalytic nitrosation of CC’-
dithiodiformamidinium ion through thiocyanate ion arising
from thiocyanogen hydrolysis.”> The latter catalysis is not
expected to occur where nitrous acid is the limiting reactant and
at a pH of 1 and below.

6HNO, + 3(NH,),CSSC(NH,),>" — 6N,+ SHSCN + H,SO0,
+HCN + 6H'+ 8H,0 (7

Subsequent intramolecular transnitrosation of S-nitrosothiourea
occurs to form N, as depicted in Eq. 8, a pathway likely to
dominate at higher pH.**** Previous studies proposed direct N-
nitrosation of thiourea, resulting in an unstable nitrosamine that
decomposes to nitrogen.”> The rate law did not follow first-
order dependence on pH; this observation was explained by an
initial step, which involved deprotonation of an amine site.
However, this pathway was subsequently discounted as it
required an unreasonably high pK, of the amine site if the
deprotonated thiourea reacted at an encounter rate of 15 000 M"
!'s7! typical for anionic nucleophiles at the same temperature.

ONSC(NH,)," — N, (g +SCN +H,0+2H"  (8)
This study explores the decomposition of S-nitroso derivatives
of thiourea and thioacetamide to gain a better understanding of
gas formation pathways involved.

Materials and methods
Materials

The substrates deployed in experiments consist of >98.5 %
thiourea (Riedel-de Haén) and >98 % thioacetamide (Sigma
Aldrich) dissolved fresh prior to experiments. Nitrous acid
served as the nitrosating agent, made by dissolving 99.5 % free
flowing sodium nitrite (Sigma Aldrich) in solutions of excess
perchloric acid. Perchloric acid was received at 70 % (Sigma
Aldrich) and standardised by titration with sodium carbonate
while 98 % anhydrous sodium perchlorate (Sigma Aldrich) was
stored in a desiccator prior to use. Substrate concentrations
varied between 10 and 60 mM with the nitrite kept at 2 mM for
measurements covering a temperature range of 1545 °C at 5
°C increments. Experimental conditions spanned a pH range of
between 1 and 4 (0.5 pH increment) and ionic strength between
0.1 and 0.4 M (0.1 M increments). All solutions were prepared
using distilled deionised water and reactant solutions were kept
at the required ionic strength using sodium perchlorate.

Stopped-flow spectrophotometry

Applied Photophysics RX2000 stopped-flow mixing accessory,
interfaced with Varian Cary50 spectrophotometer, allowed
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kinetic studies for nitrosation reactions using a 1 cm path-
length quartz cuvette. A Peltier temperature controller regulated
the temperature in the mixing cell while a Grant water bath
thermostatted the stopped-flow mixing circuit to £0.1 °C. The
dead time of the stopped-flow system was determined through
the method of Matsumura et al.*® using the second-order
reaction of 2,6-dichloroindophenol (DCIP) with ascorbic acid
originally proposed by Nakatani and Hiromi.>’

Thioacetamide hydrolyses in acidic solutions, resulting in the
formation of acetamide and hydrogen sulfide or thioacetic acid
and ammonium ion.?® Separate experiments performed by
following the UV—vis spectra of thioacetamide and thiourea in
acidic solutions revealed no significant interference of
hydrolysis in the nitrosation measurements, which reach
equilibrium in less than 300 ms. Spectroscopic properties
determined previously guided absorbance selection to 420 nm
for kinetics studies to avoid interference in signals as reported
in previous studies.’>** In addition, trace quantities of copper
ions in solution potentially inhibit proton addition at either the
nitrogen or sulfur atom* and potentially act as catalysts in S-
nitrosothiol decomposition.’**' Separate experiments (shown in
Supplementary Information) ascertained negligible effect of
EDTA addition on S-nitrosation and subsequent decomposition.
An average of at least four data sets represented each of the six
RS concentrations studied from 15 to 45 °C at intervals of 5 °C.

