
Yperite (HD) 1a is a particular very dangerous vesicant toxic
compound, damaging skin, eyes and the respiratory track.
Blood cell forming tissues (marrow, lymph, nodes and
spleen) are particularly sensitive to the cytotoxic alkylating
properties of HD. Moreover, small repeated doses are cumu-
lative and HD lethal at high doses [1]. Although 1a is one
of the oldest war chemical agent, used during the first world
war [2], it is still very actual because it can be synthesized
by “garbage can” chemistry with commonly products and
because it is very persistent in the environment [3]. Yperite
detoxification exemplifies an extremely interesting and gen-
eral problem in organic reactivity. 

Considerable attention has been therefore paid to the
development of increasing more efficient methods for the
decomposition of these highly toxic compounds [4-23]. In
this regard various methods based on thermic or chemical
processes have been elaborated which may be appropriately
selected depending on the aim to attempt: stock destruction,
smooth external decontamination (skin cleaning) or thera-
peutical use.

RSCH2CH2Cl

1
a: HD R=ClC2H4

b: CEPS R=C6H5C2H4

c: CEMS R=CH3

d: CEES R=C2H5

Otherwise, we have been interested for many years in the
decontamination of toxic compounds (including nerve agents
such as G-agents (sarin, soman, DFP) and V-agents (VX,
VG) [12-14] as well as in the use of strong nucleophillic
properties of oximate ions to induce a rapid hydrolysis of
organophosphorous esters under mild conditions adapted for
therapeutical purposes in aqueous solution [13,14]. In the
case of Yperite and its monofunctionnal derivatives (CEPS,
CEMS and CEES) the hydrolysis reaction, depicted by
scheme 1, has been described as a SN1 reaction, involving
the formation of the intermediate episulfonium ion 2 as the
rate limiting step [4b, 6b, 15-17, 21d, 22].

Scheme 1
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As 1a is low soluble in water it can react readily with
water at its interface to form a set of ionic products which
can then diffuse rapidly to the bulk water phase [4a, 6b,
15,18,19]. The rate of dissolution of1a is so slow that these
ionic products are produced at the interface even before 1a
is dissolved, and makes virtually impossible a detoxification
process by a simple hydrolysis reaction. Furthermore, the
first step being an equilibrium pathway, the return path to
yperite is non negligible at high concentration [4a].

From these instances, it results that the hydrolysis of
yperite (or its substitution to produce a non toxic derivative)
can be improved taking into account three main conditions:
(1) to increase the solubility of the substrate; (2) to ease the
ionization of 1 into episulfonium ion; (3) to minimize the
return reaction. These conditions can be achieved by cou-
pling the use of strong nucleophiles such as oximate ions
and the use of surfactants.

Considering the above investigations, extensive kinetics
studies have to be made to assess the hydrolysis reaction
(scheme 1). As a general feature, all our experiments were
carried out in aqueous solution at constant pH with a large
excess of the buffer over the substrate concentration so that
the hydrolysis of 1 proceeds with no significant changes in
the UV-Visible absorbance on going from 1 to 3 or 4. This
obviously excluded simple kinetic investigations by means
of a conventional spectrophotometric procedure. In fact, dif-
ferent techniques have been developed by various authors to
overcome this difficulty and to allow the measurement of
accurate kinetic data for hydrolysis of yperite and its homo-
logues. These include alkali and colorimetric titrations [6b,
17-21], polarographic monitoring [6b], conductimetric tech-
niques [4b,15b,16d,16e,22], chromatography of aliquots [23]
and lately, NMR spectroscopy [4d,10,15b,15c,16a]. But all
of these techniques present a lack of accuracy when the rates
involved are fast, and moreover, some of them (i.e. alkali
titrations and conductimetric monitoring) are unusable in
buffered systems or high ionic strength).

As evidenced by scheme 1, a most attractive alternative
was, however, to use the increase in the concentration of the
expelled chloride ion as the monitor to follow the kinetics
of the processes. In this paper, we report for the first time
our finding that a potentiometric cell involving a chloride
ion selective electrode can actually be used to study rela-
tively fast kinetic processes such as those depicted in
scheme 1 which can take place with half reaction times of
about 40 seconds for the fastest ones.

