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ABSTRACT: Nanoparticle Zn,,Cu;_,In,_ .S, is a promising and safer alternative
to lead- and cadmium-containing quantum dots. Students prepare Zng,4Cuygg-
Iny;sS, quantum dots in a one-pot synthesis without an inert atmosphere and
investigate how the color, visible absorption band edge, and photoluminescence
peak wavelength depend on the size of the particle. Octadecene is used as a
noncoordinating solvent with a high boiling point. Oleic acid and stearic acid are
used as ligands to dissolve the metal salts in the solvent at ~150 °C.
Dodecanethiolate coordinates to the metal ion, and above 200 °C, the metal
thiolate decomposes to produce metal sulfide nanoparticles, coated in
dodecanethiolate. Samples are withdrawn from the hot solution and quenched
at room temperature to produce a series of increasing nanoparticle sizes with the
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Bl INTRODUCTION

A quantum dot (QD) is a semiconductor crystal with a
diameter of a few nanometers and whose color, visible
absorption wavelength, and photoluminescence peak wave-
length are tunable by changing the particle size. This
fundamental nanochemistry concept has been frequently
illustrated in this Journal. Laboratory experiments using QDs
have made use of CdSe," ™ CdS,>**® Zn0O,>'° C,'!? Pbs,>!3
Cu,0,"* and CsPbX,.'” QDs are an intriguin§ material for
applications in solar cells,'>'” in video displays,'® as hydrolysis
photocatalysts," in white LED lighting,”* in photoluminescent
labeling for bioima%ing,21 and for cancer treatment.””
However, the toxicity”’ of Cd and Pb make many of these
materials problematic for general use and prohibited for
consumer goods in some countries.

CdSe QDs have been of interest because their band gap is
well-matched to the visible spectrum so a full range of visible
colors are available." The QD wavelength ranges for ZnO7"°
and ZnS** are in the ultraviolet portion of the spectrum. Zinc
copper indium sulfide QDs incorporate less harmful
elements;”” their band gap matches the visible region of the
electromagnetic spectrum, and zinc increases the photo-
luminescence intensity relative to CulnS,'”*”*° making
them a promising QD material.

Many QD synthesis procedures involve injecting a cooler
solution of some of the reagents into a hot solution of the
remaining reagents.””>'®?” This method has the advantage of
creating many nucleation sites to promote small particle sizes
but the disadvantage of requiring rapid and homogeneous
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mixing. An alternative method, where decomposition of one
component produces the limiting reactant,'**%*>***” requires
rapid heating to again produce large numbers of nucleation
sites in a short period of time. In this experiment, thermal
decomposition of dodecanethiol serves as the sulfide source
and allows for a one-pot synthesis. Many zinc copper indium
sulfide syntheses use an inert atmosphere, but the synthesis
reported here is done under ambient air. Nanoparticles
generally need a surface ligand to prevent the particles from
joining together and producing a bulk precipitate.’’ The
dodecanethiol serves as the source of both the sulfur and the
surface ligand.”'

The sphalerite structure of cubic ZnS can be viewed as a
derivative of the diamond structure with Zn and S alternating
(Figure 1, left). The CulnS, chalcopyrite structure can be
viewed as two stacked diamond unit cells, with interspersed Cu
and In on the metal site (Figure 1, right). Mixing these two
structures gives the Zn,,(Culn),_,S, family whose members
exist as solid solutions for 2x > 0.41.>"** In this solid solution
two zinc atoms randomly replace a copper atom and an indium
atom in the chalcopyrite structure as required by the charge
balance for Zn?*, Cu*, and In*". A formula like Zng4,Cuqg-

In,;¢S, means that a given Cu or In site in the structure has a
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Figure 1. (Left) Two unit cells of cubic ZnS. (Right) One unit cell of
CulnS,.

22% probability of being occupied by a Zn atom. The ratio of
ZnS to CulnS, incorporated during synthesis has been
found”**** to not match the available mole ratios in the
starting solution, since Zn*" is kinetically incorporated at a
lower rate.

In our curriculum we do this experiment in a nanochemistry
course. The students have already been introduced to the idea
of size-dependent properties of nanoscale materials, having
previously prepared gold nanoparticles.”® This synthesis serves
as an introduction to QDs and further illustrates size-
dependent properties. Our students are experienced in
obtaining visible spectra, but most have not previously used
a spectrofluorometer.