Gas-phase detection of products

The in-situ experiments depicted in Fig. 1 allow quantitative
detection of N, and NO/NO, by headspace sampling technique.
Nitrosation reactions proceed in an aqueous solution within a
10 mL reactor and gaseous products are stripped from the
reactor using high purity helium (99.999 %) as the mobile
phase, flowing at 1.33 mL s, allowing detection sensitivity up
to 10 ppm for N,. Chemiluminescence (Thermo 421HL NO,
analyser) facilitated the measurement of NO and NO,
concentrations as low as 1 ppm, in the current study.’® A 1000
ppm NO standard from Coregas Pty. Ltd. served to calibrate
this analyser at the same flow rate as in experiments.

4

Purge Gas, W [

Sample St
ample Stream, Exhaust

Exhaust

- [A]Flow Meter \ /Sample
Micro GC \ 11 Stream,
Al N|OX \ Purge Gas, )7 Intake
nalyser Intake v
Mass Flow =5
. N, Supply Line Controller Fe==l
\‘ He Supply Line

Fig. 1 Schematic of experimental setup for N,/NO, analysis.

For anaerobic experiments, gas chromatography through Varian
CP4900 affords N, and Ar—O, measurements via Molsieve 5A
column and H,O from PoraPLOT Q column with a thermal
conductivity detector at column/injection temperatures of 80
°C. These measurements, taken at an interval of 2.25 min,
monitor Ar—0O,, N,, and H,O at elution times of 0.91, 1.19, and
0.845 min, respectively, at a sample time of 30 s, run time of 80
s and stabilising time of 5 s. A system consisting of Nafion
dryer installed in the sampling line removes moisture, while N,

This journal is © The Royal Society of Chemistry 2015
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purge gas flows in counter-current direction at 4.7 mL s™'. Zero
chemiluminescence detection with NO calibration gas in the
purge stream rules out cross contamination between purge and
sample streams within the dryer. Flow checks at the exit of the
Nafion dryer confirmed no leak within the sample stream. For
experiments carried out in anaerobic conditions, sparging with
carrier gas removes oxygen and leak tests guarantee a well-
sealed system. At least three replicates establish gas formation
trends at different pH.

Raman Analysis

Raman measurements were carried out using a Renishaw inVia
system with a 785 nm diode laser coupled to an InPhotonics
fibre optic sampling probe, which is connected to a sampling
module, at around 6.7 mW laser power output. The Raman
probe contains a coaxial two-fibre conduit wherein one fibre
conveys the excitation signal and the other carries the captured
photons. The scattered light is collected (180° backscattering
geometry) along the same optical path as the incoming laser.
Raman scattered light passes through a notch filter via a 1200
mm/groove grating that disperses the light over a CCD array
detector.

Data Analysis

The Dynafit program™ fits defined reaction mechanisms with
the experimental data to determine the kinetic rate constants for
S-nitrosation. The program uses the Levenberg—Marquardt
algorithm for nonlinear least-squares regression to minimise the
error between reaction progress curves and a solution of a
system of first-order ordinary differential equations generated
from the model reaction mechanisms. The Dynafit model
incorporates reaction mechanisms with known rate constants
quoted from literature. Adopting the same approach used by da
Silva et al.** and Rayson et al.* for protonation equilibrium, the
association rate constant of nitrous acid assumes a value of 10'°
M s, Variation in initial estimates of kinetic rate constants
verifies the convergence to a global minimum.

Gaussian Calculations

Considering ionic species in aqueous solutions, three solvation
models calculate the free energy in the solution in conjunction
with gas-phase free energies: conductor-like polarisable
continuum model (CPCM) with united atom for Hartree—Fock
(UAHF) definition for molecular cavity, equation formalism
polarisable continuum model (IEFPCM) in conjunction with
Bondi’s definition for atomic radii, and solvation model using
charge density (SMD). These models employ B3LYP
functionals with 6-31+G(d,p) basis set and a further hybrid
meta exchange-correlation functional M05-2X for SMD.

