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lonic liquids (ILs) are widely used as versatile solvents for the synthesis of nanomaterials. However, the
effect of IL impurities on the formation of nanomaterials is often neglected. Herein, we report on the for-
mation of tellurium (Te) nanoparticles from the reaction of trialkylphosphane tellurides, formed by reactive
dissolution of Te in dried commercial trinexyltetradecylphosphonium chloride ([Pgge14lCl) at high temp-
eratures, with common polar protic solvents (e.g. water, alcohols, or amides). Highly homogeneous Te
nano- and microstructures with various sizes and morphologies including three-dimensional (3D) Te fusi-
form assemblies and 3D aloe-like Te microarchitectures are obtained. Our investigation shows that trace
amounts of HCl impurities in [Pgge14]Cl tend to remain as [Pgeg14l[HCl,] due to the strong interaction with
Cl™. The addition of a polar, protic solvent liberates active HCI from the HCl,™ anion which we found to
play an essential role in the formation of Te particles due to the accelerating effect of P-Te bond clea-
vage. This approach presents a general and convenient synthetic strategy for the preparation of Te nano-

rsc.li/dalton and microstructures.

1. Introduction

Tonic liquids (ILs) are, by definition, a family of molten salts
with melting points below 100 °C." In the past few decades,
ILs have become alternative solvents to traditional organic sol-
vents and brought a revolution in both academic and indus-
trial areas including catalysis, separation, organic synthesis,
and material sciences.”” The unique properties such as excel-
lent thermal stability, low vapor pressure, wide liquid range
and electrochemical window, and tunable solvent properties
are certainly the most highlighted and well-studied advantages
of ILs in literature and the reasons for their broad
application.®™*?

Toxicity, chemical reactivity, and impurity of ILs are rarely
reported,”* > and are typically considered as negative aspects
of ILs. For instance, impurities in ILs may significantly influ-
ence their chemical and physical properties, which may cause
non-uniform experimental data. Some examples: Suranna and
co-workers reported that the presence of halide impurities in
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1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF,])
has a detrimental effect on the activity of organometallic cata-
lysts towards Michael additions.’® Brutchey and co-workers
demonstrated that trace amounts of water, chloride, and
1-methylimidazole in [BMIm][BF,] cause polydisperse and irre-
gularly shaped ensembles of silver nanoparticles, and also
negatively influence the stabilization of the resulting
particles."”

On the other hand, impurities of ILs can play a positive role
in reactions. We previously showed that HCl impurity in
[Psss14]Cl leads to a surface activation of elemental copper,
promoting the formation of Cu;_,P with a high product
yield."” Another investigation revealed that trace amounts of
metal ion impurities in 1-ethyl-3-methylimidazolium chloride
([EMIm]CI), particularly Cu and Cr ions, promote reactions of
cellulose depolymerization drastically due to the significant
synergistic effect of metal halides and ILs."®'? This stimulated
us to continue exploring cases in which trace impurities com-
monly found in ILs have positive impacts on reactions.

Elemental tellurium (Te) is a typical p-type semiconductor
with a narrow band gap (0.35 eV) at room temperature, exhibit-
ing attractive physical and chemical properties with potential
applications in a variety of different areas such as gas sensing,
ion detection and removal, photoconductivity, and lithium-
tellurium batteries.>*>* Te nano- and microstructures are com-
monly synthesized using solution-based strategies, typically by
direct reduction of a Te precursor (e.g. a tellurite or tellurate)
in the presence of a surfactant like polyvinylpyrrolidone
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(PVP).>>*” Hence, the reaction systems become complicated.
In the present work, we developed a new and convenient syn-
thetic method for the creation of novel, complex 3D Te micro-
structures by exploiting the reaction of trialkylphosphane tell-
urides, formed by reactive dissolution of Te in dried [Pgge;14]Cl
at high temperatures, with polar protic solvents. The reaction
can be triggered by the amount of HCI in [Pges14]Cl. According
to our scanning electron microscopy (SEM) investigations, the
sizes and morphologies of Te particles can be tuned by varying
the polar protic solvents.