B EXPERIMENTAL OVERVIEW

A combination of 0.0267 g (0.14 mmol) of Cul, 0.0409 g (0.14
mmol) of In(CH;COO0),, 0.0759 g (0.12 mmol) of Zn-
(CH;(CH,),C00),, 1 mL (42 mmol) of dodecanethiol,
0.23 mL (0.72 mmol) of oleic acid, and 16 mL of octadecene
in a 25 mL Erlenmeyer flask is placed on a preheated 280 °C
hot plate and stirred. Rapid heating is important. As the
solution reaches 150 °C, all the materials dissolve. Heating for
15—20 min produces a metal sulfide (Scheme 1). The QD

Scheme 1. Dodecanethiolate Coordinates to the Metal Ion
and Heating Decomposes the Metal Thiolate to Produce
Some Metal Sulfide and Dodecylsulfide
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SANAANAAS
2 MtSe~ A~ A~ A~~)n heat M,S,+n WW\)

reaction then proceeds quickly with samples taken and
quenched every 90 s or perhaps every 60 s if the color is
changing noticeably (Figure 2). The quenched samples are
stable at room temperature because a thiolate coating prevents
their agglomeration (Figure 3). See the student directions and
instructor notes in the Supporting Information for timing and
further details.

It should be noted that this procedure starts with metal ions
in their final oxidation state. There are related literature
procedures’ that use dodecanethiol to reduce Cu** to Cu"

Figure 2. QD samples suspended in octadecene with reaction time
increasing from left to right. Sequential samples differ in reaction time
by 90 s. See Figure S1 for a larger range of samples.

Figure 3. Incorporation of metal thiolate on the nanoparticle surface
keeps the metal sulfide nanoparticles separated at room temperature.
The dashed semicircle represents the surface of the metal sulfide
nanoparticle. Light spheres represent sulfur atoms, and dark spheres
represent metal atoms. See Figure 1 for the actual metal sulfide
structure and stoichiometry. Hydrocarbons are shown in line
notation.

rather than starting with Cu’. QDs produced by that method
often have less Cu* than In** in the product, presumably
accompanied by changes in S* for charge balance. Such
defects can affect luminescence intensity.

Visible absorption spectra were taken using an Ocean Optics
USB2000 and analyzed as shown in Figure 4 to find the band
edge where the light has sufficient energy to excite an electron
from the filled valence band to the empty conduction band.

Emission spectra were taken using a Horiba FluoroMax-4
spectrofluorometer with an excitation wavelength of 420 nm,
slit widths of 5 nm, and recording at 1 nm steps. The starting
octadecene, stearic acid, and oleic acid solution shows
luminescence under these conditions to give a ~490 nm
peak which buries the luminescence from smaller QDs. As the
reaction proceeds, the luminescent intensity and wavelength of
the QDs increase. Useful information can be obtained for
emission wavelengths >590 nm.

We find that if the temperature is below 190 °C, the reaction
will take more than 3 h. If the temperature is above 230 °C, the
reaction will occur too quickly to take samples. We suggest 210
°C where the heating plus sampling time takes about 40 min.

While we do not normally extend this experiment beyond a
3 h lab period, further characterization of the sample can be
done after removal of the starting material and organic
solvents. The QDs are extracted by repeated ethanol addition,
centrifugation at 3500 rpm, and removal of the ethanol layer.
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Figure 4. QD samples suspended in octadecene with reaction time
increasing from left to right. Sequential samples differ in reaction time
by 90 s. The absorption band edge is measured as the intersection of
the extrapolated linear least-squares fits to all data between the circles
for each segment.

For atomic absorption spectroscopy, the extracted sample was
dissolved in heptane for transfer, evaporated, dissolved in a
small amount of 70% nitric acid, and diluted to 100 mL with
water, and 5 mL of that solution was diluted again to 25 mL.
Standards were made using a solution containing both copper
and zinc to compensate for potential interference. Atomic
absorbance was measured at 324.7 and 213.0 nm for Cu and
Zn, respectively, using an Agilent/Varian AA240FS instrument.
Absorbance values were compared to a series of 0.2—2.5 ppm
Zn(CH;C00),-2H,0 and CuSO,-5H,0 standards. For
powder X-ray analysis, a separate synthesis was quenched all
at once after 2 h of heating; the material was repeatedly
extracted in ethanol, dissolved in heptane, and then evaporated
onto a glass slide. For these small particles a step of 0.02° at
0.25°/min was used for the 25—60° 26 scan with a Rigaku
Miniflex II powder X-ray diffraction spectrometer. For infrared
spectroscopy the extracted sample was evacuated for 2 days
and then run neat using attenuated total reflectance sampling
on a Nicolet iS10 FT-IR with diamond ATR.