Experimental part

Material

A chloride ion selective electrode from Methrom coupled
with a double junction (Hg2SO4/Hg) reference electrode
were used. A high impedance millivoltmeter from Methrom
and a data acquisition system from Eurosmart (Fast-Lab,
Physcope, Synchronie) coupled to a PC computer were also

used. Each result potential comes from an average of 64
acquired potential values [14]. The reference electrode was
directly in contact with the reaction mixture and bath ther-
mostated (25 °C ± 0.1) cells were used. A constant and
reproducible magnetic stirrer was used at maximum speed
in the cell to provide sufficient mixing. As mentioned by
Yang, it is necessary to predissolve the sulfide in a polar,
organic solvent, and to keep its concentration low in solu-
tion. This limiting control allows to eliminate the slow dis-
solution step in the case of pure substrate injected and to
ensure pure first-order kinetics. In consequence, the sub-
strate concentration of 1a-d is kept below 10–3 mol dm–3 in
the reaction mixture. Consequently all the kinetic runs
described in the results-discussion section were carried in
aqueous solution with chlorinated substrate concentration in
1b-d equal up to 8× 10–4 mol dm–3, prepared as following:
a 2 % by volume stock solution was prepared in 1,4-diox-
ane and a 20µL aliquot of predissolved substrate was then
added in the 5 mL bulk reaction (0.4 % dioxane – 96.6 %
H2O v/v).

In all kinetic runs, the ionic strength was maintained con-
stant at 0.1 mol dm–3 by adding KNO3. 

Reagents

CEMS, CEES and HEPES were commercially available
Aldrich products used without further purification. Anti-
Pyruvic aldehyde 1-oxime (MINA) was a commercially
available Aldrich product purified by crystallization in hep-
tane. CEPS was synthesized using the method of Lion and
co [7b]. 1H NMR (CDCl3) δ: 2.87(6H, t, CH2), 3.62 (2H, t,
CH2), 7.27 (5H, m, Ph). Because of their agressivity, CEPS,
CEMS and CEES must be handled in a hood with protec-
tion suits and protection gloves.

Results and discussion

Selectivity of the process

In a first stage we investigated the selectivity limit of the
chloride ion selective electrode to be used under the exper-
imental conditions desired. A calibration procedure has then
been carried out at constant pH and constant ionic strength,
varying the chloride ion concentration and measuring the
response of the electrode in different conditions: (a) KNO3
0.1 mol dm–3; (b) HEPES buffer ([HEPES] = 3 ×
10–2 mol dm–3, pH = 7.5); (c) oximate buffer (MINA,
[Mina]tot = 2 × 10–2 mol dm–3, pH = 8.30); (d) HEPES buffer
containing oximates ([HEPES] = 3 × 10–2 mol dm–3,
[Mina]tot = 1.5× 10–2 mol dm–3, pH = 7.5).

The calibration curves obtained plot the measured poten-
tial, Emeas, versusthe reference electrode as a function of
chloride ion concentration, following equation (1):

(1)Emeas = ∆ − 2.3 RT
F

log Cl−
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where ∆ is a constant that depends of all the experimental
conditions, R the perfect gas constant, T the temperature and
F the Faraday constant.

Results are reported in figure 1. As can be seen, we
obtained typical calibration curves with slopes of 
(– 56.5± 0.8) mV per decade in their linear part [24]. The
selectivity depends of the experimental conditions that
induce interferences for the selective electrode and can per-
turb its response [25]. It is determined by the intersection
between the two linear parts of the calibration curve. For
conditions (a), (b) and (d), selectivity appears to be near the
same (about 2× 10–4 mol. dm–3) and satisfactory for the
range of chloride ion concentration required for the process.
But figure 1 shows above all that a direct buffering by an
oxime/oximate buffer (condition (c)) will be incompatible
with our requirements, because of a too important loss of
selectivity (up to 1× 10–3 mol. dm–3). However, figure 1
indicates that the use of oximate ions will be possible by
coupling an external buffer in excess such as HEPES (con-
ditions (d), with oximate ions in default).

Potentiometric measurements of the kinetic data

In a general way, reliable potentials can be obtained only if
the potentiometric cell used for the measurements has
reached chemical equilibrium [24b,25]. A first requirement
for using a chloride ion selective electrode to follow fast
variations in the Cl– ion concentration of a solution was
therefore to design experimental conditions minimizing as
much as possible this equilibrium time [14]. This “dead”
time can be strongly reduced providing that, prior to the
addition of the chlorinated substrate, a 1× 10–3 mol.dm-3

chloride concentration is contained in the reaction vessel and
a period of 15 mn was kept. Under these experimental con-
ditions, the response of the electrode to the additional
amounts of Cl– resulting from the decomposition of the sub-
strate at a concentration of less than 10–3 mol dm–3 was suf-
ficiently fast as to allow an adequate kinetic monitoring of
the reactions proceeding with t1/2 ≥ 40 seconds. Figure 2
shows the accurate first order decomposition of CEMS and
CEES, at concentration of respectively 8.4× 10–4 mol dm3

and 7.8× 10–4 mol dm3, in a HEPES buffer ([HEPES] =
3 × 10–2 mol dm–3, pH = 7.5). After completion of the
decomposition process, the final concentration of Cl– was
equal to the expected one. The linearity of the electrode
response was further controlled by an internal calibration,
introducing additional determined amounts of NaCl in the
reaction mixture. The Cl– ion concentration was determined
from measured potentials using internal and external cali-
bration parameters, in similar pH and ionic strength condi-
tions. 

