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nanocrystalsy
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Kurt Krenn® and Gregor Trimmel®

Herein, we investigate a synthetic approach to prepare copper indium sulfide nanocrystals at room
temperature. The nanocrystals have a chalcopyrite crystal structure, a diameter of approximately 3 nm
and are well soluble in organic solvents like toluene or chloroform. The synthesis is performed by
dissolving metal xanthates as precursors together with oleylamine in toluene followed by stirring for
several hours at room temperature leading to nanocrystals stabilized with oleylamine ligands. The
nanoparticles are characterized in terms of inner structure by X-ray diffraction, transmission electron
microscopy, Raman-, absorption- and photoluminescence spectroscopy. Their formation process is
investigated by small angle X-ray scattering, UV-Vis absorption spectroscopy and NMR spectroscopy.
The formation of the copper indium sulfide nanocrystals proceeds via a chemical reaction of the amine
with the thiocarbonyl functionality of the xanthate. The presented method exemplifies a synthesis
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Introduction

Metal chalcogenide nanocrystals and nanomaterials have
attracted a lot of attention during the last decade because of
their interesting optical and electrical properties due to
quantum confinement effects based on variations in size and
shape and due to chemical tuning of the chemical composition
and the ligand environment. The progress in synthetic routes,
their properties as well as possible applications are discussed in
several reviews (e.g. ref. 1-6).

Copper indium sulfide (CulnS,) nanocrystals are an inter-
esting alternative to cadmium or lead based II-VI materials.
Copper indium sulfide is a non-toxic and environmentally
stable material and has a high absorption coefficient and
a direct band gap of 1.5 eV.” Furthermore, its luminescent
properties and a large Stokes shift make this semiconductor
interesting for various applications.® Therefore, CulnS, nano-
crystals find applications in numerous fields® including bio-
imaging,'® photocatalysis," light emitting diodes'” and, in
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strategy, which can be easily expanded to other metal sulfide nanocrystals.

particular, solar energy conversion devices like semiconductor
sensitized mesoscopic solar cells,”*** quantum dot solar cells,*®
as well as hybrid bulk heterojunction polymer/nanoparticle
solar cells.””*®

For the synthesis of copper indium sulfide nanoparticles,
numerous routes are reported, whereby a majority of them can
be referred to as colloidal synthesis routes (heat up and hot
injection syntheses), solvothermal routes as well as in situ
syntheses in a polymeric matrix material.>***> Almost all of
these routes involve heat treatment at a certain stage in the
synthetic procedure.

However, some protocols for room temperature synthesis
have been also already developed, which is particularly inter-
esting in terms of energy-efficiency and sustainability. In some
of them, sulfur sources like hexamethyldisilathiane, which react
at room temperature with the copper and indium salts, are
used.”?* In others, the energy needed for the reaction is intro-
duced by UV-light. Examples for this are the synthesis of CulnS,
nanocrystals at room temperature by Nairn et al,” who
prepared CulnS, nanocrystals in an organic solvent by photo-
chemical decomposition of a single-source metal-thiolate
precursor, or the formation of nanocrystalline CulnsS, layers by
UV-irradiation of a mixed copper and indium xanthate film
under reduced pressure.”® In contrast to that, the formation of
CulnS, using xanthate precursors usually proceeds via
a thermal decomposition at elevated temperatures. Examples
are the preparation of CulnS, nanoparticles from the corre-
sponding copper and indium ethyl xanthates at 196 °C using
glycol as solvent® or at 210 °C using trioctylamine as solvent

This journal is © The Royal Society of Chemistry 2016
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and oleylamine/trioctylphosphine as ligands.*® Alternatively,
a mixture of Cu and In xanthates (named as CIX) were decom-
posed at a temperature of 110 °C using o-dichlorobenzene as
solvent and oleylamine/trioctylphosphine as ligands* or, in
comparison to that, poly(3-hexylthiophene) as polymeric
ligand.*® In this latter paper, the conversion to CulnS, takes
place in the presence of the polymer in solution. Alternatively,
the precursors can be directly converted to metal sulfides in
a thin film of a conjugated polymer, as we showed using
dimethylpentyl xanthates of copper and indium for the fabri-
cation of CulnS,-polymer hybrid solar cells."”'®* However, this
approach requires temperatures above 160 °C, usually 200 °C.
Recently, we have demonstrated that the addition of a small
amount of hexylamine can reduce the conversion temperature
in this approach to 140 °C.*! In this case, hexylamine induces
the partial decomposition of the metal xanthates via a direct
chemical reaction forming the corresponding thiocarbamate
compound, whereas supposedly most of the metal xanthate still
reacts via the thermally induced Chugaev reaction, ie. the
xanthate decomposes to a volatile alkene, COS and the metal
sulfide. The Chugaev mechanism was also postulated for the
overall reaction of the corresponding O-hexadecyl metal
xanthates with long chain alkyl amines giving metal sulfide
nanoparticles (CdS, ZnS, PbS, MnS, CuS, NiS, and HgS).** Here,
mild reaction temperatures and subsequent annealing at
elevated temperatures yielded nanoparticles with high photo-
luminescence quantum yields. Amines were also investigated as
catalyst and stabilizing ligand in solvothermal synthesis routes
of metal sulfide nanoparticles using the chemically similar
metal dithiocarbamate precursors, e.g. for the preparation of
ZnS or SnS nanocrystals.**?*

