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Abstract

In this masterthesis, a multidisciplinary research on the size, shape and composition of copper chalcogenide
nanocrystals (NCs) is presented. This has resulted in several different synthesis strategies including ultrathin
Cu1sS nanosheets, large quasi-spherical CuysS NCs, Cu,.Se nanoplatelets and self-assembled superlattices of

ZnS NCs, which were obtained after cation exchange (CE) reactions on hexagonal bifrustum and bipyramidal
Cul_%S NCS

It was shown that ultrathin digenite Cu; ¢S nanosheets could be synthesized with a well-defined thickness of 2.0
nm and a high control over the size and shape in the lateral dimensions ranging from 110 nm up to several pm
and both hexagonal and triangular shaped. The formation mechanism behind this synthesis was further
investigation and it has been shown that these nanosheets were synthesized via halide stabilized lamellar copper-
thiolate complexes. Further size and shape control over Cu,,S NCs was shown with the synthesis hexagonal
bifrustum and bipyramidal djurleite Cui.9S NCs and large quasi-spherical Cu,..S NCs. Size and shape control
over Cuy,Se was obtained with a novel selenium precursor (1-dodecaneselenol, DDSe), which was synthesized
with a Grignard reaction. The DDSe precursor was used to synthesis Cu,..Se platelets, were the precursors were
comparable with the halide stabilized lamellar copper-thiolate complexes for the Cu14S nanosheets. Finally, the
composition control of the Cu,.S and Cu,Se NCs was obtained with the use of CE. This yielded CdS, PbS,

ZnS nanosheets, CdSe nanoplatelets and hexagonal bifrustum and bipyramidal ZnS NCs as is shown in the
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Overview of the work this thesis will describe.
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1. General introduction

The use of colloidal semiconductor nanocrystals (NCs) for applications like light emitting diodes (LEDs) and
solar cells has been very well studied over the past few decades.™ Sony, for instance, recently announced the use
of quantum dots (QDs), spherical nanometer sized semiconducting NCs, in flat-screen televisions.’ This rapid
increase in interest for semiconductor NCs comes from the properties of the NCs being size and shape
dependent.® In other words, the properties of the nanocrystals can be tuned by merely changing the size and

shape, and thus without changing the composition.

The work-horses in the field of NCs are CdX and PbX (X= S, Se, Te) semiconductor NCs and have been
thoroughly investigated in the past decades due to their interesting optical properties.*® These Cd, Pb and also
Te containing NCs are toxic and moreover expensive due to the use of heavy elements. Therefore, extensive
research is being conducted with the aim of finding nontoxic and cheaper alternatives like CulnY, and
Cu,ZnSnY, (Y =S, Se).>* ™ These novel colloidal NCs have shown interesting optoelectronic properties but their
synthesis methods do no yet offer the same level of control over the size and shape of the NCs as has been
archived on CdX and PbX NCs. Although copper(I) sulfide and copper(I) selenide (Cu,.Y, Y=S, Se) are less
interesting in terms of optical properties compared to CulnY, and Cu,ZnSnY, (Y = S, Se), they can be
synthesized with a high control over the size and shape.”>* Moreover, Cu,.Y can be converted into a wide range
of other metal sulfides by exchanging the Cu* ions for other metal ions.>*® This makes Cu,.Y, in combination
with the high control over the size and shape, an interesting and low-cost material for metal chalcogenide NCs,

and thus a suitable candidate for the synthesis of cheap and nontoxic nanomaterials.