Decomposition of 1b-d in HEPES buffers

Using the potentiometric method described above, the kinet-
ics of the decomposition of yperite simulants according 
to scheme 1 was studied under common pseudo-first 

order conditions, with the HEPES buffer ([HEPES] =
3 × 10–2 mol dm–3, pH = 7.5) in excess. Excellent first order
kinetics up to at least 90 % of the total release of Cl– ions
were observed (Fig. 2).

Taking into account eq.(1) wich relates the Cl– concen-
tration to the measured potential for the cell (eq.(2)), the
simple rate law for the decomposition of 1b-d correspond-
ing to scheme 1 (eq.(3)) implies that the kinetic data obey
eq.(4). In this equation, C0 is the initial concentration of 
1b-d, E0 the potential measured at zero time
([Cl–] = 8 × 10–4 mol dm-3), Emeas, the potential measured at
any time t and F the Faraday constant. ∆ is a constant
deduced from the calibration of the cell.

531

Original articles

Figure 1. Limit of selectivity of the chloride ion selective electrode
in (a) KNO3 0.1 mol dm-3, (b) a 3× 10-2 mol dm-3, 1:1 HEPES
buffer (pH = 7.5); (c) a 2× 10-2 mol dm-3, 1:1 oximate (MINA)
buffer (pH = 8.30); (d) a 1:1 HEPES buffer containing [Mina]o
1.5× 10-2 mol dm-3 (pH = 7.5).

Figure 2. Kinetic monitoring of the increase in the Cl- concentra-
tion produced by the decomposition of CEMS and CEES, with
Co = 8.4× 10-4 and 7.8× 10-4 mol dm-3 respectively, in a 1:1
HEPES buffer 3×10-2 mol dm3, in aqueous solution (pH = 7.5).



(2)

(3)

with , with kw=+kH2O + kOH[OH-], that

represents the contribution in the reaction of water and OH-

ions, respectively.

(4)

Figure 3 shows that good linear relation relationships were
obtained by plotting Ln(Y) as a function of time, allowing
a facile determination of the rate constant, kobsd, from the
slopes of the observed straight lines. These are reported in
table I, with the corresponding half times, t1/2, in the range
45-560 seconds, indicating at this stage that the technique is
suitable for the kinetic study of the range of rate involved.
These values are in good adequacy with those conductimet-
rically previously determined of 1.15× 10–2 s–1 and
1.58× 10–2 s–1 for respectively CEMS [22] and CEES [4b,
15d], in similar conditions. The value for CEPS can not be
compared, because at this day, no hydrolysis kinetics data
for CEPS is available in the literature.

Decomposition of 1b-d in presence 
of oximate ions

The decomposition of CEES, CEMS and CEPS were also
studied in presence of oximate ions. As depicted by figure 1,
the use of oximate ions in excess to buffer the mixture is
not suitable because of the lost of selectivity. We employed
in this case another experimental approach where the pH
was kept constant by an HEPES buffer used as an external
buffer ([HEPES] = 3× 10–2 mol.dm–3, pH = 7.5) in presence
of oximate ions. Accordingly, the hydrolysis of the chlori-
nated substrate could be achieved in the presence of lower
concentration of oximate reagents. In this condition, the

reactive oximate concentration at t time is given by equa-
tion (5):

(5)

In this equation, [Ox]0 is the total concentration of the oxime
introduced in the solution, and x, the concentration of the
chloride ion generated by the reaction at time t
(x = [Cl–] t – [Cl–]0 with [Cl–]0 = 1 × 10–3 mol dm–3). The
observed rate constant, kobsd, obeys equation (6):

(6)