In the present work, we investigate the synthesis of CulnS,
nanocrystals from the direct reaction of oleylamine with
a mixture of copper and indium xanthates in solution at room
temperature. Thereby we focus, besides the characterization of
the properties of the formed nanocrystals, also on the investi-
gation of the chemistry behind the conversion of the metal
xanthates to the CuInS, nanocrystals and their growth by time
resolved small angle X-ray scattering (SAXS), UV-Vis and NMR
spectroscopy.

Experimental
Materials and nanocrystal synthesis

For the synthesis of the CulnS,-nanocrystals metal dithiocar-
bonates, also referred to as metal xanthates, were used. Copper-
0-2,2-dimethylpentan-3-yl-dithiocarbonate and indium-0-2,2-
dimethylpentan-3-yl-dithiocarbonate were synthesized accord-
ing to a previously published procedure."” For the nanocrystal
syntheses, which were carried out in nitrogen atmosphere in
a glove box, 161 mg copper-O0-2,2-dimethylpentan-3-yl-
dithiocarbonate (0.63 mmol) and 430 mg indium-0-2,2-
dimethylpentan-3-yl-dithiocarbonate (0.63 mmol) were dis-
solved in 10 mL of degassed toluene. To induce the nanoparticle
formation, 1 mL (3.04 mmol, 1.2 equiv. to xanthate groups)
degassed oleylamine was added to the yellow solution, which
turned red immediately after the addition of the amine. The
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reaction solution was stirred at room temperature (25 °C) for
72 h and the progress of the nanoparticle formation was studied
by UV-Vis and SAXS measurements in periodic intervals.

The CdS nanocrystals were prepared analogously to the
CulnS, nanocrystals. Here, 308 mg cadmium-0-2,2-
dimethylpentan-3-yl-dithiocarbonate (0.63 mmol), synthesized
according to ref. 35, was dissolved in 10 mL degassed toluene
followed by adding 1.6 mL oleylamine (4.92 mmol, 4 equiv. to
xanthate groups). The solution was then stirred for 3 days in
inert atmosphere at room temperature.

Characterization techniques

X-ray diffraction measurements were performed on a Siemens D
501 diffractometer in Bragg-Brentano geometry operated at 40
kv and 30 mA, using Cu K, radiation and a graphite mono-
chromator at the secondary side. Confocal Raman spectra have
been obtained with a Raman microspectrometer HR-800
(HORIBA Jobin Yvon) using a 50 mW Ar'-laser with a wave-
length of 532.12 nm (irradiation time 10 s; 5 times accumula-
tion; pinhole 100 pm). Spectra were recorded unpolarized.
Axially viewed inductively coupled plasma optical emission
spectrometry (ICP-OES, Ciros Vision EOP, Spectro, Kleve, Ger-
many) was used for the quantification of Cu (324.754 nm), In
(230.606 nm) and S (180.731 nm) after microwave assisted
digestion (Multiwave 3000, Anton Paar, Graz, Austria) of the
sample in HNO; (240 °C at 40 bar).

For transmission electron microscopy (TEM), samples were
prepared by dropping a nanoparticle solution (solvent: toluene)
onto a nickel-TEM-grid (Quantifoil) with a carbon film and
subsequent evaporation of the solvent at room temperature.
TEM images as well as EDX spectra were acquired on a Tecnai
F20 microscope (FEI Company) equipped with a Schottky
emitter, an energy dispersive X-ray spectrometer and a high
resolution Gatan imaging filter (HR-GIF) with an UltraScanCCD
camera. Selected area electron diffraction (SAED) was per-
formed on a FEI Tecnai 12 electron microscope.

