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There is currently a worldwide overproduction of
elemental sulfur, a large-scale by-product of oil and
gas refining [1]. Therefore, the challenge is to develop
modern ways of its transformation into various com-
pounds, e.g., into the polymeric form having a number
of valuable properties (high resistance to aggressive
media, high impact strength, absence of thermal
shrinkage strains in composites, insolubilities in rub-
bers, etc.), which could drive up the demand for ele-
mental sulfur and its modifications.

An interesting possibility of synthesizing sulfur-
containing polymers could be the use of ionic liquids.
Ionic liquids have recently received much attention
because they can be used as “green” solvents, a poten-
tial alternative to volatile organic solvents [5]. Ionic
liquids are incombustible and thermally stable [6] and
have low vapor pressure [5]; their physicochemical
properties can be controlled by varying the structure of
the cation or anion [4]. Such liquids can be used not
only as a solvent, but also as a catalyst [7] and a stabi-
lizing medium [5].

In this work, we for the first time studied the behav-
ior of elemental sulfur under the action of high-energy
radiation in a benzene solution in the presence of ionic
liquids. It was found that, under these conditions, ele-
mental sulfur transforms into sulfur-containing com-
pounds, including sulfur-containing oligomers, with-
out the formation of polymeric forms. Such behavior
significantly distinguishes sulfur from another inor-
ganic monomer, elemental (white) phosphorus, which
under similar conditions mainly changes to a poly-
meric form, red phosphorus [8—11]. The reaction
orders and the effective reaction rate constants were
determined. It was established that the presence of
ionic liquids accelerates the transformation of ele-
mental sulfur. By varying the structure of the ionic lig-
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uid present in a reaction system, the characteristics of
the system and the process can be controlled.

EXPERIMENTAL

In this work, we studied a number of systems,
which were solutions of elemental sulfur in benzene
and in benzene—ionic liquid mixtures at various initial
elemental sulfur concentrations (table). In the experi-
ments, we used sulfur Sg (special-purity grade, Speci-
fications TU 6-09-2546-77, Reakhim), benzene C¢Hj
(chemically pure, State Standard GOST 5955-75,
Khimmed), and dimethyl sulfoxide (DMSO)
(CH;),SO (chemically pure, Specifications TU 6-09-
3818-77, Laverna). Benzene was chosen as a solvent
owing to its high radiation resistance and relatively
high elemental sulfur solvency.

The components of complex reaction systems
were ionic liquids based on the cations imidazolium
(1-butyl-3-methylimidazolium trifluoromethane-
sulfonate [#-BuMelm]CF;S0,, 1-butyl-3-methylimid-
azolium tetrafluoroborate [n-BuMelm|BF,, and 1-butyl-
2,3-dimethylimidazolium tetrafluoroborate [n-
BuMe,Im|BF,: chemically pure, 99.9%, Merck, Ger-
many) and phosphonium (3-ethyloctylphosphonium
bis(trifluoromethylsulfonyl)imide [ Et;OcP]N(SO,CFj3),,
3-ethyldodecylphosphonium bis(trifluoromethylsul-
fonyl)imide [Et;DdPIN(SO,CF;),, 3-n-butylmeth-
ylphosphonium  bis(trifluoromethylsulfonyl)imide
[n-Bu;MeP]N(SO,CF3),, 3-n-butyloctylphospho-
nium bis(trifluoromethylsulfonyl)imide [n-
Bu;OcP]IN(SO,CFs),, 3-n-butyldodecylphospho-
nium bis(trifluoromethylsulfonyl)imide [n-
Bu;DdPIN(SO,CF5),, 3-n-butyloctylphosphonium
tetrafluoroborate [n-Bu;OcP]BF,, and 3-n-butyl-
dodecylphosphonium tetrafluoroborate [n-
Bu,DdP]BF,: chemically pure, 98%, Nippon Chemi-
cal Industrial Co. Ltd., Japan).

The obtained systems were exposed to y-radiation
of the radionuclide ®Co on setups MRKh-MPX-y-
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Characteristics of the radiation-chemical transformation of elemental sulfur at various initial elemental sulfur concentrations