In this work, different shaped Cu,.Y NCs, including ultrathin nanosheets, anisotropic hexagonal based NCs and
CdSe platelets have been synthesized and investigated to obtain control over the size, shape, composition and
self-assembly behavior. This work is organized as follows. The second chapter will cover the necessary theoretical
background to understand this thesis. Chapters 3 will focus on the synthesis of ultrathin Cu;¢S nanosheets. The
following chapter, chapter 4, will present different methods for synthesizing large (~10-40 nm) Cu,.S NCs. The
synthesis of a novel Se precursor, 1-dodecaneselenol, together with its use in the synthesis of Cu,.Se platelets,
will be presented in chapter 5. Chapter 6 will cover the self-assembly of anisotropic ZnS NCs, which were
synthesized by CE on the Cui.9sS NCs.
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2. Theoretical background

This chapter is devoted to the basic theory behind semiconducting nanocrystals (NCs), their synthesis and their
properties. This chapter is organized as follows. The first section, section 2.1, gives a brief introduction into bulk
semiconductors, nanocrystals and quantum confinement. Section 2.2 describes the properties these materials in
general possess, which explains the interest of chemists and physicists in NCs. Section 2.3 presents the theory
behind the main synthesis method in the work, the “hot injection” method. The final section, section 2.4, will

present the theory behind cation exchange reactions, a versatile post-synthesis tool for metal chalcogenide NCs.

2.1. Bulk semiconductors and quantum confinement

A bulk semiconductor, containing around 10% atoms/cm?®, forms two energy bands rather than discrete energy
levels as within a single atom. The formation of these bands can be described by the Tight binding/LCAO
method.! Here, the individual atomic orbitals within the solid are coupled to form molecular orbitals. The
summation of the molecular orbitals gives rise to a band, with the most bonding combination being the lowest in
energy and the most antibonding combination the highest in energy (Figure 2.1). Within a band, the difference
between the energy levels are so small compared to thermal energy kT, that full motion of the electrons is
allowed. Therefore, the energy bands can be considered as quasi-continuum. The band formed by the coupling of
the Highest Occupied Molecular Orbitals (HOMO) is called the valence band and the band formed the coupling
of the Lowest Unoccupied Molecular Orbitals (LUMO) is called the conduction band. The gap between the
valence and conduction band is called the bandgap (E,). The bandgap of a bulk semiconductor is in generally
between 0.1 and 4 eV.

A . Most antibonding
LUMO N .
Conduction
. band
<)
5 !
g Bandgap Intermediate
orbitals
HOMO s— —
———— — Valance B
band
> Most bonding

Number ofatoms7\l
Figure 2.1: Schematic representation of the band formation in a semiconductor. Adapted from ref. !
The electronic structure of a semiconductor, as described above, can be altered when at least one of the
dimensions of a semiconductor crystal falls within the nanometer range (<100 nm). In this size regime, quantum

confinement effect starts to play an important role. The quantum confinement effect originates from the
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decoupling of molecular orbitals due to the decreasing amount of atoms within the nanocrystals. This can be seen
as the reverse of the formation of the electronic bands as shown in Figure 2.1. Therefore, with decreasing crystal
size comes an increase of the bandgap as shown in Figure 2.2. Furthermore, with decreasing crystal size, less
atomic orbitals contribute to the overall band structure and thus more discrete energy levels arise at the edges of
the valence and conduction band. One of the major influences of this changing bandgap is represented in the

optical properties of quantum dots, which will be further described in section 2.2.

CB

1P,

CB -
Eq

el LL T
6nm J > Z*n

Figure 2.2: Quantum confinement for a nanocrystal. When decreasing the size of the particle, the bandgap (E;) increases and more

discrete levels at the band edges are formed. Reproduced from ref.?

A more quantitative way to look at quantum confinement can by derive from the special extension of the exciton
wavefunction, the exciton Bohr radius. The exciton Bohr radius as can be described as shown in equation 2.1,
with h (Planck constant divided by 2n), the permittivity ¢, the elemental charge e and the effective masses of the

electron and hole m.and m;.?