The equipment for small angle X-ray scattering (SAXS) con-
sisted of a high-flux SAXSess camera (Anton Paar, Graz, Austria)
connected to a Debyeflex 3003 X-ray generator (GE-Electric,
Germany), operating at 40 kv and 50 mA with a sealed-tube
Cu anode. The Goebel-mirror focused and Kratky-slit colli-
mated X-ray beam was line shaped (17 mm horizontal dimen-
sion at the sample). The scattered radiation was measured in
the transmission mode and recorded by a one-dimensional
MYTHEN-1k microstrip solid-state detector (Dectris Switzer-
land), within a g-range (with g being the magnitude of the
scattering vector) of 0.1 to 5.0 nm ™. Using Cu K,, radiation with
a wavelength of 0.154 nm and a sample-to-detector distance of
307 mm, this corresponds to a total 26 region of 0.14° to 7°,
applying the conversion g [nm~'] = 4m(sin §)/A with 26 being
the scattering angle with respect to the incident beam and A the
wavelength of the X-rays.

Samples were filled into a 1 mm (diameter) reusable quartz
capillary (wall thickness 10 pum) with vacuum-tight sealing
screw-caps at both ends. All measurements of the samples in
the capillary were done in vacuum. The used SAXS curves for the
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evaluation were placed on an absolute scale with water as the
secondary standard.®®

The radius of gyration (Rg) or Guinier radius, which is an
estimate for the particle diameter, was directly approximated
using the linear region (low g) from the SAXS data via the
Guinier plot (In I(q) vs. ¢°). The volume or intensity weighted
size distribution functions Dy(R) and Dy(R) were calculated from
the scattering data using the indirect Fourier transformation
method.”

UV-Vis absorption spectra were measured on a Shimadzu
1800 spectrophotometer. Photoluminescence (PL) studies were
performed on a F-7000 fluorescence spectrophotometer from
Hitachi.

FT-IR spectra were acquired using a Bruker Alpha FT-IR
spectrometer. All FT-IR spectra of the samples were recorded
in transmission mode (films on silicon wafers, spectral range
between 4000 and 800 cm™%).

Thermal gravimetric analyses (TGA) were performed on
a Netzsch Jupiter STA 449C. All measurements were carried out
in helium atmosphere and a heating rate of 10 °C min~" from
room temperature to 550 °C.

NMR spectroscopy (*H, '*C) was carried out on a Bruker
Avance 300 MHz spectrometer. Deuterated solvents (CDCl;)
were obtained from Cambridge Isotope Laboratories Inc. The
NMR spectra were referenced to solvent residual peaks
according to values given in the literature.*®

Results and discussion
Nanocrystal synthesis

The synthesis of the CulnS, nanoparticles was carried out at
room temperature using copper and indium xanthates as
precursors. Their chemical structures are depicted in Fig. 1.
These metal xanthates bear branched alkyl chains, which
enable their solubility in non-polar organic solvents such as

S
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o
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d

Fig. 1 Schematic illustration of the formation of the copper indium
sulfide nanocrystals (stabilized by oleylamine ligands) at room
temperature, chemical structures of the precursors and photographs
of the solution at the start (directly after adding oleylamine) and at the
end of the reaction time.
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chloroform, toluene or chlorobenzene. The formed solutions
are stable over weeks when kept at room temperature. However,
by addition of alkyl amines, such as hexylamine, the solutions
turned turbid some time afterwards and a dark precipitate of
metal sulfides was formed after some hours or days depending
on the concentration of the amine. Hexylamine reacts with the
metal xanthates and the corresponding organic thiocarbamate
compound (R-NH-CS-O-R’) and metal sulfides are formed in
an uncontrolled way. However, by replacing hexylamine with
the long-chained oleylamine, which is a common capping
ligand for metal sulfide nanoparticles,*® oleylamine controls the
growth and stabilizes the formed copper indium sulfide, which
leads to a defined growth of CulnS, nanocrystals. The reaction
scheme is illustrated in Fig. 1.

