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A novel sulfur-based platelet derivative was synthesized by reacting elemental sulfur with oleyl amine. The

sulfur—oleyl amine (S—OA) derivative has an ionic salt form, layered morphology and forms a highly lamellar
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Sulfur is among the most abundant elements in the earth's
crust and the tenth most common element, by mass, in the
universe. Egyptians were using sulfur to bleach cotton fabric,
Greeks and Romans utilized it as an antiseptic and topical
pharmaceutical, while the Chinese were using sulfur in explo-
sives. In the modern age, a large excess of elemental sulfur is
produced as a by-product in the petroleum refining industry,
from the hydrodesulfurization process, leading the research
community to extensively investigate the conversion of
elemental sulfur to valuable products. Up to now, the most
important uses of elemental sulfur are the production of
sulfuric acid and fertilizer. However, the existing applications
have a relatively low sulfur demand with seven million tons
annual excess; which is stored in powder form or as solid bricks
in massive deposits.* Although sulfur has some very interesting
properties such as high electrochemical capacity,®* and high
refractive index,’ the synthesis of stable and high sulfur content
materials is still in its early stage of development. Subsequently,
the development of novel chemistry and processing methodol-
ogies for elemental sulfur utilization is of great importance.
Up to now, the synthesis of stable sulfur based polymeric
materials in one of the most challenging topics for sulfur
utilization, and during the last decade a great effort has been
made though the inverse vulcanization of elemental sulfur in
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structure. Polarized optical microscopy (POM) clearly shows the birefringent lyotropic liquid crystalline
behavior of the S—OA platelets dispersions.

the presence of divinylic species as a cross linker.*” On the other
hand, an alternative approach for sulfur utilization is the usage
of amine-elemental sulfur complexes for the synthesis of metal
sulfides nanoparticles.® Until now, a plethora of metal sulfide
nanoparticles, which are promising candidates for many tech-
nological areas, such as semiconductors, have been successfully
synthesized utilizing mainly amine-elemental sulfur
chemistry.>*°

Here, we are presenting the formation of a sulfur-oleyl
amine (S-OA) platelet derivative following a facile low temper-
ature methodology. The material was prepared unintentionally
while we were working on the synthesis of metal sulfides
utilizing amine-elemental sulfur solutions as a sulfur source.
After months we observed the formation of a goldish precipitate
that behaved similarly to other platelet materials which show
liquid crystalline behaviour such as graphene oxide, and
more."" ™ To the best of our knowledge this is the first example
of a sulfur/organic hybrid platelet derivative which furthermore
shows liquid crystalline behaviour.

Sulfur-oleyl amine solutions were prepare by adding 100-
600 mg of elemental sulfur powder (Aldrich, reagent grade) in
5 mL of oleyl amine (Aldrich >98% primary amine) in a 20 mL
vial. The mixture was heated up to 100 °C under gentle magnetic
stirring, until a clear dark red solution was formed. Subse-
quently, the samples remained at room temperature under
ambient conditions in a dark place, until a goldish precipitate
was formed. The precipitate was collected by discarding the
supernatant and washing by hexane. The washed S-OA deriva-
tive was finally dispersed in hexane or in toluene and stored in
a vial. Optical images of the S-OA goldish precipitate form the
oleyl amine/sulfur solution, as well in hexane after the material
purification are presented in Fig. S1, in the ESL7 It is worth to
mention that the sulfur to oleyl amine molecular ratio is very
crucial for the precipitation of the S-OA derivative. The material
was precipitated only when the S to OA molecular ratio is higher
than 0.8, while in the case of the S to OA molecular ratio is
smaller than 0.8 the solution remain clear dark red without any
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sign of precipitation. It is worth to mention that the procedure
is very slow, and the first sign of the goldish S/OA derivative
precipitation appears since the first two weeks, but a significant
precipitate was formed only after 3 months. Concerning the
physicochemical behaviour, the hybrid material is insoluble in
most common non-polar, such as hexane and toluene and quite
soluble in polar such as ethanol and acetone.