The free energy of solvation required calculations to be
performed at the same level of theory and basis set size for both
solvent and gas-phase models. Conformational variations with
locally stable configurations determined in the gas-phase served
as initial geometries for DFT optimisation in the aqueous phase.
Moreover, geometry optimisation comprised both gas and
aqueous phase calculations to account for any geometry
relaxation upon solvation. The absence of imaginary
frequencies confirmed the existence of true minima. All
calculations involved the Gaussian 09 program.>¢

RSC Advances, 2015, 00, 1-3 | 3
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Results and discussion
Decomposition products

The decomposition of S-nitrosothioacetamide and S-
nitrosothiourea proceed exclusively via NO, formation
pathways at pH 1 and below, with nitric oxide as the main
product evident in Figs. 2 and 3. As the pH increases, different
pathways emerge. The rate of gas formation consistently drops,
due to dependence of initial nitrosation rate on the
concentration of the active nitrosating agent derived from
nitrous acid. Nitrous acid protonates to form nitrous acidium
and equilibrates dinitrogen trioxide, which are both potential
nitrosating agents. Very little gassing occurs at pH 4.6 where
the dominant species is nitrite. S-nitrosothioacetamide
decomposes at a faster rate, producing NO, solely as the
decomposition product with a conversion level of 100 + 5 % on
a total nitrite basis over the entire range of pH conditions
studied. In the case of S-nitrosothiourea, NO, yields drop to
approximately 63 % at a pH of 2, concurrent with the detection
of N, in the gas chromatographic analysis. There are two
possible pathways for N, formation: direct nitrosation at an
amine site or via S-nitrosation at the sulfur site and a
subsequent transnitrosation to an amine site. Separate UV-vis
experiments discussed in Supplementary Information show that
the equilibrium mole fraction of S-nitrosothiourea exceeds 80
% at the same pH. Hence, it is likely that S to N transnitrosation
plays a role in N, formation.

2500

opH 0.7

mpHA1 opH 2 xpH 4.6

2000
1500
1000

500

Concentration (ppm)

0 . 2
0 2 4 6 8 10
Time (min)

Fig. 2 Typical NO, yields during decomposition of S-nitrosothioacetamide at varying pH,
headspace sampling at 26 °C (n =3, 16 £ 3 %). [TA]o =10 mM, [NO;]o=1mM, and 1
M NaClO,.
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Fig. 3 Typical NOy yields during decomposition of S-nitrosothiourea at varying acidity,
headspace sampling at 26 °C (n =3, 16 <3 %). [TA]op =10 mM, [NO;Jo=1mM, and 1
M NaClO,.

While the disulfide products of S-nitrosothiourea have been
elucidated previously,®?'** very little is known in the case of S-
nitrosothioacetamide. Concurrent with NO evolution, a pale
yellow precipitate forms within the solution. It is of interest to

4 | RSC Advances, 2015, 00, 1-3

investigate whether this constitutes a disulfide species, typical
in S-nitroso species decomposition processes. Raman
spectrometry represents a convenient technique to study
disulfide bonds, as evident by the characteristic bands at 499
and 503 cm™ in cystine’’ as well as with S—S stretching
vibrational bands for some neurotoxins*® and proteins*'. Figure
4 shows three intense Raman characteristic bands of elemental
sulfur replicated in the sample spectrum, conclusively
disclosing the presence of an S-S bond moiety in the
precipitate. Based on the ASTM Raman Shift Standard for
Spectrometer Calibration,* the assigned band shifts are at
153.8, 219.1 and 473.2 em™’. Previous studies identify clusters
of sulfur in the bacterial coat of a worm®*? (160, 225, and 480
cm’™") as well mordenite single crystals containing sulfur** (160,
225, and 484 cm™). Hence, observed Raman shifts fall within
reasonable range of these values. The Supplementary
Information presents the UV—vis spectra of RSNO" species and
explains consequent sulfur formation.