2. Experimental

2.1. Chemicals

Trihexyltetradecylphosphonium chloride ([Pegs14]Cl, >95%), tri-
hexyltetradecylphosphonium dicyanamide ([Peee14][N(CN),],
>95%), and trihexyltetradecylphosphonium  decanoate
([Pess14][decanoate], >95%) were purchased from io-li-tec,
Germany. Te powder (Te, —325 mesh, 99.99%) was purchased
from ABCR GmbH, Germany. All the organic solvents were pur-
chased from Sigma-Aldrich. The typical drying of ILs was per-
formed under dynamic vacuum at 110 °C overnight. The HCI
impurity in commercial [Pgg614]Cl was removed by neutraliz-
ation with a sodium hydroxide solution, as previously
described.'” The Te powder was reduced in an H, atmosphere
at 400 °C for 7 h. All other chemicals were used as received
without further purification.

2.2. Preparation of Te solution in [Pgee14]Cl, [Pess14][N(CN)s],
and [Pge614][decanoate]

The Te solution in ILs was prepared according to our pre-
viously reported method.'* Taking Te solution in [Peee14]Cl as
an example, 12 mg Te powder was added to 4 g [Pgee14]Cl in an
Ar-filled glovebox. The mixture was transferred into a 25 mL
Teflon lined stainless steel autoclave in the glovebox. The auto-
clave was sealed, taken out of the glovebox, and then placed in
an oven at 250 °C for 48 h. After the autoclave was cooled
down to room temperature, a clear, light yellow Te solution
was obtained as the unsaturated Te solution. If more Te
powder (e.g. 20 or 24 mg) was used in the dissolution test,
some undissolved Te powder was observed. The saturated Te
solution was obtained by removal of the undissolved Te
powder.

2.3. General synthesis of Te nano- and microstructures using
protic solvents

Taking ethanol as an example, typically, 0.5 mL Te solution in
[Pess14]Cl was placed in a 5 mL screw-cap glass bottle. Then
2 mL ethanol was added to the bottle immediately. The
mixture was shaken strongly until a permanent black precipi-
tate formed. Normally, this process needs less than one
minute. The precipitate was separated by centrifugation,
washed with acetone or toluene first and then with ethanol for
several times. For water and ethylene glycol, a longer time is
required to achieve Te precipitation.
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2.4. Materials characterization

Powder X-ray diffraction (PXRD) patterns were typically
recorded using a PANalytical X’Pert Pro diffractometer with
Cu-K,1 radiation (4 = 154.0562 pm). The scanning electron
microscopy (SEM) images were obtained at 3 kV using a
Hitachi SU8020 field emission SEM coupled with energy-dis-
persive X-ray spectroscopy (EDX; Oxford X-Max"). NMR spectra
were measured on a Bruker AVANCE III HDX, 500 MHz Ascend
(*'P (202.45 MHz); "Te (157.78 MHz)) equipped with a
Prodigy-Cryo Probe. Chemical shifts were referenced to
S1,p0,(85%) = 0.00 ppm (31P) and Sye,re = 0.00 ppm (**°Te).
Chemical shifts (6) are reported in ppm. Coupling constants
(J) are reported in Hz.

3. Results and discussion

The phosphonium IL [Peee14]Cl was dried at 110 °C overnight
under dynamic vacuum prior to use. The trialkylphosphane
tellurides were prepared by dissolving Te in [Pgee14]Cl at high
temperatures according to our previous report.'* For conven-
ience, the trialkylphosphane tellurides obtained by dissolving
Te in [Pgee14|Cl are defined here as “Te solution in [Pgee14]Cl”.
In order to obtain Te nano- and microstructures, various sol-
vents were tested (Table S1;i see Experimental section for
more details). Both non-polar solvents (e.g. n-hexane, toluene,
chloroform, or diethyl ether) and polar aprotic solvents (e.g.
tetrahydrofuran, ethyl acetate, acetone, dimethylformamide,
acetonitrile, or dimethyl sulfoxide) are miscible with trialkyl-
phosphane tellurides in [Pggs14]Cl without Te precipitation,
whereas polar protic solvents (e.g. water, alcohols, amides, or
carboxylic acids) cause Te precipitation with a variety of sizes
and morphologies of the obtained Te particles.