ap == (mi +—) 2.1)

e? mp,

When the size of a NC falls below 440, quantum confinement effects start to influence the electronic properties of
the NC. In general, a smaller bulk E, means that the bonds are more covalent and thus the exciton is more
delocalized. This leads to m.and mj, becoming lighter and thus an increase in @. In other words, a larger bandgap
leads to a smaller ay and therefore smaller sized quantum dots are needed to observe the quantum confinement
effect. For instance, for CdS (E, = ~2.6 ¢V) the exciton Bohr radius is 2.7 nm where for CdTe (E, = ~1.6 ¢V) the
exciton Bohr radius is 6.7 nm.* CdS thus requires smaller sizes of nanocrystals to exhibit quantum confinement

effects compared to CdTe.
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As mentioned above, the quantum confinement effects are strongly depended on the dimensionality of the NCs.
Therefore, NCs can be divided in four different types; bulk, quantum wells (QWs), quantum wires (or rods, QRs)
and quantum dots (QDs). With a QD, quantum confinement occurs in all directions since all three dimensions
are smaller than 44, QRs, which are NCs were one dimension is larger than 44, experience only quantum
confinement effects in the transverse direction of the wire. When changing the dimensionality of the NCs to only
one dimension within the range of quantum confinement effects, the confinement is only experienced in one
direction, which is perpendicular to the plane. These are also known as quantum wells. Carriers within a quantum
well are thus freely moving in two dimensions but confined in one dimension. This leads to some interesting

effects for quantum wells.>”

The difference between bulk, quantum wells, quantum wires and quantum dots can be further explained by
looking at the density of states. With decreasing dimensionality, the carrier energy distribution is narrowed to
specific energies as described earlier. For a quantum well, this means that the density of states distribution
changes from a square root dependence to step like a dependence, as shown in Figure 2.3. Also, with decreasing
dimensionality comes an increase in the ground state which is comparable to increasing the dimensionality of a
particle in a box.! This means that the first available state of bulk (Eg) lies lower in energy compared to the first
available state of a quantum well (E;). Overall, the quantum confinement effects, and thus the properties, differ
for quantum dots, wires and wells with the same thickness (or diameter for QDs). Therefore the study of
quantum wells, from here on called nanosheets (NSs), opens up routes to a novel class of materials with for

instance exciting optical properties.8

& 8

Bulk Quantum Well Quantum Wire Quantum Dot
@ 3D @ 2D @ 1D o 4 OD
()] )] ()] e
= : > > =
Eg E Eg E, E. E Eg Enw Ep Eg E Eg Evi Eiz Eigs E

Figure 2.3: Schematic illustration of the density of states (DOS) as a function of energy for; (A) a bulk material (three-dimensional), (B) a

quantum well (two-dimensional), (C) a nanowire (one-dimensional), and (D) a quantum dot (zero-dimensional). Reproduced from ref.’
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2.2. Surface effect and optical properties of nanocrystals

As mentioned above, NCs are interesting due to their novel properties compared to their bulk equivalents. One of
these properties comes from the drastic change in the surface to volume ratio. Surface atoms have unshared
atomic orbitals (so-called dangling bonds) and therefore are higher in free energy and more reactive compared to
bulk atoms. In bulk materials, the contribution of these surface atoms is negligible due the low percentage of
surface atoms. When decreasing a semiconductor crystal to the order of several nanometers (1-5 nm), the surface
to volume ratio start to rapidly increase, as shown in Figure 2.4A. Within this nanosized regime, evaporation and
melting points generally decrease, as shown in Figure 2.4B. Furthermore, the reactivity, plasticity, solubility and

the ability to form stable colloidal dispersions of these nanocrystals increase within the nanometer regime.

A

% Surface atoms

5 10 15 20
Size (nm)

' A 5.

Bl 0 s 20  Diem

Figure 2.4: (A) Percentage of surface atoms depending on the size of a CdSe quantum dot. Reproduced from ref.* (B) Melting point of
colloidal gold nanocrystals plotted versus the radius. Below ~5 nm the melting point drastically drops due to the strong influence of surface

atoms. Reproduced from ref.!