10000 -
216.6
8000 471.6
# 6000 -
3 153.2 B Precipitate
O 4000 i
i ;
n II n
2000 - i R Sulfur "
T standard N
0 )\~ I‘I LAY . . PRONRY i -
100 200 300 400 500 600

Raman shift (cm)

Fig. 4 Coincident Raman spectra of precipitate and sulfur calibration standard.

Kinetics of NO, Formation Pathways

Identifying decomposition products assists in the study of
mechanistic pathways and the kinetics involved in these
reactions. Limiting the analysis to pH 1 and lower obviates
further complications of parallel N, formation, allowing
calculation of kinetic rates for NO, formation. The decay curves
of S-nitrosothioacetamide and S-nitrosothiourea in Fig. 5
exhibit different rate laws, with the former initially appearing as
a linear zero-order plot. Hence, a bimolecular reaction of two S-
nitrosothioacetamide molecules is unlikely.

1.0
50918 Ny,
z
2L o0s
= ,
7 9 S-nitrosothioacetamide gggono-
I3
= 0.6 1

0.5 T . .

0 20 40 60 80
Time (s)

Fig. 5 RSNO" decay curves at 420 nm with [RS]in; = 40 mM and [NOZ'I]mit =2mMat1M
NaClO,, pH 1 and 25 °C.

The rate of decomposition of S-nitrosothiourea decreases
exponentially with time as expected with increase in
concentration of products formed. Previous authors investigated
the similar inhibiting effect of nitric oxide in the decomposition
of nitrosyl thiocyanate®> and S-nitrosothiourea.*> For S-
nitrosothioacetamide, the consequent sulfur formation results in

This journal is © The Royal Society of Chemistry 2015

Page 4 of 9



Page 5 0of 9

an interfering absorbance at the same wavelength. Hence,
kinetic calculations restrict timeframes whereby decomposition
progress does not exceed 20 % of initial RSNO" concentrations.
In the kinetic studies, [RS];,; and [NO; ],y represent the initial
concentrations prior to S-nitrosation. The subscript “0” denotes
the beginning of the RSNO" decay, where ¢ = 0, [RS]y = [RS]init
- [RSNO'], and similarly for [NO,],. The decay curve
commences when S-nitrosation reaches equilibrium (i.e.,
[RSNO'],, = [RSNO']).

Decomposition of S-nitrosothioacetamide

The decomposition pathway through homolytic scission of the
S—N bond occurs independently of the nature of the
nucleophilic substrate as depicted in Eq. 9, potentially
explaining linear S-nitrosothioacetamide decay curves.

ONSCNH,CH;" 2 SCNH,CH; "+ + NO 9)

However, first-order plots illustrate non-constant slopes with
varying [RSNO"], concentrations; while first-order plots afford
rate constants k.ps portraying direct proportionality with [RS].
Pseudo first-order plots based on Eq. 10 for which
thioacetamide is in excess afford estimation of rate constants
(discussed further in Supplementary Information). From such
values, the intercepts of linear plots with thioacetamide
concentrations are non-zero, which precludes Eq. 10 as the sole
decomposition pathway. This indicates that at least two
decomposition pathways are occurring in parallel, such as those
described by Eqs. 1’ and 3.

RSNO" = RS*" +NO (1)

Nu
SCNH,CH; + ONSCNH,CH; " — (CH3NH,),C,S, - + NO
(10)

Further complications arise as a consequence of incomplete
initial nitrosation of thioacetamide (Eq. 11), because of the
equilibrium limitation (Fig. 6) as well as the parallel
decomposition of nitrous acid according to the overall process
presented in Eq. 12 involving N,O; and N,O, intermediates
described by Egs. 13 and 14.

0.8 -
E
2, 0.6 -
=
P
S 04
n 7 f
=3 < —ee@---20°C
—o0—25°C
0.2 . . . . . .
0 10 20 30 40 50 60
[RS], (mM)

Fig. 6 Equilibrium mole fraction of RSNO® (S-nitrosothioacetamide) prior to
decomposition (n 2 4, 30 < 1 %). Experimental conditions are [NO, ]t = 0.002 M, [H'] =
0.1Mand/=1M, NaClO,.

