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ABSTRACT: Quantum dots are colloidal semiconductor nanocrystals that display size-
dependent electronic and optical properties. These materials are a visual demonstration of a
quantum-mechanical effect. Here we present a laboratory exercise for undergraduate/
Bachelor students as an introduction to colloidal nanocrystals and quantum dots. The
students synthesize three sizes of indium phosphide (InP) nanocrystals and perform one
core/shell synthesis of indium phosphide cores shelled with zinc sulfide (InP/ZnS). The
obtained quantum dots are characterized by quantitative UV−vis, photoluminescence, and
1H NMR spectroscopy. Students are acquainted with several concepts: nanocrystal synthesis,
colloids, Beer−Lambert law, quantum confinement, photoluminescence, and surface
chemistry. For each concept, background information is provided, rendering this report a
comprehensive introduction for students and teachers. Indium phosphide is a safer material
to handle in the undergraduate lab compared to cadmium selenide (CdSe), cesium lead bromide (CsPbBr3), or lead sulfide (PbS)
nanocrystals.
KEYWORDS: Hands-On Learning/Manipulatives, Laboratory Instruction, Inorganic Chemistry, Nanotechnology,
Upper-Division Undergraduate, Materials Science

■ INTRODUCTION
Nanocrystals present size-dependent properties that cannot be
obtained in the bulk material.1−4 In nanocrystal synthesis, we
aim to control the size and shape of the particles in order to
obtain colloids with a narrow size distribution.5−9 Quantum
dots (QDs) are semiconductor nanocrystals, typically with a
diameter of 2−10 nm.10 QDs display size-dependent electronic
and optical properties due to quantum conf inement.10−12 This
effect is similar to the classical “particle in a box” problem, and
therefore, QDs are a unique visual manifestation of a quantum-
mechanical effect.
QDs are often made via a colloidal synthesis.5,7,13,14 This

bottom-up approach assembles atoms into nanocrystals that
contain thousands of atoms in an ordered lattice. The complex
process is a controlled precipitation and a crystallization
reaction. There are three essential components: precursors,
solvent, and ligands.15,16 Molecular precursors convert into the
nanocrystal core. Chemically stable solvents with a high boiling
point are required,15 since the inorganic core typically
crystallizes between 200 and 350 °C. Ligands are essential to
stabilize the QDs against aggregation and regulate QD
growth.5,6 The most commonly used ligands are surfactants:
amphiphilic molecules with a polar head (binding group) and a
long aliphatic tail. The latter provides the QD with solubility in
nonpolar solvents.5,17−19 For more information on colloidal
nanocrystal synthesis, we refer to reviews.15,20−22

Part of the synthetic effort lies in isolating and purifying the
synthesized QD products.15 Byproducts, side products, excess

ligands, and the (high-boiling) solvent are to be removed. The
precipitation−redispersion method relies on polarity differ-
ences. QDs with hydrophobic ligands are soluble in nonpolar
solvents (e.g., toluene) and precipitate upon the addition of
polar solvents (e.g., methanol). After centrifugation, the
supernatant (including impurities) is decanted, and the
compacted precipitate is redispersed. Multiple cycles of
precipitation−redispersion are necessary to remove all
impurities. Alternatively, size exclusion chromatography
(SEC) separates QDs from small molecules based on
size.23,24 It uses a porous gel (cross-linked polymer) as the
stationary phase. The retention time is size-dependent since
small molecules are trapped in the small pores while bigger
objects stay in the mobile phase. For more information, we
refer to an excellent review on nanocrystal purification.25

The QD field is a multidisciplinary one, connecting with all
traditional disciplines of chemistry as well as materials science,
physics, engineering, and biology. We have introduced QD
experiments in our inorganic chemistry laboratory course, but
they could equally well be included in physical chemistry
practical courses. Unfortunately, most educational materials on
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QDs are based on toxic elements, e.g., CdSe, CsPbBr3, and
PbS.26−30 ZnS and ZnSe have a high band gap and do not
cover the visible spectrum.31−34 Recently, an educational
experiment introduced Zn2xCu1−xIn1−xS2 QDs