To excite an electron across the bandgap in semiconductor (for instance 1.74 eV for bulk CdSe), thermal energy
alone is not sufficient, since kT is only 0.038 eV.* The electron can be excited from the valence band to the
conduction band by absorbing a photon with an energy equal to, or higher than E,. When the electron is excited
to the conduction band, it will non-radiative relax to the conduction band edge by losing its excess of energy to
the crystal lattice in the form of heat. From the band edge, the electron can further relax to the valence band by
emitting a photon with the energy difference between the two band edges. This process is called
photoluminescence and is shown in Figure 2.5A. The bandgap, and thus the optical properties of semiconducting
nanocrystals, are size dependent due to quantum confinement effects. This means that NCs can cover a wide
range of different band gaps and thus a wide range of absorption and emission bands solely by changing the
crystals size as shown in Figure 2.5B and C. The property to either absorb photons or emit photons with a

specific energy can be used for various applications like LEDs or solar cells.
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Figure 2.5: Optical properties of quantum dots. (A) Schematic representation of absorption and photoluminescence in a quantum dot. (B)

A series of CdSe QDs ranging from 1.2-11.5 nm showing a red shift of the absorption with increasing the QDs size. (C) The same CdSe

quantum dots emitting at different wavelengths under a UV lamp. Reproduced from ref.!!

2.3. Synthesis of nanocrystals: “Hot injection” method

One of the most commonly used bottom-up approaches for the synthesis of colloidal NCs has been developed by
Murray et al. and is the “hot injection” method.* Here, a cold (room temperature) solution, usually containing the
chalcogenide precursor, is rapidly injected into a hot solution containing the metal precursor. At first, the high
injection temperature creates a burst of nuclei, but due to the rapid drop in temperature after the injection, the
further formation of nuclei is stopped. The sudden burst of nuclei is followed by a drop of the precursor
concentration below the super saturation level. The lower temperature allows the nuclei to grow without the
formation of new nuclei, so nucleation and growth are separated, resulting in controlled growth of nuclei. If the
growth and nucleation are not well separated, new nuclei will be formed during the growth of the other nuclei,

leading to a high size distribution of the final NCs.

The hot injection method can described with the classical nucleation theory.? In the classical nucleation theory,
the change in the Gibbs free energy AG,,, as given in equation 2.2, is used to determine the growth of the nuclei.
Here, the Gibbs free energy is determent by the volume free energy AG,, the surface free energy y and the radius

of the nuclei 7.
AGior = %nrg‘AGv + 4mr?y (2.2)

In Figure 2.6 the Gibbs free energy is plotted versus the radius of the nuclei. When the radius of the nuclei is
small, the free energy will be dominated by the surface free energy since its 7 dependency. This is due to the large
surface to volume ratio of small nuclei. With increasing 7, the volume free energy starts to dominate the surface

free energy due to its 7’ dependency. This leads to an energy barrier AG® at the critical radius 7.
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Figure 2.6: Gibbs free energy for the formation and growth of nuclei. When a nuclei reaches the energy barrier AG* at the critical radius 7.,

it can either gain energy by dissolving or by growing into a larger NC.

The critical radius can be derived by dAG(n)/dr=0, which is given in equation 2.3. At the critical radius, the
nuclei can decrease their free energy when either 7 < 7, or when » < r.. When 7 < , the nuclei can lower their free
energy by decreasing their size and thus by dissolving. When the nuclei have an » > 7, the nuclei will lower their
free energy by increasing » and thus by growing. Further growth will eventually lead to a negative AG,, and thus

to the irreversibly growth of the nuclei into larger NCs.

