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ZnS quantum dots were synthetized at room temperature
using a simple photochemical process involving ketyl radicals.
Through the simple adjustment of reagent concentration, the
method allows the control of nanoparticle size. Transmission
electron microscopy confirmed that the nanomaterial adopts
the hexagonal structure.

The search for synthetic routes to nanoparticulate ZnS has received
substantial attention over the last three decades owing to its
important technological applications, which include its use in
photodetectors, light emitting diodes, phosphors, fluorescent markers
for biological applications, photocatalysts, efc." In particular, the
pursuit of facile chemical routes to ZnS quantum dots (QDs) has
drawn a great deal of effort given the dependence of the electronic
properties with size when the dimension of the material is
comparable to the Borh radius.®” For ZnS, the bulk band gap is 3.66
eV, which corresponds to an absorption maximum located
approximately at 340 nm.® For ZnS, the Borh radius is estimated to
be 5.5 nm,”'® which implies that important quantum confinement
effects should be reflected in the optical properties of ZnS
nanoparticles (NPs) with sizes below this threshold. In this size
range, the absorption maximum progressively shifts to the blue with
further reduction of size.'' This allows the design of emitting and
absorbing materials with specific ranges of absorption and emission
wavelengths by controlling the size, morphology, and crystal
structure of the nanomaterial.

Solvothermal methods have been widely used for the
production of ZnS NPs.2!?"* Ultrasonication,” reverse micelles,'®
and radiolysis methods® have also been successfully employed. The
study of photochemical routes to chalcogenides has also been

addressed.'”> Ketyl radicals generated photochemically using
aromatic ketones have been employed for the etching of surface
material in CdSe and CdSe/ZnS NPs.?*?’ However, in spite of
important practical advantages, the photochemical routes have
not been extensively exploited for the production of ZnS QDs. It
is important to stress that photochemistry also allows the
production of nanoparticulate material at room temperature. The
power of the photochemical route employed in this work has
been recently demonstrated through the production of bimetallic
and anisotropic Au-containing nanoparticles.28

In this study, we report the photochemical synthesis of ZnS
QDs using the reducing power of 2-hydroxyl-isopropyl radicals
([E(CH;COCH3,H'/(CH3),C-OH) = — 14 V vs. NHE]),”
resulting from the photochemically initiated hydrogen transfer
reaction between acetone and isopropanol, Scheme 1. The
mechanism of photoreduction of ketones to the formation of ketyl
radicals has been thoroughly investigated.3 0-34
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ZnS QDs were prepared by UV irradiation (260-400 nm range,
with maximum at 280 nm, and fluency in the 200 fc range) of an
isopropanol solution containing Zn(CH;COO), and thiourea in
presence of acetone. Nanoparticles of varying radii were synthetized
from solutions containing [Zn(CH;COO),] = 1, 10 and 25 mM. For
all the experiments the molar ratio thiourea : Zn(CH;COO), = 10,
and [acetone] = 1 M. The photolysis time was 30 minutes for every
case. The process resulted in the formation of a white product, which
is characteristic of ZnS. At low concentration of Zn(CH;COO),
(1ImM), the product remained suspended resulting in a cloudy and
homogenous dispersion that was stable for 8 — 10 hours. Increasing
amounts of Zn(CH;COO), (10 and 25 mM) resulted in the formation
of a milky system that aggregated progressively. For all of the
preparations, the formation of ZnS readily occurred within 10
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minutes of irradiation, and the reaction was completed in 20-30
minutes. The concentration of acetone used (I M) aimed at the
promotion of short photolysis times while preserving the target NP
dimensions. At the irradiation intensity employed, lower amounts of
acetone did not affect the size. The use of acetone at stoichiometric
concentrations (with respect to both Zn(CH;COO), and thiourea)
produced ZnS, but the process took 1 - 2 hours to be completed. It is
worth mentioning that prolonged irradiation of solutions containing
both Zn(CH3COO), and thiourea in absence of acetone did not result
in a chemical reaction. In fact, it was found that solutions of thiourea
in isopropanol are highly photostable but progressively decompose
upon UV irradiation when acetone has been added to the system,
pointing to the intermediacy of ketyl radicals in the process.

In this synthesis, thiourea was used as the sulfur source, as the
stabilizing ligand, and as a size modifier. The ratio Zn(CH;COO), :
thiourea was optimized to produce ZnS QDs populations with
narrow size distribution. For all the target sizes, a ratio equal to 10
resulted suitable to produce samples with small size dispersion. For
this ratio, the reaction yield was determined using conventional
gravimetry. The reaction yield for the photolysis of a 30 mL sample
containing 10 mM Zn(CH3COO),, 100 mM thiourea and 1 M
acetone was 81 % (the yield was calculated by product mass after
centrifugation and rinsing with isopropanol). Therefore, the
optimization of the molar ratio of reagents aiming at the production
of ZnS samples with low size dispersion also promoted the
formation of a large amount of material. For every studied system, a
ratio below 5 did not result in the formation of ZnS in the allowed
photolysis time. For the case of the system with Zn(CH;COO),
concentration equal to 1 mM, intermediate ratios of thiourea (5 — 9
mM range) produced noticeable amounts of ZnS nanomaterial with
optical properties outside the expected range. The use of greater
ratios of thiourea : Zn(CH;COO), (>10) did not seem to offer any
improvement for nanoparticle size or stability.