35 with tunable
emission over the visible range. However, the QDs did not
have a well-defined first excitonic peak. Industrially, the leading
cadmium-free and lead-free technology is based on indium
phosphide (InP),36,37 but there are no undergraduate experi-
ments available.
Here we present a safer laboratory experiment that

familiarizes the student with important concepts in QD
synthesis, surface chemistry, and optical properties while also
teaching basic chemical laboratory techniques. The students
first learn to synthesize three different sizes of InP QDs and
characterize their optical properties. Second, the students
synthesize an InP/ZnS core/shell structure. We have
successfully implemented this experiment in an inorganic
chemistry laboratory course for 20 undergraduate students at
the University of Basel. They had one full day and two half
days to perform the syntheses and to fully characterize the
products using UV−vis, photoluminescence, and NMR
spectroscopy. The students discussed their results in an
article-style report. The learning objectives of these experi-
ments are as follows:

• Ability to work in a group
• Mastering air-free and Schlenk techniques, including air-
free transfer of liquids

• Handling a heating mantle (optional)
• Mastering the precipitation−redispersion purification
technique

• Mastering size exclusion chromatography as a purifica-
tion technique (optional)

• Acquisition and interpretation of UV−vis and photo-
luminescence spectra; interpretation of quantum con-
finement; use of the Beer−Lambert law to calculate QD
concentration; use of a sizing curve to calculate the QD
size.

• Acquisition and interpretation of 1H NMR spectra for
ligand-capped particles and stripped particles; identi-
fication of the ligand via reference spectra

■ RESULTS AND DISCUSSION

Chemistry of InP Synthesis
Indium halides react at 180 °C with tris(diethylamino)-
phosphine in the presence of oleylamine to form InP QDs.
Different sizes of InP QDs are made by starting from different
indium halides.38 The role of oleylamine is threefold: it is the
solvent, it is the only ligand present, and it is also involved in
the reaction mechanism (see Scheme 1). In the first step,
transamination occurs between the original aminophosphine

and the primary amine (oleylamine) in the solution. In the
second step, disproportionation of the tris(oleylamino)-
phosphine takes place.39,40 Indium has the same (+III)
oxidation state in both the precursor and the final InP product.
However, phosphorus has a (+III) oxidation state in the
(RNH)3P compound and is present in the (−III) oxidation
state in the final product. Tris(oleylamino)phosphine (3
equiv) reduces tris(oleylamino)phosphine (1 equiv) to P-
(−III) and is oxidized to P(+V) in the P(NHR)4Cl
phosphonium salt. The entire balanced equation is shown in
Scheme 1. For the formation of 1 mol of InP, 12 mol of
primary amine and 4 mol of aminophosphine are required.
Zinc chloride is added to the reaction mixture to reduce the

size dispersion of the InP cores, although its role in the
mechanism is currently poorly understood. In the synthesis of
InP/ZnS core/shell QDs, zinc chloride is supposed to be an
active reagent.
Introduction to Quantum Confinement

After injection of the aminophosphine precursor, the initially
colorless solution gradually turns dark red within 20 min.
Students take aliquots every 5 min after injection, thus
observing QD growth visually and quantitatively using UV−vis
spectroscopy (Figure 1). A progressive shift of the first
excitonic peak toward longer wavelengths (i.e., a red shift) is
observed. All data shown in this article were obtained by
students. To explain the observations, we turn to quantum
mechanics.
The particle in a box (also called the infinite potential well)

is usually the first quantum-mechanical problem that students
tackle. When solving the corresponding Schrödinger equation,
one obtains the wave functions and energies for the
eigenstates. For a simple one-dimensional box, the energy is
given by eq 1:

E n
ma2n

2 2 2

2=
(1)

The energy is proportional to the square of the quantum
number (n) and inversely proportional to the mass of the
particle (m) and the potential well width (a). A smaller box
leads to a higher energy of the particle, even for the ground
state (n = 1). In other words, more energy is required to
confine a particle in a smaller space. This phenomenon is
called quantum confinement. The effect is negligible on the
macro level but significant once the box is only a few
nanometers large.
For a semiconducting material like InP, there is a filled

valence band and an empty conduction band with a relatively
small gap between the bands (i.e., the band gap). An incident
photon that has an energy lower than the band gap will not be
absorbed (absorbance = 0 in UV−vis). If the photon energy