_ 2y
r.= /I AG,| (2.3)

2.4. Cation exchange

A recently developed tool in the synthesis of semiconductor NCs is the use of cation exchange (CE). Here, the
cations in the NCs can be replaced by new cations with the preservation of the size and shape of the NCs. CE
reactions have been carried out over a wide range of NCs including CdSe to Cu,.Se and to ZnSe, and CusS to
either CdS or PbS (Figure 2.7A and B).'>" This has led to a whole new range of NCs which cannot be
synthesized in a direct fashion. For instance, metastable rocksalt CdSe NCs have been synthesized from rocksalt
PbSe NCs, whereas the most stable form of CdSe is wurtzite.!* With the fine-tuning of the concentrations, the

added precursors, temperature and the surfactants used it is even possible to make ternary or even quaternary like

Zn,CdySe or CulnZnS NCs by using partial CE.!>

CE reactions are thermodynamically driven by choosing the proper solvents and surfactants. For instance, when
exchanging soft Cu for a harder metal (Pb*, Cd** or Zn*), the cation exchange reaction is carried out with the
addition of a soft base like trioctylphosphine (TOP) or tributylphosphine.'*"* Predicted by the Hard-Soft-Acid-
Base theory (HSAB), TOP will bind strong to the soft monovalent Cu* and weak to the hard divalent Pb*, Cd?*

or Zn?**. Therefore, TOP will extract Cu* out of the NCs sublattice.!” The vacancies left behind from the Cu* can
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be filled by the new metal cation. This equilibrium can thus led to either a partial or full cation exchange towards
the new NCs. Overall CE can be considered as a versatile tool which can be used to make complex structures

which are not attainable in a direct synthesis.
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Figure 2.7: Examples of possible routes for CE. (A) CE starting from CdSe to CuzxSe to ZnSe for different kind of shapes and initial crystal structures.
Reproduced from ref.>'* (Bl) CE from Cu.S to CdS and PbS with size and shape preservation as sown with TEM. Furthermore XRD and optical

measurements confirmed the exchange towards CdS and PbS. Reproduced from ref. *
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3. Ultrathin Cu;sS nanosheets

3.1. Introduction

The main focus of this work is the size, shape and composition control over copper-chalcogenides, and Copper(I)
sulfide (Cu.S) in particular. The interest in Cu,.S comes from its intrinsic bandgap around 1.2-1.5 eV, which
makes Cu,.,S ideal for photovoltaic applications and solar cells.’® Cu,.,S nanocrystals (NCs) can be synthesized in
a large variety of morphologies.”*¢ Furthermore, the Cu* ions can be replaced for a large range of other metal
cations such as Cd*, Pb*, Ag* and Zn* by the use of the post-synthesis cation exchange method.”*® Therefore,
copper chalcogenides are highly suitable for opening up new routes towards control over size, shape and

composition over metal chalcogenide NCs, as will be described in this chapter.

Ultrathin 2-dimensional (2D) materials (thickness 1<2.5 nm thick) are currently attracting great scientific interest
due to their unique electronic and structural properties, which emerge from the confinement of charge-carriers in
a plane that is just a few atomic layers thick. For instance, monolayered MoS, nanosheets (NSs), the most studied
2D material, has been successfully used for the fabrication of transistors, photo-detectors and electroluminescent
devices due to its high carrier mobility, direct bandgap and transparency.!’"® Furthermore, colloidal CdE (E = S,
Se, Te) NSs have shown ultra-fast emission, which may be useful for quantum cascade lasers.!*" Finally,
semiconductor NSs have been proposed as efficient host materials for Li-ion batteries, as the thin NSs can

effectively accommodate large volume changes induced during the charge/discharge process.™

The currently most used methods for the preparation of nanosheets are exfoliation of bulk material or by chemical
vapor deposition."™"* Both methods result in thin layers, but offer limited control over the final thickness and lack
control over the shape and lateral dimensions of the NSs. Furthermore, these techniques are not suitable for large
scale production of free-standing NSs. Synthesis of colloidal 2D NSs have only recently been reported and are
limited to a few compositions: SnSe (1= 1 nm), PbS (I= 2.8 nm), In,S; (I= 0.76 nm) and CdA (A=S, Se ,Te, 1=
1.2-2.1 nm) NSs.!*151720 The Cd-based NSs are the only currently synthesized colloidal NSs for which the
thickness can be controlled. Nevertheless, shape and size control in the lateral dimensions has not yet been
achieved for any colloidal NSs. Additionally, these NSs are often entangled and curled and therefore have limited
applicability for self-assembled thin films."