For the as-prepared material, transmission electron microscopy
confirmed the formation of ZnS QDs (size < 5 nm), Figure 1 a-c.
The TEM micrographs reveal a dependence of nanoparticle size with
[Zn(CH;COO),]. For the system where [Zn(CH;COO),] = 1mM, the
nanoparticle size is 1.9+0.6 nm; for [Zn(CH;COO),] = 10 mM,
2.840.7 nm; and for 25 mM, 4.1£1 nm. Histograms representing the
size distribution for the sample populations in Figure 1 a-c may be
found in Figure S1 (ESI). Electron diffraction measurements (Figure
1d) revealed that the as-prepared material is hexagonal ZnS. The
lattice spacing as estimated from the high-resolution image (Figure
le), d = 0.23 nm, correspond to the lattice plane (102). Figure le
also shows the interception angle (~ 63 °) between planes in the
hexagonal array (expected value = 60 °). Fast Fourier transform
(Figure 1f) from the image in Figure le clearly shows a 6-fold
symmetry. X-ray energy dispersive spectroscopy measurements of
the ZnS material upon centrifugation and rinsing resulted in an
atomic ratio Zn-to-S ~ 1. X-ray diffraction measurement (ESI,
Figure S2) of an annealed sample (200 °C) prepared with 10 mM
Zn(CH;C0OO0), and 100 mM thiourea also indicates the formation of
ZnS. The estimated crystallite size using the Scherrer equation was
2.5 nm, which is in agreement with the nanoparticle size regime in
TEM imaging (Figure 1b). As has been reported elsewhere, it was
not possible to identify the lattice for the as-prepared ZnS based on
XRD measurements given the similar 20 values for the
corresponding reflections of both the hexagonal and cubic systems,
as well as the poorly resolved XRD profile characteristic of
nanomaterials.>>

The formation of a hexagonal lattice for the photochemically
prepared ZnS QDs was not expected since the favored phase below
1023 °C is the cubic phase."™*® In our reaction conditions, the
formation of ZnS QDs consistently occurred as early as 10 minutes,
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clearly indicating that the photochemical process takes place at a
significantly higher reaction rate than its thermal counterparts.®'*
The relative monodispersity of the particles indicates that the
nucleation stage occurs rapidly and homogeneously, and that the
seeds also grow rapidly to consume the reagent. It is not clear why
this process results in hexagonal ZnS, but previous reports indicated
that it is possible to synthesize hexagonal ZnS at lower temperature.
214.37-44 Note that for all the cited reports the reaction T was > 150°C.

Figure 1. TEM images for the as-prepared ZnS QDs. 1a) Sample
prepared with 1 mM Zn(CH;COO), (mean size 1.9+0.6 nm ); 1b)
sample prepared with 10 mM Zn(CH3;COO), (2.8 0.7 nm); lc)
sample prepared with 25 mM Zn(CH;COO), (4.1£1.0 nm); 1d)
electron diffraction pattern for a representative sample; le) high
resolution image for a sample prepared using 1 mM Zn(CH;COO),;
and 1f) the corresponding FFT image.