The copper and indium xanthates form a yellow solution
when dissolved together in toluene. After the addition of
oleylamine, the solution turns dark red within several seconds.
In the UV-Vis spectra in Fig. 2, it can be seen that the visual
observation of the dark red color is based on a shift of the
absorption onset from 470 to 570 nm and the presence of an
additional absorption peak with a maximum at 750 nm. The
absorption peak decreases and the dark red color fades again in
the next few minutes of the reaction (the absorption peak at
750 nm vanishes completely). This indicates the temporary
formation of a metal-amine complex in which the amine as well
as the xanthate groups are coordinated to the copper or indium
central atom. A similar intermediate was found in the reaction
of zinc dithiocarbamates with octylamine by Jung et al.*® In the
further course of the synthesis, the light red solution gradually
turns red brown and finally into a dark brown solution and the
absorption onset shifts from below 600 nm to about 700 nm.
After a reaction time of 10 h, this onset shift slows down
significantly, as can be also seen in Fig. 2 in the UV-Vis spectra
measured in situ during the synthesis.

Typically after 72 h, the reaction is stopped by the addition of
methanol, leading to precipitation of the formed nanocrystals.
Then, the nanoparticles are purified by repeated dissolution in
chloroform and subsequent precipitation into methanol,
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Fig. 2 Progress of the reaction in the first 35 h followed by UV-Vis
spectroscopy.
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whereby excess oleylamine is removed and a brown powder is
yielded which is well soluble in organic solvents leading to dark
brown solutions. Extending the reaction time to some more
days does not change the color of the reaction solution any
more. Also from NMR spectroscopy measurements, performed
at certain times during the synthesis, it can be concluded that
all xanthate groups have reacted and thus no reactive species
can be formed any more which could drive the reaction further.
For example, after two days of reaction, the broad peaks at
230 ppm for the carbon of the dithiocarbonate group (metal-S-
C(S)-O-R) and -O-CHR, at 98 ppm in the "*C NMR spectrum
and the peak at 5.04 ppm for the -O-CHR, in the "H NMR
spectrum have vanished completely (see also Fig. 9 and
discussion). It has to be mentioned that, although the pure
copper and indium xanthates have different chemical shifts for
the thiocarbamate as well as for the ~-O-CHR, protons, only one
set of broad signals of the xanthate groups can be detected
during the reaction.

Structural, optical and thermogravimetric characterization

The crystallinity, primary crystallite size and crystal structure of
the synthesized nanoparticles after purification by repeated
precipitation in methanol are investigated by powder X-ray
diffraction. The diffraction pattern depicted in Fig. 3A reveals
four broad peaks with maxima at 19.8, 28.0, 46.6 and 54.9° 26.
The first peak at 20° 20 stems from the capping agent oleyl-
amine®” and all the other peaks can be ascribed to chalcopyrite
CulnS, and match well with the reference pattern for tetragonal
CulnS, (PDF 01-75-0208). The distinct diffraction peaks, which
are also comparable to others reported for CulnS, nanoparticles
prepared at higher temperatures,*-**** indicate a good crystal-
lization of the nanoparticles even at room temperature. From
the broadening of the peaks and using Scherrer equation,
a primary crystallite size of 2-3 nm is estimated.

Also the Raman spectrum proves the presence of chalcopy-
rite CulnS, nanocrystals. The spectrum in Fig. 3B, shows two
broad peaks, which are partly overlapping, with maxima at 295
cm ' and 335 cm ™. The first peak at 295 cm ' stems from the A
mode and the peak at 335 cm ' can be assigned to the Efo/
Bj1o modes of chalcopyrite CulnS,.**
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The shape and size of the nanocrystals were investigated by
transmission electron microscopy (TEM) shown in Fig. 4. The
formed nanocrystals display an average diameter of approx.
3 nm. The nanocrystals exhibit a globular shape and a compa-
rably narrow particle size distribution. The diameters of several
nanocrystals, determined from the TEM images, are given in
Fig. S1 in the ESL.{ The low contrast of the nanocrystals to the
carbon supporting film is due to the small size of the nano-
particles. In the HR-TEM image, see inset in Fig. 4, lattice
fringes can be observed. The selected area electron diffraction
(SAED) pattern, presented in the inset of Fig. 4, shows diffrac-
tion rings, typical for nanocrystalline samples without prefer-
ential order of the nanocrystals. The positions of the main
diffraction rings in the pattern (112, 7 = 3.08 nm™'; 204/220, r =
5.09 nm '; 116/312, r = 6.02 nm ") are also in good agreement
with reference data for chalcopyrite CulnS, (PDF 01-75-0208).
The corresponding radial intensity profile is shown in the ESI
(Fig. S2t). TEM-EDX measurements reveal an almost stoichio-
metric Cu : In ratio in the nanocrystals of 55 : 45 at%. ICP-OES
measurements confirm this result giving a Cu:In ratio of
53 :47 at%. Additionally, they disclose that the prepared

Fig. 4 TEM-micrograph, SAED pattern and HR-TEM image of the
synthesized nanocrystals.
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Fig. 3 X-ray diffraction pattern (A) and Raman spectrum (B) of CulnS, nanocrystals synthesized at room temperature.
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nanocrystals are sulfur-rich (atomic ratio of Cu:In:S =
1:0.90: 2.61).