In this chapter, a new method to synthesize colloidal ultrathin hexagonal digenite Cu1sS NSs will be described.
This chapter is organized as follows. The experimental section, section 3.2, will describe the details of the CuysS
NSs synthesis. This synthesis was thoroughly investigated by varying growth conditions, concentrations and

different precursors (sections 3.3.1-3.3.5) leading to both control over the size and shape of the nanosheets, as
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well as a mechanism explaining the formation of these nanosheets (section 3.3.6). The synthesis of CdS, PbS and
ZnS NSs by cation exchange reactions on the Cu;sS NS is described in sections 3.3.7. The conclusions drawn

from the Cu; S NSs will be described in the section 3.4 and an outlook will be given in section 3.5.

3.2 Experimental

The following sections will contain the experimental part for the syntheses of the ultrathin hexagonal NSs. After
the used materials, the general synthesis of the Cu;3S NSs will be described in section 3.2.2. Section 3.2.3 will
contain the cation exchange method used to synthesize CdS, PbS and ZnS NSs. Sections 3.2.4-3.2.8 will cover
the used equipment, including more details on the syntheses (3.2.4), electron microscopy (3.2.5), X-ray
diffractometry (3.2.6), absorption and photoluminescence spectroscopy (3.2.7) and the excited state lifetime

measurements (3.2.8).

3.2.1. Materials

Copper(I) acetate (CuOAc, 97%) and tin(IV) tetrabromide (SnBrs, 99%) were purchased from Sigma Aldrich and used
without any further purification. Other metal salts used for the experiments were also bought from Sigma Aldrich, such as
tin(I) dibromide (SnBr,), tin(IV) tetrachloride pentahydrate (SnCL.SH,O, 98%), tin(IV) acetate (SnOAcs), copper(I)
chloride (CuCl, 97%), copper(I) bromide (CuBr, 98%), sodium bromide (NaBr, 299%), sodium chloride (NaCl, trace metal,
99.999%), lead(II) acetate trihydrate (PbOAc2-:3H20, 99.999% trace metals basis), cadmium(II) nitrate tetrahydrate
(CA(NO3)2-4H20, 98%) and zinc(II) dichloride (ZnCl2, 98+%) and were used without further purification. Sulfur powder
was obtained from Strem chemicals. Ligands and solvents were purchased from Sigma Aldrich, like trioctylphosphine (TOP,
90%), tributylphosphine (TBP, 99%), 1-Dodecanethiol (DDT, 298%), 1-octadecene (ODE, tech., 90 %), trioctylphosphine
oxide (TOPO, 99%), oleylamine (OLAM, tech., 70%), 1,9-nonanedithiol (95%), 1-octadecanethiol (98%), 2-
phenylethanethiol (98%), anhydrous toluene, methanol and butanol. ODE, TOPO and OLAM were degassed prior to

synthesis.

3.2.2. Cuy S ultrathin hexagonal nanosheets

The synthesis of the Cu;sS NSs is an adaptation of a method described by Wang ez a/. but with the addition of
SnBr;¢ Typically, 27.3 mg (0.22 mmol) of CuOAc and 32.85 mg (0.075 mmol) of SnBr, were dispersed in 12.5
mL ODE together with 0.55 g of TOPO. The mixture was degassed for 30 minutes at a temperature of 100 °C.
After the degassing, the dark brown solution was gradually heated to 160 °C and at this temperature, 0.5 mL
DDT was swiftly injected under a vacuum. Directly after the injection, the reaction solution turned clear yellow
and was purged with a N, gas flow. The temperature was further increased to 220 “C and turned turbid brown at

~200 °C. The solution was maintained at 220 °C for 40 minutes. The Cu,.S nanosheets were precipitated by
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adding a methanol/butanol solution and centrifuging at 3000 rpm for 15 minutes. Afterwards, the NSs were

redispersed in toluene. The washing steps were repeated three times.