3.1. Synthesis of Te nano- and microstructures using
alcohols

The precipitation of Te powder from Te solutions in [Pgge14]Cl
depends slightly on the alkyl chain length of the applied
monohydric alcohol (see Experimental section for more
details). Ethanol can cause precipitation within a few seconds
by mixing it with Te solution in [Pees14]Cl. With increasing
alkyl chain length of the alcohols (n-butanol, n-hexanol,
n-octanol, and n-decanol), the precipitation of Te powder took
a verifiably longer time but not more than one minute. The
precipitates were identified as crystalline Te by powder X-ray
diffraction (PXRD; Fig. 1) and energy-dispersive X-ray spec-
troscopy (EDX; Fig. S1f). All reflections can be indexed with
the trigonal unit cell of Te in space group P3,21 (ICSD no.
76150).>% The SEM images (Fig. 2a—e) display that all obtained
Te particles have quite homogeneous fusiform morphologies
with lengths of 300-400 nm. With increasing alkyl chain
length of the alcohols, these Te fusiforms maintain similar
sizes and shapes but their edges become slightly sharper. The
high-magnification SEM image (Fig. 2f) clearly reveals that a
single Te fusiform is composed of even smaller Te nanofusi-

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 PXRD patterns (Cu-Kay) of Te powders obtained by mixing
monohydric alcohols with Te solution in [Pgge14]CL.

Fig. 2 SEM images of Te particles obtained by mixing Te solution in
[Pes614]Cl With ethanol (a), n-butanol (b), n-hexanol (c), n-octanol (d), or
n-decanol (e) (scale bar, a—e, 300 nm). SEM image of a single 3D micro-
fusiform particle obtained in n-butanol (f).

forms with lengths of 50-400 nm, i.e. Te nanofusiform assem-
blies form a Te microfusiform.

The mixture of 2 mL ethylene glycol and 0.5 mL Te solution
in [Pgee14]Cl turned out to be immiscible. Nonetheless, when
these two phases were placed statically under air for several
hours, a dark precipitate was observed in the upper IL phase
(Fig. S2aft). The formation of crystalline Te was confirmed by
PXRD. The SEM images are shown in Fig. 3. The low-magnifi-
cation SEM image (Fig. 3a) demonstrates the overall mor-

Fig. 3 SEM images of obtained Te particles using ethylene glycol as the
protic solvent.
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Fig. 4 SEM images of obtained Te nanoparticles using allyl alcohol (a)
or propargyl alcohol (b) as the protic solvent.

phology of aloe-like Te microstructures with a diameter of
approximately 1.3 pm. The high-magnification SEM image in
Fig. 3b shows that these microstructures are assemblies of
lancets with typical lengths of about 600 nm in various direc-
tions. The rough surfaces of these lancets are clearly visible in
Fig. 3b.

As shown in Fig. 4, polyhedral nanoparticles of crystalline
Te (as evidenced by PXRD) with diameters of about 50 nm
were synthesized in the presence of allyl alcohol or propargyl
alcohol as examples of unsaturated alcohols.

3.2. Synthesis of Te microstructures using amides

Protic amides, such as formamide and N-methylformamide,
also lead to the formation of crystalline Te powders according
to PXRD. Fig. 5a and b show the corresponding SEM images
obtained from formamide, displaying also the formation of
fusiform assemblies. However, the sizes with lengths of about
100 nm are much smaller than those obtained from monohyd-
ric alcohols.

In contrast, Te particles obtained from N-methylformamide
(Fig. 5¢ and d) show aggregates of intergrown elongated par-
ticles with diameters of approximately 400-600 nm (Fig. 5c).
The magnified image reveals that each of these Te particles
consists of much smaller, intergrown nanoparticles (Fig. 5d).