The particle size of about 3 nm as obtained from TEM
measurements is additionally confirmed by SAXS measure-
ments. In Fig. 5A, the corresponding SAXS curve is presented
and by an analysis of the data via the Guinier plot, a radius of
gyration (Rg) of 1.06 nm can be extracted from the SAXS data.
This corresponds to a diameter of the nanocrystals of 2.74 nm
and matches well with the nanoparticle sizes observed by TEM.

The UV-Vis absorption data, presented in Fig. 5B, reveal an
absorption onset at around 800 nm and a steep increase of the
absorption towards lower wavelengths. In addition, a weak
excitonic peak present as a shoulder around 620 nm can be
noticed in the spectrum. The prepared CulnS, nanoparticles
also show a characteristic PL emission peak with a maximum at
815 nm (1.52 eV).>*%%

These structural and optical characterizations show that the
properties of these nanocrystals prepared at room temperature
are comparable to CulnS, nanocrystals prepared by colloidal
synthesis routes at temperatures around 200 °C.*° The size of
the synthesized nanocrystals is quite small, however, they
clearly exhibit a chalcopyrite crystal structure and the particle
size distribution is quite narrow, even though they are prepared
at room temperature without a special hot injection protocol.
Also, the absorption and emission properties are comparable to
CulnS, nanocrystals prepared via conventional syntheses.

From the IR spectra in Fig. 6A, it can be seen that no metal
xanthates remain in the final nanocrystal samples as in this
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spectrum none of the characteristic IR-bands of the copper or
indium xanthates, e.g. the bands at 1238 and 1203 cm ™'
(asymmetric C-O-C stretching vibrations) and the bands at
1047 and 1017 cm ™' (C-S stretching vibrations), can be identi-
fied. In the nanocrystal sample, only the IR-bands typical for
oleylamine, which are e.g. the stretching vibration of NH (R-
NH,) at 3233 cm ', the asymmetric and symmetric C-H
stretching modes at 2919 and 2850 cm ™" and the C-H defor-
mation vibration at 1443 ecm™!, are found.*® The vibration
modes of oleylamine are slightly shifted towards lower wave-
numbers compared to that of the free amine ligand*® indicating
the coordination of oleylamine to the nanocrystal surface
through the lone pair of the nitrogen atom.

To determine the amount of oleylamine stabilizing the nano-
crystals, which is present in the sample, thermogravimetric anal-
ysis was performed, which shows a weight loss of 49.1% during
a heating run up to 500 °C. The weight loss starts at a temperature
of approx. 200 °C and proceeds up to 450 °C. A weight loss in this
temperature range is typical for the loss of oleylamine in nano-
particle samples.**® Moreover, also a comparison of the IR spectra
of the nanoparticle sample before and after heat treatment at
500 °C confirms the absence of the characteristic peaks of oleyl-
amine, which are present before heat treatment.

Investigation of the nanocrystal growth

In a further step, we investigated the kinetics of the nanocrystal
growth via time resolved SAXS measurements to follow the
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Fig. 5 (A) SAXS data and (B) UV-Vis absorption and photoluminescence emission spectra (Aex = 560 nm).
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and (B) thermogravimetric analysis of the nanocrystal sample.
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evolution of the particle diameter during the reaction. In
Fig. 7A, the SAXS data of a nanoparticle synthesis, which was
performed in a vial with magnetic stirring and samples for the
SAXS measurements being taken in certain intervals, are shown.
Additionally, we performed the synthesis also directly in the
measuring capillary to acquire SAXS data more frequently (see
Fig. S3, ESIf). The evolution of the particle diameter of the
nanocrystals is derived from the Guinier plot analysis and is
shown in Fig. 7B and C. It is noted here that for the analysis of
the evolution of the particle diameter the lowest g-values were
excluded, because of an upturn in this g-range (emerging in
later stages of the reaction), which is discussed below. The
results of the Guinier analysis reveal a fast growth of the
nanocrystals at the beginning of the reaction. After the first
hour, the nanocrystal growth is slowing down once the crystals
have a size of 2.2 nm and after one day, a particle diameter of
2.6 nm is reached. In the further course of the reaction, the
nanocrystal size stays constant and no further growth is
observed. This exemplifies that even though the reaction is
performed at room temperature, the nanocrystals are formed
comparably fast. A comparison of Fig. 7B and C reveals that by
performing the synthesis with stirring, the nanocrystals become
slightly bigger than those formed directly in the measuring
capillary without stirring, while the qualitative evolution of the
nanocrystal size is similar.