3.2.3. PbS, CdS, and ZnS NSs via cation exchange

The cation exchange (CE) reaction are performed as described by Luther ez /.’ Here, an excess (0.143 mmol) of
either PbOAc,, Cd(NOj3), or ZnCl, was dissolved into 1 ml methanol and 100 pl TBP within a glovebox at room
temperature. The precursor solution was rapidly injected into a heavily stirring 3 ml NSs dispersion (in toluene).
The CE reaction was allowed to proceed overnight at room temperature. During the exchange of Cu* for Cd%,
the solution slowly turned from brown to yellow in the first hours of the reaction, indicating the formation of
CdS. The solutions for the exchange of Cu* for Zn? and Pb*, exhibited the same behavior, where the reactions
respectively turned colorless/white and black, indicating the formation of the ZnS and PbS NSs. As described by
Luther ez al., one droplet of Pb(OA), stock solution was added to aid the stability of the PbS NSs.” The Pb(OA),
stock solution was prepared by dissolving 0.1 mmol PbOAc; in 3.7 ml ODE and 1.7 ml OA. The cation
exchanged NSs were precipitated by adding a methanol/butanol solution and centrifuged at 3000 rpm for 15

minutes. Afterwards, the NSs were redispersed in toluene.

3.2.4. Synthesis set-ups

For the hot-injection syntheses, the following set-up was used; a 50 ml 3-neck-roundbottomflask containing a
magnetic stirring bean was fitted with two septa (one for the thermocouple and the other for the hot injection)
and a Vigreux condenser. The Vigreux condenser was connected to a Schlenkline with a 2.5 torr vacuum and a 40
L,/h nitrogen pressure. The heating source was a Horst HTMC1/69 thermocouple set at step 2 and was changed
to step 1 20 °C below the final growth temperature to prevent the temperature from rising too high. A VWR
hotplate/stirrer was used for stirring and was set at 600 rpm. Samples were taken with a 20 mL glass syringe with
an iron needle and stored in glass vials with a septum. These vials were prepared within a glove box to keep the
samples oxygen free. The cation exchange reactions were performed in 20 ml glass vials placed on an A VWR

hotplate/stirrer within a glovebox.

3.2.5. Electron microscopy

For the Transmission electron microscopy (TEM) measurements, a standard FEI Tecnai-10 or FEI Tecnai-12
was used. The energy dispersive x-ray spectroscopy (EDS) measurements were conducted with a FEI Tecnai-20F
equipped with a Field Emission Gun, a Gatan 694 CCD camera and an EDA spectrometer. The microscope was
operated at 200 kV. Acquisition time for the EDS measurements was 30 s. For the high resolution images, a FEI

Titan Cs-corrected operated at 120 kV was used at Electron Microscopy for Materials Science (EMAT)
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Antwerp. Samples were prepared on carbon coated polymer film copper grids (300 mesh) in a glove box by

dropcasting 10-50 ul (depending on the dilution) of sample on the grids.
3.2.6. X-ray diffractometry

For the X-ray diffractometry, a Philips PW1729 x-ray generator and PW 3710 MBP controller were used at 40
kV and 20 mA and with a Cu K, source (A=1.5418 A). Samples were prepared by dropcasting a concentrated NC
solution on a Si wafer. The concentrated NC solution was prepared as follows. 1 mL of sample was sedimented
with a methanol/butanol solution at 3000 rpm for 15 minutes and redispersed in a few drops of chloroform. The
chloroform dispersion was dropcasted on a small piece of Si wafer and the chloroform was evaporated. The small
piece of wafer was taped on an aluminum holder. The low angle measurements ranged from 5.3-25 degree. The
crystal structure determination measurements ranged from 20-75 degree. In both cases multiple measurements

(5-15 measurements, depending on the quality) were conducted to increase the signal to noise ratio.
3.2.7. Absorption and photoluminescence spectroscopy