Scheme 1. Relevant Chemical Equations for the Synthesis of InP from Indium Halide and Tris(diethylamino)phosphine in the
Presence of Oleylamine (RNH2)
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matches the band gap energy, the photon is absorbed,
promoting an electron to the conduction band and leaving
behind a hole. This electron−hole pair is called an exciton. The
absorption of the photon results in an absorption feature in the
UV−vis spectrum, called the first excitonic peak. If the photon
has even higher energy (shorter wavelength), more transitions
to higher energy levels are available, and stronger UV−vis
absorption is observed (see Figure 1).
Unlike a bulk semiconductor, the band gap of the InP

nanocrystals is not a fixed value. Given that the electron in the
conduction band and the hole in the valence band are confined
to the size of the nanocrystals, there is an additional price to
pay: the confinement energy. The confinement energy is
higher for smaller nanocrystals. Hence, one observes a shift of
the first excitonic peak to longer wavelength (lower energy)
when the particles are growing.
Calculation of QD Sizes from UV−Vis Data
The average QD size can be determined for every aliquot by
applying the following sizing formula to the UV−vis data (eq
2):41,42

L
C

E ENC
NC bulk

1/

=
i
k
jjjjj

y
{
zzzzz (2)

where LNC is the average QD edge length (in nm), ENC is the
energy of the band edge transition at the maximum absorbance
of the obtained particles (in eV), Ebulk is the bulk band gap of
InP (1.35 eV), and C and α are empirically derived fitting
parameters (4.25 and 0.96, respectively). The sizing curve is
different for tetrahedral and spherical particles. In the original
synthesis paper,38 the authors assumed a spherical shape, but
later it was proven that the InP QDs synthesized from indium

halides and oleylamine have a tetrahedral shape.42 Therefore,
the students will calculate a different edge length than the
originally reported diameter.
After 1 min of reaction, the particles have an average size of

3.8 nm when starting from InCl3 (see Figure 1B). The size
slowly increases to 5.8 nm. The growth mainly occurs during
the first 10 min. The students obtained on average (averaged
over all student teams) an edge length of 6 nm for the large
particles, 5 nm for the medium-sized particles, and 4 nm for
the small particles.
Structural Analysis
Powder X-ray diffraction (XRD) is a method to determine or
confirm the atomic arrangement of a material, i.e., the crystal
phase. Incident X-rays scatter from a lattice of atoms.
Constructive interference of the scattered waves happens
when Bragg’s law is satisfied (eq 3):

n d2 sin= (3)

where λ the wavelength of the X-ray, d is the distance between
lattice planes, and θ is the scattering angle. XRD character-
ization might not always be available for an undergraduate lab.
Therefore, we recommend measuring it once and only
providing the diffractogram to the students (see Figure 2).

The Bragg peaks are broadened due to the small crystal size,
but the agreement with the reference diffractogram of zinc
blende InP is clear. The crystallite size, D, can be calculated
using the Scherrer equation:

D
0.9
cos

=
(4)

where β is the full width at half-maximum of the Bragg peak.
More information about XRD is found in the references.43,44

Photoluminescence
All of the final solutions were visually red in normal light and
emitted green, orange, and red colors under UV illumination
for the small, medium, and large QDs, respectively (Figure 3).
The absorption of UV light creates an electron−hole pair (an
exciton). This electron−hole pair can recombine in a couple of
nanoseconds to emit a photon (i.e., photoluminescence). The
photon energy is typically that of the band gap since electrons
and holes first relax to the lowest-energy state of the
conduction and valence band respectively, before recombining.
The shoulder/second feature at higher wavelength is typically
attributed to emission from trap states (defects on the
surface).45

The efficiency of radiative recombination is expressed as the
photoluminescence quantum yield (PLQY):

Figure 1. (A) Normalized absorption spectra of the aliquots taken
during the large core synthesis of InP (using InCl3). The maximum
absorption peak shifts to a longer wavelength as the QDs grow over
time. A picture of the diluted aliquots under visible-light illumination
is shown as an inset. The reaction time increases from left to right.
(B) The calculated sizes for the different aliquots are plotted versus
the time at which the aliquots are taken. The timing starts right after
the (Et2N)3P injection.