B HAZARDS

The reaction runs at a high temperature. The synthesis should
be done in a fume hood. Dodecanethiol can cause skin burns
and eye damage; it should not be inhaled and is toxic to
aquatic life. Octadecene is flammable and will catch fire if
spilled onto the hot plate. The pipet will be very hot and
should be handled only by the bulb. Zinc, indium, and copper
should not be ingested. The atomic absorption experiment
uses concentrated nitric acid, which requires a fume hood and
gloves.

B RESULTS AND DISCUSION

After an initial induction period with little color change, the
synthesis solution changes color from yellow to red as the
particles grow (Figure 2). The band edge continuously varies
from 420 to 680 nm (Figure S) over the 40 min reaction as the
particles get bigger. For longer reaction times, the solution
becomes opaque which makes the absorbance hard to measure
for longer wavelengths.

The photoluminescence peak wavelength increases with
time once the particles become brighter than the starting
material (Figure 6). Peak wavelengths lower than ~590 nm
appear as shoulders on an unchanging starting material
emission peak at 490 nm.

This range of absorbance and emission colors could be from
a Zn,,(Culn),_,S, solid solution series of ZnS and CulnS,
with respective band gap wavelengths of 340 and 810 nm. To
eliminate this possibility of spectral differences being due to
different values of x, samples with different colors were
examined by atomic absorption spectroscopy. The measured
Zn/Cu ratio shows no correlation with band edge wavelength,
indicating a constant composition product (Figure 7). The QD
incorporated Zn/Cu ratio of the product was observed to be
smaller than that of the reactants, and analysis of the ethanol
wash from the sample purification showed an enhanced Zn/Cu
ratio. Note that these analyses do not require weighing the
samples before solution preparation. The technique measures
the moles of Zn and of Cu, and the mole ratio is the quantity
of interest. Assuming the moles of Cu* equal the moles of In**
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Figure S. Baseline corrected visible absorption spectra. (Left) 43 samples from multiple experiments show a wide range of absorption band edges in
the visible portion of the spectrum. Results are shown for a lab section. See Figure S2 for spectra obtained by one student. (Right) Five separate
trials showing variation in band edge as reaction time increases, measured as in Figure 4. Most trials show an initial induction period with very little
change at the beginning, but once the reaction occurs the wavelength increases quickly. The fit lines are only meant to guide your eye. The same

symbols are used for the same solutions in Figure 6.
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Figure 6. (Left) Normalized emission spectra from one series of QDs excited at 420 nm. Longer reaction times correspond with longer peak
wavelengths. Sequential samples differ in reaction time by 90 s. (Right) Photoluminescence wavelength peaks from five different trials increase as
time increases. Lower wavelength peaks are masked by luminescence of the reactants. The fit lines are only meant to guide your eye. The same

symbols are used for the same solutions in Figure S.
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Figure 7. Mole ratio of Zn/Cu in the products after washing. The
atomic absorption data of 36 samples from 4 separate series is plotted
as a function of the absorption band edge of each of those solutions.
There is no correlation between the unchanging chemical composition and
the changing absorption band edge. The upper line indicates the 0.86
Zn/Cu mol ratio in the starting materials. For the series represented
by the open circles, analysis of the sample purification wash showed
an average 4 Zn/Cu. Assuming the general formula is
Zn,,(Culn),_,S,, the observed Zn/Cu ratio in the samples
corresponds to x = 0.22.

as required by charge balance, then x = 0.22 in
Zn,,(Culn),_,S,, and the QDs synthesized by this procedure
have the formula Zn 4,(Culn)g75S,.