H' + HNO, + RS = RSNO" + H,0 (11)
3HNO, 2 2NO +NO; +H" + H,0 (12)
2HNO, 2 NO + NO, + H,0 (13)
2HN02 2 N203 + H20 (133)
N,O; 2 NO +NO, (13b)
2NO, + H,0 2 HNO, + NO; + H" (14)

This journal is © The Royal Society of Chemistry 2015
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N02 + N02 2 N204 (143)
N,0, + H,0 2 HNO, + NO; + H"  (14b)

Schwarz and White*® provide values of rate constants for Eqs.
13 and 14. To account for the effect of temperature, Schwartz
and White referenced theoretical results from a previous
investigation*’ for enthalpies of reaction and activation
energies. The Supplementary Information tabulates the relevant
values. Several Dynafit models are used to evaluate different
reaction mechanisms, considering the influence of S-nitrosation
and nitrous acid decomposition reactions as well as the
reversibility of Egs. 1 and 3. For the cationic nitroso species,
Eq. 1 is thus equivalently transformed as Eq. 1’. Inclusion of
the nitrous acid decomposition pathway did not result in
consistent rate constant trends with temperature. This is likely
due to errors compounded by the exponential relation of
theoretically obtained enthalpies of reaction with equilibrium
constants, which were used to determine kinetic rates of reverse
reactions. The mechanism outlined in Table 1, consisting of a
bimolecular reaction and a reversible unimolecular
decomposition pathway, delivers the best fit with data. Figure 7
depicts typical reaction progress curves fitted with this
mechanism at 25 °C, while Fig. 8 illustrates increased rates
with temperature.

1.45
1.25 -
E 4
E 1.05
o) =60 mM
Z0.85 < #50 mM
@ 40 mM
0.65 30 mM
oo ©20 mM
0.45 . X 200008600000 610 MM
0.0 1.0 2.0 3.0 4.0

Time (s)
Fig. 7 Overlap of experimental data and kinetic model for S-nitrosothiacetamide
decomposition. ([H'] = 0.1 M, [NO, it = 0.002 M, | =1 M, NaClO, and 25 °C; n >4, 30 <
1%).

Table 1 Reaction mechanisms for S-nitrosothioacetamide decomposition

Eq. No. Ki25c Ea (kd mol™)
11* 15800 M7 s™ 54.9
3 0.475M's” 17.6
1 0.120s™ 70.9

*Covered in a separate study, experimental values.

=
[e]
z
”n
&
=
o
z
7]
&
515 °C ©20°C ©25°C
0.5 T T T T !
0 1 2 3 4 5
Time (s)

Fig. 8 Typical S-nitrosothioacetamide decay curves showing increased kinetic rates with
temperature ([RS]int = 40 mM and [NOo'l]i,.it =2mMat 1M NaClOjandpH1;n24,10<
1%).
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This current work reveals the decomposition kinetics of S-
nitrosothioacetamide for the first time. The kinetic rate constant
of 0.475 M™! s'l, for the bimolecular reaction between a free
thioacetamide and S-nitrosothioacetamide (Eq. 3) at 25 °C,
resemble that of nitrosothiourea. For nitrosothioacetamide, the
activation energy falls lower at 17.6 kJ mol™', occurring in the
diffusion controlled regime. This low activation energy
predicates on the electron donating effect of methyl substitution
for one of the two amine groups of thiourea. The solvated
RSSR*- structure rapidly decomposes to form sulfur precipitate.