Figure 2. Diffractogram of the synthesized large InP QD cores
compared with the reference of bulk InP. The peaks are broader
compared to the bulk due to the small size of the QDs.
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PLQY
emitted photons

absorbed photons
=

(5)

The photoluminescence of the InP cores is rather weak, and
we will come back to this point in Core/Shell Synthesis and
Photoluminescence.
Calculation of QD Concentration by UV−Vis Spectroscopy
In chemistry, yield is an important metric. The concentration
and thus the yield of the obtained InP QDs is determined by
UV−vis spectroscopy. The intrinsic absorption coefficient of a
QD material, μi, is size-independent at sufficiently short
wavelengths. The absorbance scales with the volume fraction, f,
of QD material in solution according to46

A
fL

ln 10
i=

(6)

where L is the path length of the cuvette (in m). To make the
bridge to the Beer−Lambert law, it is useful to calculate the
molar extinction coefficient, ε, from this intrinsic absorption
coefficient (eq 7):

N V

ln 10
A QD

i,413=
(7)

where NA is the Avogadro number, VQD is the average volume
of the QDs, and μi,413 (8.5 × 106 m−1) is the intrinsic
absorption coefficient of InP at 413 nm.38 The extinction
coefficient is wavelength-dependent, so the absorbance at 413
nm should be used. The molar extinction coefficient is size-
dependent, since it scales with the volume of a single QD.
Indeed, the same amount of InP could be distributed over

many small particles or over a few large particles. This would
not change the absorption, but it would translate into a
different particle concentration. The students use the obtained
molar extinction coefficient with the Beer−Lambert law to
calculate the concentration of QDs in the cuvette.
Once the concentration in the cuvette has been obtained,

students can calculate the concentration in their stock solution
by taking into account the dilution necessary for the UV−vis
measurement. From there, one can calculate the yield.
A more straightforward determination of the yield goes via

the volume fraction. The volume fraction f of InP in the
cuvette can be determined using the measured absorbance A
and the intrinsic absorption coefficient of InP at 413 nm, μi,413,
according to eq 8:

f A
L

ln 10

i,413

=
(8)

Taking into account the dilution, the volume fraction in the
stock solution, fstock, is calculated. Using the total volume of
stock solution (Vstock) and the molar volume of InP (VM,InP =
30.3 cm3 mol−1), one calculates the molar amount of InP
(nInP) according to eq 9:

n
f V

VInP
stock stock

M,InP
=

(9)

Finally, the reaction yield is determined. Students obtained
yields between 27% and 50% after purification.
Core/Shell QD Synthesis and Photoluminescence

The surface of a QD is highly exposed to its surroundings
(solvents, ligands, etc.), which has a strong effect on the optical
properties.47−49 In addition, surface atoms have a different
coordination compared to the bulk atoms since the lattice is
abruptly terminated. This can lead to localized energy states
that are not part of the conduction or valence band. These
states are called surface traps since they provide pathways for
nonradiative exciton recombination, which reduce the PLQY.
One of the methods to remove trap states is to grow a shell of a
wider-band-gap material around the QDs. The interface
between two layers of different semiconductors is called a
heterojunction.50 For our discussion here, we focus on the
type-I heterojunction, where the conduction-band minimum of
the shell is higher than that of the core and the valence-band
maximum of the shell is lower than that of the core (Figure 4).
Such an architecture creates a potential well that confines the
electrons and holes to the core, avoiding interaction with
surface trap states and surrounding media.51−54 The InP/ZnS
core/shell QD is an example of such a type-I heterostructure.
Experimentally, the previously described synthesized cores

show very low luminescence (∼101 counts) and thus a weak
emission color. The emission of a core/shell QD is more
intense (∼106 counts). It should be noted that the reported
intensities in counts are concentration- and detector-depend-
ent. The increase in intensity is due to the surface passivation
of the InP core via inorganic ZnS shell formation. The shell
layer is grown using a saturated solution of sulfur dissolved in
trioctylphosphine (denoted as TOP-S) together with zinc
stearate (dissolved in hexadecane55), as shown in Scheme 2.
Even though the current experimental plan only allows for

partial execution of the shelling procedure, the QDs show
already a quite bright emission under UV light. Students
recorded photoluminescence spectra of all the cores and core/

Figure 3. Normalized absorption and photoluminescence spectra of
the three synthesized cores.
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shell structures and compared the relative intensities and
wavelengths (Figure 5). A red shift of the emission is observed
for increasing sizes. All emission spectra feature a rather large
line width, which is likely due to broad size distributions.
Surface Chemistry by NMR Spectroscopy
The QD surface chemistry is studied using 1H NMR
spectroscopy.56,57 About 30 mg of the core QDs is dispersed
in CDCl3. The resonances associated with ligands bound to the