of system System Selo M | ey | DikGy | RGO | s Rk
I Sg—CeHg 96 0.88 3.4 I 1.1-107* 0.99
11 Sg—C¢Hg—[n-BuMe,Im|BF, 107 0.68 0.9 11 1.2-1073 0.85
I Sg—C¢H¢—[n-BuMelm|BF, 196 0.89 0.9 11 55-107% 0.99
v Sg—C¢H¢—[n-BuMelm]CF;SO, 203 0.83 1.8 11 33-1074 0.98
\% S¢—C¢H¢—[n-BusMeP|N(SO,CF5), 99 0.73 3.6 11 7.3-1074 0.99
VI Sg—CH¢—[n-Bu;DAP]N(SO,CF3), 136 0.78 3.6 11 52-107% 0.96
VII Sg—C¢H¢—[Et;0cPIN(SO,CF;), 160 0.81 3.6 11 54-107% 0.99
VIII | Sg—C¢H¢—[Et;DdP]N(SO,CF3), 215 0.80 1.8 11 54-107% 0.95
IX S¢—C¢Hg—[n-Bu;OcP]BF, 62 0.68 1.7 11 2.6-1073 0.94
X Sg—C¢H¢—[n-Bu;DdP]BF, 115 0.73 3.4 11 1.0-1073 0.99
XI Sg—C¢Hg—DMSO—[n-Bu;OcP|BF, 150 0.97 3.4 I 22-107% 0.98

ko, effective rate constant for elemental sulfur transformation; o, maximal elemental sulfur conversion; D, absorbed dose at which o,
is reached; and R, correlation coefficient; 298 K, D* = 0.126 Gy/s, [lonic liquid]y = 0.025 M.

100 and RKhM-PXM-y-20 at absorbed dose rates of
D* =0.237 and 0.126 Gy/s, respectively.

In the kinetic experiments, the elemental sulfur
concentrations in the solutions were determined by
titrimetric methods. Blank experiments showed that
the presence of an ionic liquid in a system introduces
no error to the determination of the elemental sulfur
content.

RESULTS AND DISCUSSION

In all the studied systems, initially, the elemental
sulfur content of the solution quite sharply drops, after
which the curves for the elemental sulfur concentra-
tion and conversion reach plateaus: in most systems, at
an absorbed dose of 2—4 kGy; in systems II-IV and
VIII, at about 1 kGy, with the elemental sulfur conver-
sion in most systems being 0.7—0.9 (table; figure).

The consideration of the elemental sulfur transfor-
mation kinetics in systems II—IV, which contain struc-
turally similar ionic liquids [#-BuMe,Im|BF,, [nr-
BuMelm]|BF,, and [#-BuMelm]CF;SO; showed that
an increase in the number of alkyl radicals in the cat-
ion of an ionic liquid decreases the solvency of the sys-
tem. At the same time, the fact that there is an induc-
tion period and that the maximal conversion o.,, in
system IV containing an imidazolium ionic liquid with
the trifluoromethanesulfonate anion is twice as high as
that in systems II and III containing imidazolium
ionic liquids with the tetrafluoroborate anions demon-
strated that that the effect of the anionic part of an
ionic liquid on the kinetic parameters of the elemental
sulfur transformation exceeds that on the physico-
chemical characteristics of the system.
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The analysis of the behavior of systems V—X con-
taining ionic liquids based on the phosphonium cation
showed that an increase in the length of an alkyl radi-
cal increases the elemental sulfur solvency of the sys-
tem. In systems IX and X containing ionic liquids with
the tetrafluoroborate anions in comparison with sys-
tems V—VIII containing ionic liquids with the bis(tri-
fluoromethylsulfonyl)imide anions, the elemental sul-
fur conversions are lower and the absorbed dose at
which a.,,, is reached is 2—4 times lower. A distin-
guishing feature of systems V and VI containing 3-#n-
butylalkylphosphonium ionic liquids is induction
period.

The effect of varying the cationic part of an ionic
liquid on the solvency of the system exceeds the effect
of varying the anion. This can be due to the emergence
of Sg-rich fluctuations stabilized by an ionic liquid
through the formation of micelle-like structures based
on the cation of the ionic liquid and the Sg molecule,
which is a nucleophile because of lone pairs of elec-
trons.

The systems with phosphonium ionic liquids gen-
erally have lower elemental sulfur conversions than the
systems with imidazolium ionic liquids (0.68—0.81
and 0.83—0.89, respectively). This can be related to
the difference in rate constant for the reaction with the
solvated electron between the phosphonium and imi-
dazolium cations (1.6 x 10'° and 3.8 x 10°, respec-
tively) [12]. This difference leads to more efficient
removal of primary active particles from the reaction
in the systems with phosphonium ionic liquids. A
qualitative analysis of the reaction products detected
thiophenols (intense black coloration in the lead sul-
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Plots of elemental sulfur concentration [Sg] versus
absorbed dose D in (I) benzene and the solutions (II) ben-
zene—|[n-BuMe,Im]BF,, (IlI) benzene—[n-BuMelm|BF,,
and (IV) benzene—[n-BuMeIlm]CF;S03 at 298 Kand D =
(I, IT) 0.237 and (111, TV) 0.126 Gy/s.

fide test; in system XI containing DMSO, the colora-
tion was much weaker, which was indicative of lower
concentrations of the forming thiophenols), residual
elemental sulfur, and also resinous brownish deposit
(after evaporation of the solution), which is likely to be
oligomeric sulfur-containing products. This is consis-
tent with the results of studying the elemental sulfur
radiolysis in benzene under the action of ionizing radi-
ation [13].