The activation energy obtained for homolytic splitting of the S—
N bond falls below the expected bond dissociation energies for
neutral aliphatic S-nitroso structures. It would appear that
cationic S-nitroso species are less stable than neutral species,
consistent with longer S—N bonds predicted theoretically. The
cationic structures in both gas and aqueous phase calculations
exhibit elongated S-N bond lengths of around 2.1 A that are
indicative of very weak bonds. These S—N bond lengths exceed
the 1.7-1.9 A computed theoretically for neutral S-nitroso
species like HSNO and methyl thionitrite or the values obtained
from crystallographic data for a group of organic
thionitrites.*>*

Decomposition of S-nitrosothiourea

The mechanism proposed in literature (Mechanism 2, Table 2)
yielded excellent model—data conformity as can be seen in Fig.
9, with activation energies for Eqs. 3 and 4 differing by around
4.8 kJ based on Arrhenius plots in the Supplementary
Information. This model consists of first-order and second
order terms in RSNO'. Despite the excellent fit of this
mechanism with the data, the equilibrium concentrations of
RSNO" defining the onset of decomposition kinetics do not
approach full conversion of initial nitrite concentration as
shown in Fig. 10. This incomplete conversion compels the
integration of an initial S-nitrosation step in the overall
mechanism. Furthermore, separate experiments confirm that pH
does not affect the decomposition process at high acidities (in
Supplementary Information).

Table 2 Reaction mechanisms®** proposed in literature for formation of NO from

nitrosothiourea and enthalpies from theoretical calculations

Eq. No. Kas-c (M7 s) AH; (k) E, (k) mol™)
3 0.70 338 517
4 3.4 26.1 46.9
*Average values taken from different solvation models
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Fig. 9 Overlap of experimental data and kinetic model (Mechanism 2) for S-
nitrosothiourea decomposition at varying temperature (n 2 4, 30 shown). Experiment
conditions at [H*] = 0.1 M, [NO; Jinit = 0.002 M, [RS]init = 0.04 M, and / = 1 M, NaClO,.
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For cationic S-nitroso species, a typically elongated S—N bond
weakly links the NO molecule, explaining the susceptibility to
unimolecular decomposition via homolytic splitting (Eq. 1°).
The decomposition trend displays a clear first order dependence
on thiourea concentration, which further lends credence to Eq.
3 proceeding as the electronically dense sulfur in free thiourea
facilitates the release of the NO leaving group by forming an S—
S bond with the electron deficient sulfur in the cationic radical.
Moreover, the inhibitory effect of NO only applies to the first
order term in RSNO" (as in Eq. 3),%'* plausibly the case, due
to the unlikely nature of a reverse termolecular reaction
between two NO radicals and the dicationic disulfide.

The bimolecular reaction of two S-nitrosothiourea species
produces the symmetrical disulfide group and two NO
molecules in an unusual elementary reaction. Previous
studies®'*’ including metal-ion-catalysed dark decomposition
of S-nitrosothiols®® report a similar rate dependency. However,
a true second order rate dependence was not observed. On the
other hand, HNO, catalysis clearly develops where nitrous acid
is in excess and quantitative conversion to S-nitrosothiourea
occurs rapidly with no notable interference to decomposition.*!
Eq. 7 likely contributes to this effect and complicates the
observed kinetics, compounded further by thiocyanogen
hydrolysis that forms thiocyanate ions. Excess nitrous acid
nitrosates the latter by-product to nitrosyl thiocyanate, which
then absorbs significantly at the wavelength followed (i.e., 420
nm). Hence, kinetic analyses are limited to conditions where
thiourea is in excess.