QD surface appear broader than the resonances of, e.g., free
oleylamine in CDCl3 (Figure 6). Bound ligands feature both

homogeneous and heterogeneous broadening.56 The homoge-
neous line width is proportional to the T2 relaxation rate and
scales with the size of the object. Free oleylamine has a lot of
rotational freedom and tumbles fast (slow T2 relaxation), and it
thus has sharp resonances. Oleylamine bound to a large QD
has less rotational freedom, which results in faster relaxation
and thus broader lines. Heterogeneous broadening results from
the superposition of resonances that have different chemical
environments and therefore slightly different chemical shifts. A
well-solvated ligand shell has a quite uniform environment,
while poorly solvated ligand shells feature many ligand−ligand
interactions and thus more heterogeneous broadening. Both
broadening mechanisms are size-dependent.56

Given the broad resonances, it is difficult to unambiguously
assign the identity of the ligand. Therefore, trifluoroacetic acid
(TFA) is added to protonate the ligands, breaking the bond
with the QD surface, and the QDs precipitate. In solution, the
ligands have again sharp resonances and can be identified.
After TFA addition, the students record a new 1H NMR
spectrum. This time the resonances of protonated oleylamine
can be recognized at 3.2 and 1.7 ppm assigned to the α- and β-
CH2 of oleylammonium, respectively (Figure 6). The broad
resonance around 6.5 ppm is assigned to a proton pool of
exchangeable protons (H2O and RNH2).
The results are consistent with previous surface chemistry

studies.42,58 Both chloride and oleylamine ligands are present
at the QD surface (in the case of InCl3 as the reagent) (see
Figure 7). Chloride was detected with X-ray photoelectron
spectroscopy, and such a measurement is outside the scope of
this laboratory exercise. While oleylamine is a neutral Lewis
base (L-type ligand), chloride is a negatively charged Lewis
base (an X-type ligand). Given that the whole nanocrystal

Figure 4. Schematic representation of the band alignment of InP/ZnS
type-I heterojunction with the band gap (Eg) indicated for both
materials. The electron and hole pair that is created upon photon
absorption is depicted.

Scheme 2. Two-Step Synthetic Strategy to Obtain InP/ZnS
Core/Shell Heterostructure QDs

Figure 5. (A) Normalized photoluminescence spectra of the three
core/shell synthesized QDs. The inset is a picture showing the
difference in color of the small-sized core/shell QDs under normal
light and UV light. (B) Picture showing the differences in color and
intensity of the three different-sized cores and the small core/shell
QDs under UV light.

Figure 6. 1H NMR spectra (400 MHz) of free oleylamine, purified
QDs, QDs after TFA addition, and a reference of oleylamine with
TFA. Resonances assigned to protonated oleylamine can be detected
after the TFA addition due to ligand stripping. Resonances 1 and 2
(shaded regions) are shifted after TFA addition due to protonation of
the amine. Ethanol (*) is also present in the initial solution as an
impurity.
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object must be charge-neutral in solvents with a low dielectric
constant, the InP core must be indium-rich. The chloride−
amine pair can be exchanged for other X-type ligands (e.g.,
carboxylic acids) with the removal of ammonium chloride as a
byproduct (see Figure 7).58

■ STUDENT LEARNING
Students prepare their lab notes based on literature and the
handout. Together with an assistant, one team of two or three
students prepares a 20 min presentation about every step of
the synthesis and presents it to all students 1 week before the
experiment. Afterward, every student must come with prepared
lab notes including all calculations of the required precursor, a
step-by-step description of the synthesis, and important
hazards. The assistant checks the lab notes with each student
individually and asks questions for 5−10 min. An unprepared
student is not allowed to work in the lab. At the University of
Basel, we believe that this method prepares the students to
plan experiments based on research articles. In this article, we
are providing all of the information so that other universities
can choose how they want to proceed and how much
information they want to provide to their students.
In these experiments, the students used air-free and hot-

injection techniques to synthesize, isolate, and characterize
colloidally stable nanocrystals. The students observed a trend
in the optical properties with QD size. They then related the
visual change in color to quantum confinement theory. Using
UV−vis data, they determined the average size of their QDs as
well as the yield of their reaction. Second, students became
familiar with the concept of surface traps and how to passivate
them with type-I heterostructures. They synthesized InP/ZnS
core/shell QDs and visually observed an increase in brightness.
Finally, the students investigated the surface chemistry by
NMR spectroscopy, identifying the bound ligands. Students
must succeed in the experiments in order to continue with the
following ones. A report in a paper style is required within 2
weeks by each student, in which they must include relevant
references in the introduction and present their data in a
consistent way. The discussion part of these reports was our
main method to assess whether the students understood the
different concepts. If students had different results than the
ones expected (e.g., lower yield or different size), they had to
provide plausible reasoning for it and relate to how they
conducted the experiment (longer reaction time, amount of
precursor used). The example student report in the Supporting
Information clearly indicates successful learning. We got
positive feedback from the students that these experiments
are enjoyable and exciting.