Figure 2a shows UV spectra of representative ZnS samples
upon separation of material from the reaction media and redispersion
in isopropanol (the absorbance, A, was corrected for Tyndall
scattering). The absorption profiles show a dependence upon the
used [Zn(CH;3COO0),] and reveals the action of quantum confinement
effects. Note that the absorption bands possibly contain a component
from strongly bound thiourea ligands. Thermogravimetric analysis of
a ZnS QDs sample (Figure S3, ESI) reveals a significant weight loss
(~ 26 %) starting at 150 °C, at the decomposition temperature range
of thiourea.*> This suggests that thiourea plays a chief role in the
stabilization of the nanomaterial. The excitation spectra (Figure 2b)
were obtained by monitoring the emission at 400 nm. The position
of the excitation maxima agrees with previous size correlations of
optical properties for ZnS QDs.""***® The excitation bands are
narrow, which suggests a low size dispersion. These observations
indicate that, in spite of the absence of added stabilizing and size
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control reagents other than an excess of thiourea, the method offers
size control. For all of the cases under study, the emission was
recorded upon excitation at 300 nm. For each target concentration of
Zn(CH;C0OO0),, the emission maximum is located at 400 nm.
Interestingly, the emission profile of the as-prepared ZnS QDS does
not change either with [Zn*'] or with increasing concentration of
thiourea (that is, with a molar ratio thiourea : Zn>* > 10). For every
sample, a large stoke shift for the emission band is present (arising
from the recombination of charge carriers from a trap-state). This
indicates the operation of non-radiative de-excitation pathways
before the emission of electromagnetic radiation takes place (trap-
state emission). It should be noted that the absence of a direct
excitonic emission is common for ZnS nanomaterials.'**"***° The
trap-state emission with maximum at 400 nm has been related to the
intermediacy of surface Zn*" vacancies. A slight shoulder at 430 nm
can also be observed. The latter emission component has been linked
to the trapping action of sulfur vacancies.*’' For all of the as-
prepared material, the excitation spectrum monitoring at 430 nm
resulted in the excitation band as for the excitation scan monitoring
at 400 nm. This indicates that this emission component originates
from the same excitonic state as the emission at 400 nm, ruling out
the existence of a population of NPs with a different size range.
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Figure 2. a) UV spectra for the ZnS QDs (diluted to 0.4 mM in
isopropanol) prepared with [Zn(CH3COO),] = 1, 10, 25 mM using a
thiourea-to-Zn(CH3COO), ratio = 10. b) Excitation scans and
emission spectra for the ZnS QDs samples, (for emission
measurements, the samples were diluted in isopropanol to 0.1 mM).
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A detailed reaction mechanism for the process employed here
has not yet been established. However, some mechanistic
information can be discussed through the analysis of the results and
the available literature. Ketyl radicals are capable of reducing Zn*"
[E° (Zn*"/Zn°) = - 0.76 V]. However, Zn would be rapidly oxidized
in a protic solvent such as isopropanol. As discussed previously,
thiourea is highly photostable but will photodegrade in presence of
acetone. Ten hours of irradiation with UV light of a solution of
thiourea in either isopropanol or acetone did not promote any
noticeable chemical change (as evidenced by the unchanged UV
spectrum with irradiation time); in contrast, in the presence of both
acetone and isopropanol, the concentration decreased progressively
with irradiation until disappearance (Figure S4, ESI). This points to
the chief action of reducing ketyl radicals in the photodecomposition
of thiourea, and the resulting formation of sulfur atoms. This is
consistent with previous observations that reduction of thiourea
analogs using pulsed radiolysis result in the formation of thiol
species (R-SH) and thiol derivatives upon the formation of thiolate
radicals (R-S#).”*™* Likewise, the reduction of thiourea by hydrogen
atoms (He) generated by sonochemical means was found to promote
the formation of H,S.**

A proposed reaction sequence responsible for the formation of
ZnS is shown in Scheme 2. It is possible that in the experimental
conditions used for this study, ketyl radicals promoted the formation
of S” species through a series of electron transfer reactions
analogous to those described above.”*> The electron transfer process
in Equation 1 should convert thiourea to a thiolate radical containing
a carbanion center, which should be rapidly quenched by the acidic
media created because of the oxidation of the isopropanol radical (
(CH;),C—OH — CH;COCH; + H' + ¢ ). The net result should be a
thiol radical, R-Se, and acetone (as represented in Equation 1). This
should be followed by a hydrogen transfer reaction (Equation 2),
generating a ketyl radical from isopropanol and a thiol species (R-
SH).*® The resulting unstable thiol should decompose, (Equation 3)
to produce sulfide species (H,S, HS , S¥). Finally, H,S will react
with Zn®* to generate ZnS QDs (Equation 4). We note that it is
possible that some of the byproduct sulfide species (e.g. thiols,
sulfide species) contributed to the stabilization of the nanoparticulate
ZnS system, which would help to explain the high size control and
high nanoparticle stability that this process achieved in spite of the
absence of added stabilizers.

e
Smm S_
o
J — +
H,N NH2+H3C/LCH3 HzN/IH\NHz HacJLcu3 o
s
% H SH
H,N7ISNH + & @
N7 NH2 R e7 ] e, H,N7ISNH
OH 2% 4 2 H3C)\CH3
SH
—> NHN HS  @3)
H,N7ISNH,
H
Zn?* 4+  HS ——>»  ZnS o2 @

Scheme 2. Proposed reaction sequence involved in the formation of
ZnS QDs.

To the extent of our knowledge, this is the first report
accounting for both the formation of hexagonal ZnS QDs at
room temperature, and the use of ketyl radicals for the
production of semiconducting nanoparticles. In addition, the
method allows the size control of the ZnS quantum dots with
excellent reproducibility, and a high reaction yield. The merits
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of this methodology include the simplicity (i.e. one-step
process, room temperature, size control by the simple
adjustment of reagent concentrations, and reproducibility), and
the low cost of the process (in terms of reducing agents and
energy consumption). The process has the additional
advantages of the reforming of acetone. It is also important to
mention that the irradiation level employed in the outlined
experiment was not particularly intense, as it is comparable to
the radiance originating in a regular 100-110 V fluorescent
lamp (300 fc). This work hints, too, at the potential of the
photochemical methods in the production of materials that at
present can only be prepared at high temperature, e.g. transition
metal chalcogenides and intermetallic compounds of transition
metals.
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