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Introduction

Room-temperature ionic liquids (IL) are composed of
ions and are liquid at ambient temperature. Their prop-
erties, negligible vapor pressure and non-flammability,
made them very attractive alternatives to classical organic
solvents. IL are very effective media for chemical
catalysis and synthesis and they found other numerous
applications including propositions for their use in some
procedures in the nuclear industry. Due to potential
environmental safety benefits IL have been anticipated
as solvents for green processing [4, 15, 17, 18]. For
radiation chemistry, the IL constitute a challenge as new
objects to study in two aspects first, stability under
ionizing radiation and second, a new medium for
chemical reaction some of them unique, occurring in
these solvents only. To understand the effect of IL on
chemical processes, several elementary reactions in
ionic liquids have been studied by the pulse radiolysis
technique [2, 3, 6−9, 11, 19].

In a previous study, the reactions of Br2
•– anion

radicals with chlorpromazine in the ionic liquid
methyltributylammonium bis[(trifluoromethyl)sul-
fonyl]imide (R4NNTf2) and several other solvents have
been examined [6]. The process included only one step
reaction. Contrary to that, the reaction of Br2

•– with
SCN–, studied in this paper, opens the possibility of the
examination of several intermediates and equilibria
involved, known from the data for aqueous solutions
[1, 10, 12−14, 16]. That gives an opportunity to explore
the influence of IL on more complex reaction systems.
Besides, the radiolytic oxidation of SCN– by OH• radical
is the basis of pulse radiolysis dosimetry and, as such, is
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Abstract  The reactions of Br2
•– anion radicals with thiocyanate anions in the ionic liquid methyltributylammonium

bis[(trifluoromethyl)sulfonyl]imide (R4NNTf2) were studied by pulse radiolysis. Reaction of solvated electrons with
BrCH2CH2Br (DBE), k = (1−2)×108 L.mol−1.s−1, leads to the production of Br2

•– anion radicals. The intermediate
absorption spectra following pulse radiolysis of DBE/SCN–/Br–/ solutions in R4NNTf2 correspond to Br2

•–, BrSCN•– and
(SCN)2

•– anion radicals. The participation of these radicals in the spectra changes with progressing reactions and depends
on the concentration Br– and SCN– in the solution.
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frequently investigated [12]. In R4NNTf2, the Br2
•– has

to be used as oxidizing species instead of OH•. The
corresponding observations in the ionic liquids are
expected to give a new data for the characterization of
the influence of these media, extensively examined for
various applications, on the chemical kinetics.

Br2
•– in the R4NNTf2  ionic liquid has been produced

as before [6] via the reaction of solvated electrons with
1,2-dibromoethane (DBE):

(1) e–
sol + BrCH2CH2Br → Br– + •CH2CH2Br

followed by the fast decomposition:

(2) •CH2CH2Br → CH2=CH2 + Br•

and the subsequent reaction of Br2
•– formation:

(3) Br• + Br– →← Br2
•–

Experimental section

Methyltributylammonium bis[(trifluoromethyl)sulfo-
nyl]imide (R4NNTf2) was prepared as described before
[3]. All chemicals of the purest grade available (Aldrich)
were used as supplied.

Tetraethylammonium bromide and tetrabutyl-
ammonium thiocyanate were used in the ionic liquid
as a source of Br– and SCN– ions, respectively.

Fast kinetic measurements were carried out by pulse
radiolysis using 10 ns, 10 MeV electron pulses from an
LAE 10 linear electron accelerator [20] delivering the
dose up to 20 Gy per pulse. The details of the computer
controlled measuring system were described before [5].
Eight megabytes maximum memory for data recording
covers the time range from single nanoseconds to milli-
seconds, depending on the oscilloscope settings, after
every single electron pulse. Useful spectral range for
the experiments with R4NNTf2 was from ~350 nm to
~800 nm. The samples in the quartz cells, optical path
1 cm, were purged with argon and pulse irradiated by
electron beam in the experimental setup. All the experi-
ments were carried out at room temperature 20 ± 2°C.

Results and discussion

The representative spectra following pulse irradiation
of 0.013 mol.L−1 DBE solution in R4NNTf2, recorded
at 80 ns, 300 ns and 4000 ns after the pulse, are presented
in Fig. 1. The first spectrum (data at 80 ns after the
pulse) corresponds to the solvated electron. The
solvated electron in R4NNTf2 has a very broad absorp-
tion band with a maximum at 1410 nm and extinction
coefficient ε = 2.2 × 104 L.mol−1.cm−1 [19]. The decay of
solvated electron in argon saturated R4NNTf2, without
DBE added, most probably in reactions with some
impurities, could be fitted by a first order procedure
with the rate constant of (2 ± 1)×106 s−1 which is close
to the previous value of 3.3 × 106 s−1 from reference [19].

The last spectrum (4 µs after the pulse) in Fig. 1 is
assigned to Br2

•– anion radical. The Br2
•– decay is very

slow and minor in tens of microseconds. Taking the
extinction coefficient of Br2

•– ε360 = 9900 L.mol−1.cm−1

[15], and data from Fig. 1 (dose 11 Gy) the yield of Br2
•–

was calculated as G = 0.7 × 10−7 mol.J−1. However, for
higher concentrations of DBE (up to 0.19 mol.L−1) in
the solution the yield of Br2

•– reaches value G = 1.6 ×
10−7 mol.J−1. This could be explained by the fact that
also dry electrons in R4NNTf2 are captured by DBE,
when it is added in a higher concentration. This effect
was observed before in reactions of dry electrons with
several solutes [19].

From the dependence of the solvated electrons
decay rates on the concentration of DBE, the second
order decay rate constant of the reaction (1) was
calculated to be k1 = (1−2)×108 L.mol−1.s−1. This value
is close to the diffusion-controlled rate limit in this
medium [3].