The XRD pattern of the corresponded S-OA derivative is
presented in Fig. 1a. The pattern shows clearly the formation of
a well formed lamellar structure. The five definite diffraction
peaks can be indexed as a periodic lamellar structure with
a layer spacing of ~3.8 nm, value which is close to the width of
an oleyl amine bilayer confirming indirectly that the platelets
are surface modified with oleyl amine molecules.” The XRD
pattern at higher angles (Fig. S2 in the ESIt) shows a broad peak
around 20 degrees which indicates the amorphous nature of the
S-OA derivative, with the presence of some low intensity narrow
peaks. The diffractions that are indicated with an asterisk
belong to the monoclinic elemental sulfur (JCPDS no 77-0145),
with the most characteristic at 23.04° which corresponds to the
(222) lattice. The elemental sulfur presence was also
confirmed by the TEM studies, that clearly show the formation
of elemental sulfur nanoparticles on the surface of the platelet
S-OA derivative (Fig. 1b and S37). These sulfur dots are spher-
ical in the shape with 5 nm mean diameter, their origin is
probably connected to the oxidation processes, but their pop-
ulation is very small. Furthermore, the TEM images, show that
the platelets are in the sub-micron size regime and are mostly
irregular in shape. The platelet structure of the S-OA derivatives
was additionally confirmed by AFM studies (Fig. 1c and S4+1). In
fact, AFM height analysis is in very good agreement with the
XRD results regarding the layer spacing of the platelets,
revealing a mean ~4 nm platelet thickness.

The distribution of S in the platelet material is also charac-
terized by elemental mapping analysis which is presented in
Fig. 2. From the images it is clear that both C and S were
uniformly distributed with-in the whole area indicating
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Fig.1 XRD pattern (a), TEM image (b), AFM image (c), and *H NMR (d)
of the S—OA platelet derivatives.
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Fig. 2 TEM image of the S—OA platelets derivatives (a) and the cor-
responding sulfur (S) and carbon (C) elemental mapping analysis
images.

a homogeneous S distribution in the hybrid platelet S-OA
derivatives.

Fig. 1c, shows the "H NMR spectra of oleyl amine and S-OA
derivatives. The majority of chemical shifts remain largely un-
changed in contrast with the N-H protons, however, show
a large drift from 1.17 ppm in oleyl amine to 3.22 ppm in the S-
OA derivatives. This behaviour shows clearly the high degree of
the amine protonation suggesting the formation of alky-
lammonium polysulfides.? It was also observed that the a-CH,
protons adjacent to the amine functional groups at 2.61 ppm
were influenced by the protonation and show slightly up field
chemical shift (peak b), however the methyl and other methy-
lene group peaks appeared without any change. It is interesting
to note that the unchanged alkene peak at 5.31 ppm suggests
the non-reactivity of sulfur with the double bond of the amine
molecule at the specific temperature range. Additionally, the
FT-IR spectroscopy studies, in agreement with the 'H NMR
data, show that the oleyl amine double bond remains intact and
a shifting of the N-H vibration at lower wavenumber indicating
that the oleyl amine molecule interacts through the amine
group (Fig. S57).

The Ci1s, N1s and S2p XPS spectra of the S-OA platelet
derivative are shown in Fig. 3. Interpretation of these spectra is
rather hard and kind of speculative given the XRD, TEM and
AFM data. Nevertheless, all three spectra imply partial oxygen
contamination of the material probably by incorporating dis-
solved oxygen during the heat treatment at 100 °C or during the
interaction with atmospheric oxygen with time because the
overall procedure take place under air atmosphere. Of high
importance is the dominance of protonated amine groups in
the nitrogen spectrum that suggests the ionic nature of the
derivative. In addition, the high binding energy contribution
can be attributed to moieties containing electronegative
elements as oxygen and/or sulfur. Furthermore, S2p spectrum
analysis is even more complicated as its proper fitting requires
the presence of at least three different sulfur species and
amongst them a low binding energy component at 161.9 eV
which indicates the presence of negatively charged sulfur

RSC Adv., 2018, 8, 41480-41483 | 41481
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Fig. 3 Cl1s, N1s and S2p XPS spectra of the S—OA platelet derivative.

atoms. The medium binding energy component at 163.7 eV
originates from elemental sulfur whereas the high binding
energy contribution suggests the presence of oxidized species."”
The oxidized species probably have the structure of ammonium
thiosulfate and they are formed via oxidation by humid air
according to the reaction (1)."”