Fig. 5 SEM images of obtained Te particles using formamide (a, b) or
N-methylformamide (c, d) as the protic solvent.

Dalton Trans., 2020, 49, 1891-1896 | 1893
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3.3. Synthesis of Te nanostructures using carboxylic acids

Carboxylic acids, such as formic acid, acetic acid, and propio-
nic acid, lead quite rapidly to the precipitation of Te particles
when mixed with Te solution in [Peee14]Cl. SEM images reveal
the formation of Te nanoparticles with a size of 30-50 nm,
without creating complex 3D Te architectures (Fig. S37).

3.4. Synthesis of Te microstructures using water

Water, as one of the most widely used solvents, also leads to
the formation of Te microstructures. Similar to ethylene glycol,
2 mL water added to a 0.5 mL Te solution in [Peee14]Cl shows
immiscibility. A dark Te precipitate formed in the upper IL
phase (Fig. S2bf) when the water and Te solution phases were
placed statically overnight. The formed Te precipitate consists
of fusiform assemblies with typical lengths of about 4 pm,
which are much larger than those obtained from monohydric
alcohols (SEM image in Fig. S47).

3.5. Possible formation mechanism

As previously reported by us, relatively high amounts of Te
powder can be dissolved in certain phosphonium-based ILs,
such as trihexyltetradecylphosphonium  dicyanamide
([Pes614]IN(CN),]), trihexyltetradecylphosphonium decanoate
([Psss14][decanoate]), and tetrabutylphosphonium decanoate
([P,444][decanoate]).’* NMR investigations show that the qua-
ternary phosphonium cations undergo an Sy2-type reaction to
the respective trialkylphosphane telluride via the elimination
of one of the alkyl chains. This process takes place at relatively
high temperatures in the presence of Te and leads to its dis-
solution in the phosphonium-based ILs. In the case of [Psee14]
Cl, however, a very limited Te solubility was observed for both
saturated and unsaturated Te solutions (for details see
Experimental section) indicated by the absence of the respect-
ive resonances in the '**Te NMR spectra due to the very low
concentration of dissolved Te-based species. In order to
increase the concentration and to obtain meaningful '*°Te
NMR spectra, for both cases, the excess of [Pggs14]Cl was
removed via flash chromatography and the resulted solutions
are accordingly denoted as Teg,; and Teyngat-

The *'P NMR spectrum in Fig. 6b for Teg, indicates an
upfield shifted resonance at §(*'P) = —13.6 ppm compared to
that of the pure [Pe614]Cl (5(*'P) = 33.2 ppm).>® The large Jpre
coupling constant of 1665 Hz is in the range of typical phos-
phane tellurides.>® The corresponding '*Te NMR spectrum
(Fig. 6d) shows one doublet resonance at &(**°Te) =
—778.8 ppm with the same coupling constant “Jr.p = 1665 Hz.
Both *'P and '*Te NMR spectra evidence a P-Te bond for-
mation and the formation of trialkylphosphane tellurides. For
Teunsat, however, the corresponding *'P and '**Te NMR spectra
(Fig. 6a and c¢) show only one single resonance (5(*'P) =
-22.7 ppm, and §(**°Te) = —781.7 ppm), respectively. The
spectra variations between Teg, and Te,ns, indicate that a
rapid exchange between the free phosphane and phosphane
tellurides happens, reaching a dynamic equilibrium. Based on
the above investigations, we can conclude that trialkylpho-
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Fig. 6 3P NMR spectra of Teynsat (@) and Tegy (b) as well as 25Te NMR
spectra of Teynsat (€) and Teg,, (d) solution in [Pgeg14]Cl after removal of
excess of ILs via flash chromatography.

sphane tellurides form according to the reaction of [Pgee14]Cl
with elemental Te via nucleophilic attack of Cl™ at a relatively
high temperature, which are well comparable with those of Te
solution in [Peee14][N(CN),] and [Pegs14][decanoate].**