If the change in color as the reaction proceeds is not due to a
change in composition, then a possible explanation is a
quantum size effect of the nanoparticles; i.e., these materials
are QDs. As a confirmation of the composition, an entire batch
was analyzed by X-ray powder diffraction (XRD) and
compared with scans of ZnS and CulnS, using the same
sampling method on the same instrument with the same scan
conditions (Figure 8). If Vegard’s rule that solid solutions
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Figure 8. XRD of CulnS,, Zn45Cuq-7Ing,S,, and ZnS deposited on
a glass substrate. All three are cubic or pseudocubic structures. Miller
indexes of the zinc blende structure are labeled. The CulnS, sample
was prepared by the same procedure used to synthesize Zn 4sCug -
In, ;,S, but without the addition of any Zn starting material. Bulk ZnS
was supplied by ProChem.

exhibit weighted average lattice parameters holds, and
assuming the formula is Zn,,(Culn),_,S, then x = 023
which is in agreement with our atomic absorption results that x
0.22. Our measured lattice parameter of 5.50 A is in
reasonable agreement with the 5.48 A reported’’ for the
product from a solid-state 950 °C synthesis with x = 0.225.

The infrared spectrum of the extracted QDs matches that of
dodecanethiol (Figure 9) and does not match that of
octadecene, stearic acid, or oleic acid. This is consistent with
the presence of dodecanethiolate as a surface ligand.

The effective mass model*>>*>%7'0 suggests
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Figure 9. IR spectra of dodecanethiol and of extracted QDs after 48 h
under vacuum. The similarity of these two spectra suggests that the
QDs are coated with dodecanethiolate.

where E, = hc/4, r is the radius of the nanoparticle, and the
constants and values®® for CulnS, are given in Box 1. The

Box 1
Constants
® h=6626Xx10""]s
e ¢=2998 X 10° m/s
e ¢=1602%x107°C
* g =8854 x 107> C*/N/m’
e my=9.110 X 107" kg

Values for CulnS,
APk = 810 nm

[ ]

o m.* = 0.16, relative mass of conduction band e~
o my* = 1.3, relative mass of valence band hole

o ¢ = 11, relative permittivity

second term is the particle-in-a-box confinement energy for an
electron—hole pair in a spherical QD, and the third term is the
Coulomb attraction between an electron and hole modified by
the screening of charges by the crystal. After multiplying by r*
and rearranging, the quadratic formula to find r gives

1.8¢2 1.8¢2 2 nano bulky h* 1 1
_(42‘!6{‘0) + \/(471'550) + (Eg - Eg )Z—mo m_: + m_;:

nano bulk
2(E™ — E™)

When this equation is used for CulnS, the predicted particle
diameters for visible spectrum band edge wavelengths are in
the 3—6 nm range. This is in agreement with sizes reported
from transmission electron microscope measurements using
related syntheses.'”*"*>%?

B STUDENT LEARNING

To show that all the samples have the same composition, we
provide Figure 7 rather than adding a lab period to have
students collect this data. We find that students clearly
understand that these nanoparticles are getting larger as the
reaction proceeds and that the property changes are due to this
change in size.

Students did not have difficulty deciding that the charge on
the QD is neutral if they correctly identified the oxidation
states of Zn**, Cu*, and In>".

When students used rulers to extrapolate and find the
absorption band edge data there were large variations in
results, even between lab partners measuring the same spectra.
We now use an Excel template’” (Figure 4) to pick linear
segments that are least-squares fit and the intersection
calculated.

Students did have considerable trouble working out the units
in the effective mass model to predict the particle sizes.

It is often necessary to have a class discussion about usable
spectroscopy data ranges. Opaque solutions with really large
particles do not give good absorption data. The really small
particles do not luminesce well enough to mask the starting
materials so it can appear that the luminescence wavelength is
not changing at first. For the optional atomic absorption
analysis the working range for the calibration curve only covers
an order of magnitude. Fortunately, all the samples have the
same composition so the small working range is not a problem.
Student evaluations suggest they find the extractions and
subsequent atomic absorption analysis tedious, especially since
the results show all their samples are the same. We no longer
do the atomic absorption analysis in class.

Understanding and explaining evidence for this experiment
showing band gap excitation instead of molecular absorbance
was a concept students found difficult to grasp, but the broad
excitation profile (anything bigger than the band gap will excite
electrons) and the change in color (molecules would not
change size as do the nanoparticles with continued reaction)
are fundamental concepts worth the struggle.

B SUMMARY

The analysis data indicates these samples are
Zng 44(Culn), 7S, quantum dots, with a constant composition
but different colors. The predicted diameters for the measured
energies are below 6 nm. This experiment provides a visible
example of size-dependent properties in the nanoscale and is
done without Cd, making this a greener and safer synthesis,
although it does still involve using a hot flammable solvent and
require a fume hood.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available at https://pubs.ac-
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