Sg H,0, O,

R — NH, -$0:7 (1)

(RNH; "),

From the mechanistic point of view, it is well known for
decades that amines have a great tendency to dissolve elemental
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Fig. 4 Polarized optical microscopy images of S—OA platelet deriva-
tive dispersed in toluene (1.65 mg mL™). LC behaviour of S—OA
platelet dispersions: (a) drop on a glass slide with cover plate captured
at 70 °C (b) in a capillary tube (c) coexistence of isotropic and LC-
phase (d) flow induced birefringence. The scale bar is 50 pm for image
(@), and 100 um for the images (b)—(d).

sulfur producing colouring solutions. The initial stage involves
the nucleophilic attack through the long pair electron of the
nitrogen atom and consequently the sulfur ring opening and
the formation of an amine-polysulfide complex according to
the first step of the following reaction. This step is completely
reversible. In a second step (reaction (2)), proposed by Davis and
Nakshbendi,’” the amine-polysulfide complex reacts with
a second amine molecule leading to the formation of an open
chain alkylammonium N-polythioamine salt with a N-S bond.

R*NHz + Sg 2 RNH2+7S87 i (RNH3+)(RNH7587) (2)

In their work, they presented data from secondary amines
and short chain aliphatic primary amines such as n-butylamine.
More recent, Jordan W. Thomson et al.® in their work which
focuses on the octylamine-sulfur reaction, showed that at low
temperatures, sulfur-alkylamine solutions exist mainly as
alkylammonium polysulfides and upon heating the polysulfide
ions react with excess alkylamine producing thioamide with
simultaneous liberation of H,S. The H,S production is common
for both primary and secondary amines. Ethylenediamine is
producing H,S even at room temperature, while for octylamine
the H,S evolution takes place upon heating at 130 °C. In our
work the reaction of elemental sulfur with the oleyl amine takes
place at low temperatures (<100 °C), in order to avoid the
formation of thioamide or the formation of oleyl amine-sulfur
polymer, through the double bond opening, which were
synthesized at much higher, up to 180 °C, temperatures.*
Having into account the ionic nature of the S-OA derivatives
from the N1s XPS data we are speculating that these layered
derivatives have the salt structure of the second step of the
reaction (2) product. From the best of our knowledge, this
platelet S-OA derivative is synthesized for the first time.
Furthermore, it is the first time that an amine sulfur derivative

This journal is © The Royal Society of Chemistry 2018
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was isolated from the reaction mixture in a quite pure powder
form. Previous studies focused on sulfur-amine reactions
suffered from the inability to isolate the products from the
reaction mixture.

The birefringence and textures of S-OA platelet dispersions
in toluene were examined by polarized optical microscopy
(POM) operated in transmission mode under a Leica DM2500P
microscope, by looking at a drop of the dispersion on a glass
slide or in capillary tube. Images were captured with a Leica
DFC420 digital image acquisition camera using crossed polar-
izers. Representative POM micrographs are given in Fig. 4. POM
micrographs clearly show the birefringent lyotropic LC behav-
iour of S-OA platelet dispersions in toluene.

Summarizing, here we are presenting for the first time the
synthesis and isolation of a sulfur-oleyl amine platelet deriva-
tive. The material was synthesized under mild conditions, at
low temperatures, and has an ionic alkylammonium polysulfide
nature. Furthermore, the platelet S-OA derivatives shows lyo-
tropic liquid crystalline behavior up to 100 °C.
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