As already mentioned above, the SAXS data show a slight
upturn at low g (g < 0.5 nm ™), beginning after 5 h of reaction
time (see SAXS data in Fig. 7A). This upturn is characteristic for
the formation of bigger particles, such as aggregates or
agglomerates. A Guinier plot analysis including also this upturn
at very low g-values leads for the first two hours of the reaction
to similar particle diameters as already described above
(Fig. 7B). However, at later times the scattering intensity at ¢ =
0 I(0) and the radii R, determined from the radius of gyration
under the assumption of spherical shape, are increasing
considerably as shown in Fig. 8A giving a hint to the tendency of
a slight agglomeration of the nanocrystals in the reaction
solution.

To further elucidate this observation, a polydispersity anal-
ysis was performed resulting in size distributions weighted by
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volume (Dy(R)) and intensity (Dy(R)) (Fig. 8B and C). The size
distribution Dy(R) shows slowly growing populations at small
hydrodynamic radii (0.3 to 1.5 nm) during the first hour of
reaction (Fig. 8B). The size distribution Dy(R) reveals also the
presence of two bigger populations, centered at 6.7 and 13.2 nm
at reaction times of more than 2 h (Fig. 8C). However, these
larger particles or agglomerates found in the polydispersity
analysis represent only a negligible amount of mass or volume
as Dy(R) after 2 h as well after 49 h of reaction time show only
very little contributions at higher radii (see arrows in Fig. 8D).

Investigation of the reaction mechanism

The thermal reaction of metal xanthates to metal sulfides
proceeds via the Chugaev reaction, which was proven also by the
identification of reaction products, e.g. of the volatile alkene
and COS via mass spectrometry.”” However, Pradhan et al.
showed that in the presence of alkyl amines, milder reaction
temperatures can be used leading to metal sulfide nanoparticles
but it was still suggested that the reaction pathway proceeds via
the Chugaev elimination reaction.*> However, as already dis-
cussed above, by the addition of small amounts of hexylamine
the corresponding N-hexyl-thiocarbamate product could be
identified indicating that another reaction pathway is possible.
Nevertheless, the reaction conditions in this particular set up
(only approx. 10 mol% hexylamine in relation to the metal
xanthates and temperatures of 140 °C and above were used) led
us to the conclusion that the main course of the reaction is still
proceeding according to the Chugaev reaction.*

However, using larger amounts of alkyl amine — here more
than one equivalent in relation to xanthate groups is used - the
question arises if the proposed Chugaev reaction (¢f Pradhan
et al. in ref. 32) is the driving force for the formation of metal
sulfides especially if low temperatures are used. We assume that
in this route, the formation of the nanocrystals proceeds via the
following steps: first, when the oleylamine is added to the metal
xanthate solution, it coordinates to the metal center in the
copper xanthate or indium xanthate, respectively. The dark
reddish color in the initial step of the synthesis stems most
likely from the coordination to the copper ions as, when we
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performed in a vial with stirring.

added oleylamine to individual copper and indium xanthate
solutions in toluene, only the copper xanthate solution turned
red while the indium xanthate solution remained colorless (see
discussion of the UV-Vis spectra above). Then, the amino group
acts as a nucleophile and attacks the (thio)carbonyl center of the
xanthate group, forming a tetrahedral intermediate. In the next
phase of the reaction, the corresponding metal hydrosulfide
and the corresponding organic thiocarbamate product is
formed. This thiocarbamate product (0-(2,2-dimethylpentan-3-
yl)-(E)-octadec-10-en-1-ylcarbamothioate) was isolated from the
reaction mixture. To investigate the reaction mechanism in
more detail, 'H and *C NMR spectroscopy was carried out to
identify possible other reaction products and especially in order
to clarify if the Chugaev reaction also takes place under these
conditions. If this is the case, it should be possible to identify
the corresponding elimination product i.e. 4,4-dimethylpent-2-
ene. Thus, the reaction was carried out in CDCl; as solvent
using the same concentrations of the metal xanthates and
oleylamine as above and NMR spectra were measured during
the synthesis. The recorded spectra are shown in Fig. S9 and S10
in the ESL.{ As already mentioned above, only a set of broad
singlets of the metal xanthate groups is visible and they are
continuously decreasing with increasing reaction time.
However, due to the many different and overlapping signals of
oleylamine with the emerging signals, an additional model
experiment using only indium xanthate and hexylamine has
been carried out. Although hexylamine cannot stabilize the
nanoparticles in solution, it is expected to react in the same way
as oleylamine. Fig. 9 shows the 'H NMR spectra of this experi-
ment shortly after mixing as well as at the end of the reaction in