■ SCHEDULE
The students read the lab script and prepare their lab notes
with the step-by-step procedure prior to the start of the lab
section. Day 1 is a full day (8 hours). Each student team (one
or two students) synthesizes three sizes of InP cores. The QDs
are purified by both precipitation−redispersion and size
exclusion chromatography methods. One InP core synthesis
takes a maximum of 1.5 hours, including preparation, ramping,
and heating time. Each student team performs one core
synthesis in the morning and two syntheses in the afternoon.
Since they are working as a team, the workload must be
divided between the students, e.g., when one is setting up the
next experiment, the other proceeds with the purification. Day
2 is an afternoon (5 hours). Each student team carries out one
core/shell QD synthesis and its purification via precipitation
redispersion. The assistants assign one size of core/shell QDs
to each team, such that all sizes of core/shell QDs are
synthesized within one lab. The core/shell QD synthesis takes
about 4 hours, including at least 2 hours of waiting time.
Characterizations (UV−vis and PL) of the previously
synthesized cores are performed during the waiting times of
the core/shell QD synthesis. Day 3 is another afternoon (5 h),
which is used as a buffer day for students to finish up all of the
syntheses and the UV−vis and PL characterizations of their
products. This time can be easily split up over multiple shorter
sessions. NMR experiments are performed on one of the core
particles before and after ligand stripping with TFA. The
students have 2 weeks to hand in a detailed protocol (in article
style), with a discussion of their results.

■ HAZARDS
All personal protective equipment (PPE), including gloves,
goggles, and lab coats, is worn at all times. Preparations are
performed in a fume hood. If the students have no experience
with Schlenk lines, we strongly advise them to read The Schlenk
Line Survival Guide published by A. M. Borys.59 Schlenk line
use requires explicit training and supervision. Improper usage
could lead to condensation of liquid oxygen in the cold trap, an
explosion hazard. Tris(diethylamino)phosphine, TOP, and
TOP-S are air-sensitive and reactive precursors that are stored
under nitrogen. They are added to the reaction mixture with
minimal contact with air. If the TOP bottle does not have a
septum, either transfer the solution to a Schlenk flask or work
under a constant nitrogen flow by using an upside-down funnel
attached to the Schlenk line. Use a needle and syringe to add
the precursors to the mixture. Make sure to flush the needle
three times with nitrogen before taking the required volume.
Bend the needle to suck up a protective layer of nitrogen in the
syringe before adding the content to the three-neck flask via
the septum. In the case of spillage, avoid the use of tissues�
use sand instead. The evolution of diethylamine gas may have
acute oral, inhalation, and skin toxicity with a 5 ppm TLV
value, and handling flammable liquids at 180 °C may result in
fire and burns. It is therefore very important to work under an
inert atmosphere in a fume hood throughout the reaction.
Trifluoroacetic acid is harmful if inhaled and causes severe skin
burns and eye damage. While taking aliquots be aware that the
solution is hot. Only take 100 μL of solution and proceed
quickly with the ejection. An assistant must be present next to
the student when the aliquot is taken. A beaker with
isopropanol and/or sand must always be available next to

Figure 7. Schematic representation of the surface of the InP core
obtained from InCl3.

58 Both oleylamine and chloride are present at
the surface. Upon the addition of an acid, oleylammonium chloride is
released from the surface and replaced by the conjugate base as an X-
type (charged) ligand.
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the student for any necessary quenching. Glass syringes are
safer than plastic ones.

■ SUMMARY
We adapted the InP QDs synthesis for an undergraduate
inorganic chemistry course so that students can enjoy making
and characterizing QDs without being concerned with major
toxicity issues of the chemicals used, such as cadmium or lead.
InP/ZnS core/shell QDs of different colors were made with
bright photoluminescence. Students were familiarized with
concepts such as the quantum confinement effect, colloidal
stability, and surface chemistry. The temperatures at which
these reactions occur are rather low, and a sand bath can also
be used instead of thermocontrollers. These syntheses are a
robust and safe way for students to explore QDs for the first
time.
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