Considering the SN1 mechanism for the hydrolysis reaction
(scheme 1) depicted by various authors [4b, 6b, 15,16], the
integration of eq.(3) in presence of nucleophiles, leads to the
same eq.(4) as in absence of oximates ions and allows to

kobsd = k1

kw + kOx Ox−

kw + k−1 Cl− + kOx Ox−

Ox− =
Ox

0
− x

1 + 10 pKa
Ox − pH

kobsd. t = − Ln
C0 − 10

– Emeas − ∆ F

2,3 RT − 10
– E0 − ∆ F

2,3 RT

C0
= − Ln (Y)

kobsd = k1
kw

kw + k−1 Cl−

d Cl−

dt
= kobsd 1

Cl− = 10
– Emeas − ∆ F

2,3 RT
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Figure 3. Plots of Ln Y vs t (see eq. 4) for the degradation of
CEMS, CEES and CEPS, with C0 = 8.4× 10–4, 7.8× 10–4 and
7.9 × 10–4 mol dm–3 respectively, in a 1:1 HEPES buffers
3 × 10–2 mol dm3 in aqueous solution (pH = 7.5).

Table I. Pseudo first order rate constants, kobsd, and corresponding half times, t1/2, for decomposition of 8.4 × 10–4 mol dm–3, 7.8 ×
10–4 mol dm–3 in (a) HEPES buffer and in (b) HEPES buffer containing oximates ([HEPES] = 3× 10–2 mol dm–3, pH = 7.5, T = 25 °C,
I = 0.1 mol dm–3).

Substrate HEPES (a) HEPES(b)
[MINA] o = 1.5 × 10–3 mol dm–3

Kobsd (s–1) t1/2 (s) Kobsd (s–1) t1/2
(c) (s)

CEES (1.40 ± 0.10) × 10–2 49 (1.50 ± 0.10) × 10–2 46
CEMS (1.05 ± 0.10) × 10–2 66 (1.10 ± 0.10) × 10–2 63
CEPS (1.25 ± 0.05) × 10–2 555 (1.20 ± 0.10) × 10–2 575

(c) with an experimental error on t1/2 of ± 5 s.



predicts that a plot of the right side term Y, versustime, will
also afford a straight line passing through the origin, allow-
ing a simple determination of kobsd.

The above methodology was checked with an HEPES
buffered system containing less than 10–3 mol dm–3 in chlo-
rinated substrate, an initial concentration of MINA
[Ox]o = 1.5× 10–2 mol dm–3 and an initial concentration of
Cl– of 1 × 10–3 mol dm–3. Nice first order kinetic monitor-
ings were observed and after completion of the process, the
final concentration of Cl– was equal to the expected one.
Good linear relationships were obtained by plotting Ln (Y)
as a function of time (Fig. 4) allowing the determination of
the observed rate constant, kobsd, from the slope. Values are
reported in table I, with the corresponding half times, t1/2.

As can be seen from the values listed in table I and within
the experimental error, no effect of the presence of oximate
ions was observed on the rate of decomposition of 1b-d for
a substrate concentration of less than 10–3 mol dm–3. This is
in agreement with the mechanism depicted by scheme 1 with
the formation of the intermediate episulfonium ion 2 as the
rate determining step [4,6b,15,16].

Decomposition of 1b-d in presence of oximate
ions at various concentrations

The above methodology has been used with systems con-
taining 8× 10–4 mol dm–3 in CEMS substrate, an initial con-
centration of Cl– of 1 × 10–3 mol dm–3 and various initial
concentration of MINA varying in the range [Ox]o =
5.8× 10–3 – 5.8× 10–2 mol dm-3. Applying eq.(6) and eq.(4)
nice linear relationships were obtained and the rate constant,
kobsd, were deduced from the slopes. The values are reported
in table II. As can be seen, no effect on the rate constant,
kobsd, was observed when varying the concentration in oxi-
mate. These results lead to two conclusions: (1-) they con-
firm the SN1 mechanism depicted in scheme 1, 
(2-) above all, they indicate that in equation (6) and under
these experimental conditions, the term k–1[Cl–] is negligi-
ble compared to kOx[Ox–] and that kobsd tends in fact toward
k1. It affords in consequence a good estimation of the k1
term, which depends only of the polarity of the solvent. 

Conclusion

It appears from this study that experimental conditions have
been designed which allowed the use of a chloride ion selec-
tive electrode for the monitoring of reactions proceeding
with a moderately fast departure of Cl– ion, i.e. t1/2 ≈ 40 sec-
onds, in aqueous solution. The potentiometric measurement
system is not perturbed by the presence of oximate ions even
at moderately high concentrations, and adequate kinetic
monitorings and kinetic data were obtained for the hydroly-
sis of yperite simulants (CEES, CEMS, CEPS) in aqueous
solution in presence of HEPES buffer and oximate nucle-
ophile agents. It affords then an experimental protocol for
the monitoring of the destruction of Yperite and its simu-
lants.
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