106126 | RSC Adv., 2016, 6, 106120-106129

comparison with pure hexylamine and indium xanthate. The
3C NMR spectra as well as 2D NMR spectra can be found in the
ESI (Fig. S5-S77). The most characteristic chemical shift of the
indium xanthate, the triplet of the O-CH-group at 4.75 ppm, has
shifted downfield after the addition of hexylamine and gives
only a broad signal at lower field at 5.04 ppm. The signal of the
adjacent CH,-groups is slightly shifted upfield from 1.76 ppm to
1.72 ppm. This, together with the shift of the NH-proton of
oleylamine from 1.07 ppm to ~4 ppm, also indicates a change
of the coordination sphere at the metal center due to the
binding of the amine. However, this chemical shift is strongly
dependent on the concentration of the amine as well as on the
reaction time, the peak can be found below 4 ppm at shorter
reaction times and higher than 4 ppm towards the end of the
reaction. Furthermore, the N-CH,-signal is shifted from
2.68 ppm to 2.83 ppm upon start and finally to 2.99 ppm
at the end of the reaction. In addition, new peaks attributable
to the thiocarbamate (O-(2,2-dimethylpentan-3-yl)-hexyl-
carbamothioate) arise at 5.36 ppm (O-CH), 3.30 ppm and
3.58 ppm (both NH-CH,) as well as broad small signals appear
at 6.8 ppm and 6.3 ppm (NH) in the spectrum. In the *C NMR
spectrum a series of new peaks, always appearing in pairs, e.g. at
191.7 ppm and 190.9 ppm (O—-(C=S)-NH), 90.7 ppm and
88.1 ppm (O-CH-), 45.3 and 43.1 ppm (NH-CH,-) is observed.
Due to the limited rotation of the C(S)-NH-bond, two isomers
are formed giving also different NMR signals. With increased
reaction time, further signals emerge, e.g. at 3.45 ppm and
3.10 ppm. The latter chemical shift is characteristic for the free
alcohol 2,2-dimethyl-3-pentanol. The other signal is typical for
the corresponding N-hexyl-dithiocarbamate. Consequently, also

This journal is © The Royal Society of Chemistry 2016
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the characteristic shifts at 205 ppm (NH-(C=S)-S) and
51.1 ppm (CH,-NH-) are found in the corresponding carbon
NMR spectrum and 2D NMR spectra (see ESI, Fig. S5-S7 for
more detailst). Thus, it is obvious that the synthesis proceeds
also via a reaction mechanism different to the Chugaev elimi-
nation. At the same time as these new products are formed, the
peaks from the xanthates and the hexylamine decrease.

In addition, H,S was detected by the characteristic smell of
the solution after the reaction and by the classical H,S detection
test using lead acetate paper showing the typical black color of
PbS if placed above the reaction solution in the headspace of the
reaction vial. With these findings, we are now able to propose
the following reaction pathway shown in Fig. 10. After coordi-
nation of the amine to the metal center of the methyl xanthates,
the amine reacts with the xanthate group either to the corre-
sponding thiocarbamate product (product C) and metal
hydrosulfides, which subsequently eliminate H,S and form the
CulnS,-nanoparticle core, or in a side reaction via the

R
/j
S S
Me<s>_0 R—NH, l%/le S%O
< B

n n

Me = Cu (n=1), In (n=3)

Me = Cu (n=1), In (n=3)