After the addition of SCN–  ions to the solution,
several reactions initiated by Br2

•– anion radicals can be
expected [1, 10, 12−14, 16]. (To the scheme there were
included only reactions corresponding to the observation
time range of the present experiments.)

(4) Br2
•– + SCN− → 2 Br− + SCN•

(5) Br2
•– + SCN− → BrSCN•− + Br−

(6) SCN• + Br−  →←  BrSCN•−

(7) Br• + SCN−  →←  BrSCN•−

(8) SCN•  + SCN−  →←  (SCN)2
•−

(9) BrSCN•− + SCN−  →←  (SCN)2
•− + Br−

The above reactions are known from aqueous solutions,
and some rate constants and equilibria involved have
been characterized [1, 10, 12−14, 16].

From the intermediates listed above, in the actual
experimental conditions, Br2

•−, BrSCN•− and (SCN)2
•−

are likely candidates to the observation in R4NNTf2,
see Table 1. Their contribution to the overall kinetics
and the resulting spectra will be dependent on the
concentrations of Br– and SCN– ions, see Figs. 2 and 3.

Fig. 1. Transient optical spectra monitored by pulse radiolysis
of deoxygenated R4NNTf2 containing 0.013 mol.L−1 DBE. The
spectra were taken 80 ns (2), 300 ns (5), and 4 µs (A) after
the pulse. Dose 11 Gy.
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In Fig. 2, there are examples of spectra obtained in
pulse irradiated solution of 0.19 mol.L−1 BDE (such
concentration of DBE reassures the fast formation of
Br2

•−) and 0.04 mol.L−1 SCN– in R4NNTf2, when there is
no Br– added.

From the three spectra presented in Fig. 2: data at
80 ns, 2.5 µs and 25 µs after the pulse, only the last one
represents a single component, namely (SCN)2

•−. The
others are mixture of the all three constituents: Br2

•−,
BrSCN•− and (SCN)2

•− with relative proportions changing
in a progress of the reactions, according to gradual
transformation from Br2

•− to (SCN)2
•−.

On condition when there is no Br− added, experi-
mental traces: decay measured at 350–360 nm and
formation at λ > 480 nm, can be fitted by first order
kinetics with the rate constants dependent on SCN−

concentration.
This rate constant dependence on [SCN−] gives the

value of the experimental second order rate constant
k = (5 ± 1)×106 L.mol−1.s−1. This value characterizes
only the time scale of the process and represents some
estimates for comparison to the other Br2

•− reactions.
To evaluate the participation of the particular reaction
in the kinetics scheme, the data from solutions with
various concentrations of SCN– and Br–  ions have to
be considered.

The next presented results are obtained in the
system with Br– added to the solutions. Pulse radiolysis
of the R4NNTf2 solution containing 0.18 mol.L−1 DBE,
0.006 mol.L−1 SCN– and additional 0.09 mol.L−1 Br–

produces spectra significantly different from those
reported above. The isosbestic point seen in the Fig. 3
indicates that there are only two individua involved, with
the negligible participation of (SCN)2

•−.
Due to the excess of the Br– concentration over

the SCN– the forward reactions (8) and (9) leading to the
formation of (SCN)2

•− are suppressed and the formation
of BrSCN•− prevails. The Br2

•– anion radicals formed
during the pulse and in tens of nanoseconds after
(reactions ((1)–(3)) are gradually transformed into
BrSCN•− anion radicals in ~200 µs, kexp = ~1 × 105 s−1,
and these after being formed remain stable in the time
of observation.

The final spectrum is probably the first direct obser-
vation of the spectrum of BrSCN•− anion radical,
previous spectra were extracted from the composite
results [13]. However, some minor participation of Br2

•−

in the final spectrum, due to the equilibria involved,
cannot be a priori excluded. The final test will be decon-
volution of the spectra obtained in the system with diffe-
rent [Br−]/[SCN−] ratios.

The rates of the reactions between Br2
•− anion

radicals and thiocyanate are of the same order of
magnitude as observed before for the reaction of Br2

•−

with chlorpromazine in R4NNTf2 [6]. It was suggested
that the energy of Br− solvations is the main factor which
affects the driving force of Br2

•− reactions. In the present
paper, only the intermediates involved are discussed.
The more complete description including evaluation of
the particular reactions rates and equilibria, will be done
after completion of the experiments with an enhanced
range of concentrations of the concerned species.
However, even the present results indicate that IL are
very useful media for the observation and separation
of some intermediates and could play a similar role as
low temperature radiolysis in elucidation of reactions
mechanisms.
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Fig. 2. Transient optical spectra monitored by pulse radiolysis
of deoxygenated R4NNTf2 containing 0.19 mol.L−1 DBE and
0.04 mol.L−1 SCN−. The spectra were taken 80 ns (2), 2.5 µs
(5), and 25 µs (A) after the pulse. Dose 18.5 Gy.

Fig. 3. Transient optical spectra monitored by pulse radiolysis
of deoxygenated R4NNTf2 containing 0.19 mol.L−1 DBE, 0.006
mol.L−1 SCN− and 0.09 mol.L−1 Br−. The spectra were taken
80 ns (2), 10 µs (5), and 200 µs (A) after the pulse. Dose
16.5 Gy.

Table 1. Characteristics of absorption spectra of intermediates
in the Br2

•–/SCN− systema

Species λmax Absorption coefficient
[nm] [L.mol−1.cm−1]

Br2
•– 360 9900

SCN• 330   900

BrSCN•− 400 7300

(SCN)2
•− 472 7580

   a Aqueous solutions, data taken from Ref. [10].
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