A theoretical approach explores the decomposition pathways
further, particularly the elementary reactions involved in the
bimolecular process of two RSNO" molecules. Table 3 lists
alternative pathways to that of Eq. 4, as a multi-step
mechanism, employing different solvation models. Based on
the SM1 model, the unimolecular decomposition of RSNO" via
homolytic S—N bond cleavage to form RS"- and NO occurs at a
reaction enthalpy of 113 kJ for S-nitrosothiourea. On the other
hand, the unsymmetrical RSSR"- exhibits a very weak S-S
bond indicative of a charged dipole interaction of an RS and an
RS" species. A unimolecular radical cation breakdown to RS
and RS"- proceeds at a reaction enthalpy of 81 kJ. While the
reverse reaction is favourably exothermic, a similarly
exothermic pathway involves a reaction between RS’ and
RSNO" to form RSSR**. Hence, if RSSR*" formation proceeds
via Eq. 16, it is likely that unimolecular radical cation
breakdown contributes to the evolution of RS'- as this is a less
energetic pathway. Although disulfide bridging of two cationic
radicals in Eq. 17 is even more exothermic at -193 kJ, a
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bimolecular reaction, of two molecules of a species that exists
at very low concentrations, renders this pathway highly
improbable.

RSSR*- 2 RS-+ RS (15)
RSNO'+RS"- 2 RSSR*" + NO (16)
RS"- +RS"- 2 RSSR*" (17)

Table 3 Enthalpy change of reaction for alternate reaction steps considered in the
decomposition of S-nitrosothiourea.

AH (kJ)
Eq. No.
SM1 SM2 SM3 SM4
1 112.8 1111 96.7 108.2
15 81.1 72.6 87.9 72.6
16 -80.2 -91.0 -119.2 -82.8
17 -192.9 -202.0 -215.9 -191.0

SM1: IEFPCM/UFF, UB3LYP/6-311G(d,p); SM2: B3LYP/6-311+G(d,p)
CPCM (UAHF); SM3: MO052X/6-311+G(d,p) SMD; SM4: B3LYP/6-
311+G(d,p) SMD

Collings et al. found that the kinetic rate constant for Eq. 3
decreased by 65 % in NO-saturated solutions while Eq. 4
remained unaffected.* The fact that NO inhibition affects the
first-order term in RSNO" conveys significance of a back
reaction for Eq. 3. This reduces the likelihood of RS™
formation, via unimolecular breakdown of the RSSR'- product,
as the contributing pathway for production of RSSR*".
Moreover, the net reaction comprising Eqs. 3 and 15 suggests
that the kinetic rates involved are unaffected by an increase in
RS concentration. In contrast, experimental data display a stark
increase in kinetic rate with an increase in RS concentration.

Combinations of these parallel reactions form part of a series of
potential mechanisms. Mechanism 3, shown in Table 4
displayed the most exactness with respect to experimental data,
and whereby activation energies fall within the expected range
of wvalues in literature (Arrhenius plots in Supplementary
Information). In particular, Eq. 3 at 60.5 kJ displays excellent
agreement with 60.9 kJ published by Garley and Stedman.”!
Homolytic scission of the S—N bond concurs with the projected
bond dissociation enthalpy of 105-134 kJ for aliphatic S-
nitrosothiol structures.'"!'? An activation energy of 84.4 kJ for
the bimolecular reaction of two RSNO" molecules in Eq. 4
posted a larger difference, exceeding the published value of
50.8 kJ.>! Solvation leads to a net decrease in the enthalpy and
entropy of formation of an ion. The more solvated doubly
charged ion in transition state, compared to two singly charged
species in the initial state, contributes to the lower activation
energy involved in RSNO" bimolecular reaction compared to
S—N bond cleavage. Minor differences in reaction conditions,
such as ionic strength, could cause differences in activation
energies measured. The higher value obtained in the present
study for Eq. 17 is more coherent with an energy intensive
reaction comprising two cationic species and the concerted
scission of two S—N bonds resulting in two free NO molecules
and a stable CC’-dithiodiformamidinium ion. Furthermore, the
forward kinetic rate constants of 0.56 and 5.00 M™' s™! for Egs.
3 and 4 at 25 °C are very close to 0.59 and 5.25 M s’
published previously.*> Nonetheless, a nonelementary reaction
comprising two or more reaction steps remains possible.