A

side reaction

MefsH) + + COS
n ; \>
E

F ’

elimination to the alcohol (E) and the dithiocarbamate (D). The
first reaction to the thiocarbamate (C) is the faster reaction as
this product appears quickly after the addition of the amine,
whereas products E and D are formed slowly during the reac-
tion. As can be seen from the NMR spectra in Fig. 9, the
chemical shifts for D at 3.45 ppm and the characteristic doublet
of doublets for E at 3.10 ppm are hardly visible at the beginning
of the reaction but getting more intense towards the end of the
reaction. It has to be noted that the distribution of the products
also depends on the amine concentration, iZe. a higher
concentration of the amine increases the formation of the thi-
ocarbamate C. This indicates that the formation of D proceeds
via the coordinated amine. If the dithiocarbamate D remains
coordinated to the metal center or the nanoparticle surface is
not clear from the undertaken experiments but both might be
plausible. However, in all cases it was not possible to detect any
traces of the corresponding Chugaev reaction product, the
corresponding olefin. This indicates that the reaction does not

i

NH

| 2 HN/R
R—NH, MeLsH
o otor) + 0 "o
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.‘
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d
-

Fig. 10 Reaction scheme illustrating the conversion of metal xanthates into metal sulfide nanoparticles at room temperature in the presence of

alkyl amines.
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proceed via the Chugaev elimination, but via the nucleophilic
reaction of the amine directly at the thiocarbonyl-carbon. The
same NMR experiments were carried out with oleylamine.
Although the peaks of the products and educts largely overlap,
the characteristic peaks of the thiocarbamate, the dithiocarba-
mate and the alcohol can be clearly identified (see ESI, Fig. S9
and S10 for spectra and detailed interpretationt).

Synthesis of CdS nanocrystals via the presented room
temperature approach

To demonstrate the versatility of the developed method, we also
prepared CdS nanocrystals with the same synthesis route. In
this case, cadmium-0-2,2-dimethylpentan-3-yl-dithiocarbonate
was used as precursor. Here, the solution turned from pale
yellow to yellow within 3 days, and after precipitation and
purification of the nanoparticle sample, a well soluble intense
yellow powder was yielded. Fig. 11A shows the X-ray diffraction
pattern of this sample and reference patterns for hexagonal CdS
(PDF 41-1049) and cubic CdS (PDF 01-080-0019). According to
this, CdS is formed in a mixed cubic and hexagonal crystal
structure, which can originate from a mixed cubic and hexag-
onal stacking as also already observed in other studies on CdS
nanocrystals.*” The TEM image in Fig. 11B shows that the
nanocrystals are also spherical and slightly larger (3-4 nm)
compared to the CulnS, ones prepared via this synthesis route.
The optical properties of these CdS nanoparticles are depicted
in Fig. 11C. The absorption has an onset at 480 nm corre-
sponding to an optical band gap of 2.6 eV. The PL spectrum
recorded using an excitation wavelength of 440 nm reveals an
emission peak with a maximum at 640 nm.

First experiments using other metal xanthates (e.g. lead or
bismuth) indicate that either very fast reaction kinetics can also
lead to insoluble metal sulfide precipitates or limited crystalli-
zation to amorphous metal sulfide particles. In the first case,
changes in the reaction conditions might slow down the reac-
tion, in the second case a thermal treatment might be necessary
in any case to yield nanoparticles with high crystallinity.

Conclusion

The reaction of copper and indium xanthates with oleylamine
already proceeds at ambient temperatures yielding CulnS,

106128 | RSC Adv., 2016, 6, 106120-106129

nanocrystals, which have an average size of about 3 nm and
a chalcopyrite crystal structure. The nanoparticles are well
soluble and exhibit optical properties characteristic for CulnS,
nanoparticles. Thus, it is not necessary to heat up the metal
xanthates to induce a thermal decomposition as usually carried
out in literature (for CulnS, nanocrystals cf ref. 27-30).
Whereas the thermal pathway follows the Chugaev elimination
mechanism, the presented room temperature synthesis
proceeds via a direct reaction of the amine with the metal
xanthate as identified by NMR investigations. First, oleylamine
coordinates to the metal center followed by a substitution reaction
on the thiocarbonyl group of the xanthate giving the N-oleyl-
thiocarbamate derivative and a metal hydrosulfide. Condensa-
tion of the metal hydrosulfide groups with concurrent elimination
of H,S leads to copper indium sulfide nanocrystals. Furthermore,
the formation of N-oleyldithiocarbamate and 2,2-dimethylpentan-
3-ol takes place as side reaction. In all experiments carried out
within this study, we could not identify any products, e.g. the
corresponding elimination product, 2,3-dimethylpent-3-ene,
which would support a Chugaev mechanism.

In principle, this approach can also be transferred to other
oleylamine capped metal sulfide nanocrystals, as we have
shown for the synthesis of CdS as an example. Also in this case,
luminescent nanocrystals with a diameter of 3-4 nm have been
obtained.
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