Based on the experimental results and the data on
the chemical stages of benzene radiolysis [14], the fol-
lowing scheme can be proposed for the radiation-
chemical transformation of elemental sulfur in a non-
aqueous solvent:

C6H6 — N> C6l'lz)r + E,

solv
C¢Hg + 2, = C¢HE,
CH¥ — CH; + H’,
CeH; + Sy — CHy — Sy — C(H,S, +S,,
H' +S; — HS; - HS, +8,.

A fragment (a ring of y < 8 atoms or a linear dirad-
ical) of the sulfur molecule S is unstable and continue
to break up into smaller radical fragments, which,
as Sg, can enter into various processes, in particular,
add the thiophenyl radical:

CeHsS* + S, — CgH(S, 4 1),
CH,S* + Sg — CgHS—S;,
C H,S* + H* — C,H,SH,
2C4H,S* — C,HS—SCH;,
SH* + H* — H,S,

e > (solvated electron),

CeHSS, +8S,
2CHSS.
28,

ye

— products (including oligomers).

Not only the presence of organic fragments in the
structure of the sulfur-containing products can stabi-
lize the compound, this also can favor the solubility of
the polymer, which leads to its further participation in
radiation-chemical processes.

Thus, in benzene solutions in the presence of ionic
liquids, the radiation-chemical transformation of ele-
mental sulfur is primarily accompanied by the forma-
tion of thiophenols, and the process rate is much
higher than that in the absence of ionic liquids.

We previously showed that the polarity of a medium
influences the elemental phosphorus conversion to
phosphorus-containing polymers under the action of
ionizing radiation in the presence of ionic liquids [15].
In this study, we found that an increase in the polarity
of a reaction medium (by adding 5 mol % DMSO, sys-
tem XI) leads to the absence of thiophenols in the mix-
ture of final products and to an increase in the sulfur
conversion (to 0.97 as compared with 0.68 for similar
system IX containing no DMSO). This can be caused
by the ability of DMSO to oxidize thiols to disulfides.
The primary products (short-lived DM SO radical cat-
ion (CH;),S*= 0 and e') of DMSO radiolysis can also
be initiating agents in reactions in the studied systems.

The residual sulfur concentration versus irradiation
time plots are linearized in the coordinates (In[Sg])—?
for systems [ and XI and in the coordinates (1/[Sg])—¢
for systems II—X, which corresponds to the first and
second orders of reaction, respectively, with respect to
elemental sulfur (table). The process rate in the sys-
tems containing tetrafluoroborate ionic liquids is
higher, which can be due to the compactness of the
tetrafluoroborate anion in comparison with the triflu-
oromethanesulfonate and bis(trifluoromethylsulfo-
nyl)imide anions. The importance of the steric factor
is also indicated by the decrease in the effective reac-
tion rate constant with increasing chain length of the
allyl radical in the structure of the cation for phospho-
nium ionic liquids.

Thus, for the first time, we have studied the behav-
ior of elemental sulfur under the action of high-energy
radiation in a benzene solution in the presence of ionic
liquids. It has been shown that, on exposure to such
radiations, elemental sulfur in a benzene solution
transforms into sulfur-containing compounds,
including sulfur-containing oligomers. We have
detected no formation of polymeric forms of elemen-
tal sulfur at high degrees of polymerization in the stud-
ied systems. The presence of ionic liquids accelerates
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the transformation of elemental sulfur. The conversion
70—90% is reached at an adsorbed dose of 2—4 kGy.
By varying the structure of the ionic liquid present in a
reaction system, the characteristics of the system and
the process can be controlled. Varying the cationic part
of an ionic liquid has a stronger effect on the physico-
chemical characteristics (in particular, solvency) of
the system, whereas varying the anionic has a stronger
influence on the kinetic parameters of the elemental
sulfur transformation. The effective reaction rate con-
stants are higher for the systems containing tetrafluo-
roborate ionic liquids. For the systems Sg—CcHg and
S¢—CcH¢—DMSO—[n-Bu;OcP]BF,, the process was
of the first order with respect to elemental sulfur, and
for the systems Sg—CiH¢—ionic liquid, it was of the
second order with respect to elemental sulfur.
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