This journal is © The Royal Society of Chemistry 2015
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Table 4 Reaction mechanism for S-nitrosothiourea decomposition (Mechanism 3)

Eq. No. K25 °c AHr ** (kJ) E, (kJ mol™)
11* 24 000 MZs -29.6 66.1
1 0.014s™ 110 118
3 0.56 M"s™ 33.8 60.5
4 500M"s” 26.1 84.4

*From a separate study, experimental values. **Average values from different
solvation models (in Supplementary Information) for Egs. 1’, 3 and 4.

Figure 11 illustrates the mechanistic fit of the model to
experimental data at different temperatures. In fitting the
proposed mechanism, we have ensured that the drop in RSNO"
concentration at equilibration time, which constitutes the start
of experimental data, does not exceed the experimental error.
Despite this, some departure between experimental data and the
model persists due to errors associated with the rate constants
of initial S-nitrosation. However, the model follows the
experimental measurements to within +5 %. The presence of
NO inhibits the initial rapid decomposition as observed
previously,* mainly due to the reversibility of Eq. 3. At longer
timeframes, the concentration—time plots in Fig. 12 display
identical slopes. This is possibly due to other effects that are
unaffected by NO, as in the case of S-nitrosothiocyanate
decomposition.>> The influence of mass transfer intensifies as
nucleation initiates NO bubble formation subsequently
enhancing desorption.’’ Furthermore, saturation of NO occurs
faster than expected to arise at complete decomposition of
RSNO" at 25 °C.** This is because, for a non-ionic species
dissolved in a solution of electrolyte, its solubility decreases
and bubbles commence to form at lower concentrations of
dissolved gas. This coincides with observed bubble formation
at ecarlier stages of decomposition, whereby eclevated

temperatures hastens the process due to the reduction in
53,54

solubility and increased diffusivity.

SEEs 15 °C

sssseee 20 °C

[AVIA],

0.6 T T T T \
0 1 2 3 4 5
Time (s)
Fig. 11 Overlap of experimental data and kinetic model (Mechanism 3) for S-
nitrosothiourea decomposition at varying temperature ([H*] = 0.1 M, [NO, J;n; = 0.002
M, [RS]init = 0.04 M, I = 1 M, NaClO4; n 2 4, 36 shown).
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Fig. 12 Concentration-time plots of S-nitrosothiourea decomposition ([H*] = 0.1 M
HCIO,, I = 1 M, NaClOy).

RSC Advances, 2015, 00, 1-3 | 7



RSC Advances

Conclusions

This paper presents the first quantified evidence for gas
formation pathways in the decomposition of S-nitroso adducts
of thioacetamide and thiourea. Under conditions where the pH
is 1 or below, decomposition proceeds exclusively through NO,
formation pathways. Previous studies depict a decomposition
rate law consisting of two terms representing bimolecular
reactions of RSNO" with a free RS species and another RSNO"
molecule. Based on the reaction enthalpies, theoretical
calculations elucidate the gas formation pathways involved.
We present new mechanisms describing a more comprehensive
model accounting for incomplete conversion to RSNO" species
during initial S-nitrosation, which were fitted to kinetic data to
determine rate constants. Both S-nitroso species split
homolytically with activation energies of 70.9 and 118 kJ for S-
nitrosothioacetamide and S-nitrosothiourea, respectively. The
activation energies involved in RSNO" species fall lower than
the bond dissociation energies of neutral S-nitroso compounds
in concurrence with longer S—N bonds obtained theoretically
for RSNO" species. The electron donating effect of methyl
substitution in  S-nitrosothioacetamide facilitates lower
activation energies, and the bimolecular reaction of RSNO" and
RS occurs within the diffusion controlled regime at an
activation energy of 17.6 kJ. For S-nitrosothiourea, a further
bimolecular reaction of two RSNO' molecules occurs
irreversibly at an activation energy of 84.4 kJ mol™'. This is
expectedly higher than the 60.5 kJ mol” activation in the RS
and RSNO" reaction as it involves two cationic species and a
concerted scission of two S—N bonds resulting in two NO
molecules and a stable CC’-dithiodiformamidinium ion.
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