The Te solution in [Pgee14][N(CN),] or [Pggs14][decanoate]
was also tested for the Te precipitation reactions with an
alcohol, but no precipitates were observed (Fig. S51). This
finding indicates that the Te precipitation reaction seems to
only happen in the chloride system (e.g. [Pgss14]Cl). It is well
known that commercially available [Pgge14]Cl usually contains
around 0.1-0.5% HCI as a result of its preparation,'””' and
this impurity is difficult to remove using standard Schlenk line
technique. From our findings, we can conclude that the pres-
ence of HCI impurities in [Pggs14]Cl decreased the solubility of
Te (Fig. S6%). Although the presence of HCl impurity seems to
reduce the solubility of Te in [Pgee14]Cl, it plays at the same
time an essential role in the formation of Te microstructures
after the addition of polar protic solvents. We verified this
hypothesis by the neutralization of commercially available
[Pess14]Cl with sodium hydroxide solution to remove all HCl
impurities and subsequently extensive drying on the Schlenk
line. The neutralized and dried [Pgee14]Cl failed to form Te pre-
cipitation when contacted with alcohols (e.g. ethanol).
However, when alcohols were replaced by carboxylic acids (e.g
acetic acid) to mix with the purified Te solution in [Pgge14]Cl, a
very fast precipitation occurred and was identified to be crys-
talline Te by PXRD.

Based on our findings, we believe that (A) the trialkylpho-
sphane tellurides formation with Te dissolving in [Peee14]Cl
and (B) the appropriate acidity combination from both HCI
impurity and polar protic solvents are crucial for the formation
of Te particles. The acidity of the added carboxylic acids is
strong enough for a rapid P-Te bond cleavage, either in the
presence or absence of HCI impurity in [Peee14]Cl, resulting in

This journal is © The Royal Society of Chemistry 2020
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the Te nanoparticles precipitation. In contrast, if protic sol-
vents (e.g. water, alcohols, or amides) that possess a much
lower pK, value compared to our tested acids, the HCI in
[Pes614]Cl turns out to be vital for 3D complex Te microstruc-
tures formation.

Morris and co-workers pointed out the so-called water de-
activation effect in ILs, which at low concentrations the water
is significantly deactivated through strong interaction with the
anions of ILs, and exists as isolated single molecules or as
small cluster assemblies.**** Similarly, trace amounts of HCI
in [Pggs14]Cl are coordinated with chloride ions to form HCI,™
anions as previously reported (eqn (1)).**

Cl” +HCl = HCl," (1)

The addition of protic solvents to the mixture of [Peeg14]Cl/
[Pess14][HCL,] liberates HCl, which leads to an increase in
acidity and an accelerated cleavage of P-Te bonds. The mor-
phologies and sizes of obtained Te particles are reproducible
independent of the batches of commercial [Pgge4]Cl with
slightly varying HCI concentration.

4. Conclusions

In summary, a variety of Te nano- and microstructures includ-
ing 3D fusiform assemblies, 3D aloe-like architectures, and
nanoparticles are obtained based on a convenient synthesis
via the reaction of HCI containing Te solution in [Pgge14]Cl
with polar protic solvents. Studies demonstrate that trace
amount of HCI impurities in [Pggg14]Cl affects the formation of
Te nano- and microstructures. Low concentration of HCI in
[Pess14]Cl tends to be deactivated through strong interaction
with chloride ions to form HCI,” anions. The addition of
protic solvents liberates HCl from the HCIl,” anion which
prompts P-Te bond cleavage and formation of Te particles.

Currently, most reports of nanoparticles preparation in ILs
do not include a careful analysis of their impurities.
Considering that the impurities in ILs may affect the quality of
nanoparticles, they should not be underestimated. The present
investigation shows that trace impurities in ILs can be utilized
as a tool to establish new strategies for inorganic material syn-
thesis. However, the impact of IL impurities on the particles
formation needs to be well understood.
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