Absorption spectra were measured on a Perkin-Elmer Lamdba 950 UV/VIS spectrophotometer. In general,
samples were diluted in toluene and absorbance was measured from 280-800 nm with a step size of 1 nm.
Samples measured from 280 to 2000 nm were redispersed in tetrachloroethylene (TCE) due to the strong
absorbance of toluene at lower energies (<1100 nm). Photoluminescence (PL) and PL excitation spectra were
measured on an Edinburgh Instruments Spectrofluorometer equipped with a detector sensitive in the visible
region (either a Hamamatsu H7422-02 or Hamamatsu R928) and a 900W Xe lamp as source. Each spectrum
consisted of three measurements to increase the signal to noise ratio. In general, a stepsize of 2 nm and a dwell
time of 0.5 s were used. Samples were prepared in a glove box and transferred to quartz cuvettes (1 cm

pathlenght), which were closed with a screwcap to keep the samples from oxidation.
3.2.8. Excited state lifetime measurements

Excited state lifetime measurements were performed on an Edinburgh Instruments set-up as described in the
previous section. An Edinburgh Instruments EPL-375 Picosecond pulsed diode laser was used and set to a pulse
rate of 50 ps. The samples were excited at 375 nm and the lifetime was measured at 630 nm. Samples were

prepared as described in section 3.2.7.



Page |18

3.3. Results and discussion

This section is organized as follows. The first section, section 3.3.1 will describe the general synthesis and
properties of the Cu,,S NSs. Section 3.3.2 discusses the influence of the growth time, concentration and growth
temperature on the size and shape of the NSs. The third section discusses the influence of the solvent and the
ligands used during the synthesis (3.3.3). The influence of the halide source will be discussed in section 3.3.4.
Section 4.3.5 describes the influence of different used copper and sulfur precursors. A formation mechanism for
the CuysS NSs, based on the first five sections, will be described in section 3.5.6. The final section discusses the
CdS, ZnS and PbS NSs obtained via CE reaction performed on the Cu,.S NSs (section 3.5.7).

3.3.1. Cuy sS ultrathin hexagonal nanosheets

When DDT is injected into degassed CuOAc, ODE and TOPO, (quasi-)spherical nanoparticles of
approximately 9 nm (Figure 3.1A) are obtained, as has been reported by Wang ez a/® When the synthesis is
performed with the addition of a small amount of SnBry, as described in section 3.2.2, the size and shape of the
nanoparticles is drastically changed from quasi-spherical to ultrathin hexagonal NSs, as shown in Figure 3.1B.
These NSs tend to stack after dropcasting on a TEM-grid, indicating shape uniformity as shown in Figure 3.1C.
From the TEM measurements, the size of the NSs was determined, being ~110 nm in diameter and ~2 nm in

thickness (an aspect ratio of 55).

NSs, respectively. (C) TEM images of stacked nanosheets. Scale bars correspond to 100 nm.

The uniformity in thickness is also displayed in the low-angle X-ray powder diffraction (XRD) measurements, as
shown in Figure 3.2A. The stacked NSs give rise to a series of diffraction peaks at low angles. The 20 separation
between the observed peaks is 2.49 degree, corresponding to a periodic separation of 36.7 A. The measured
periodic spacing of 36.7 A is in close agreement with the TEM measurements, as a sheet thickness of ~2 nm and
a separation of ~1 nm (due to ligands) were measured, leading to a total thickness of ~3 nm. The diffractogram at

higher angels showed only one sharp peak at 47°, indicating a Cu;sS digenite crystal structure (Figure 3.2B). The
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composition of digenite (CuyS) is in good agreement with the Cu:S ratio obtained from Energy-Dispersive X-

ray Spectroscopy (EDS) measurements, where a typical ratio Cu:S of 1.79:1.00 was measured.

=
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Figure 3.2: Diffractograms at different angles of the Cui1sS NSs with (A) a low angle diffractogram and (B) a diffractogram at higher

angles. Red bars are from JCPDS card no. [47-1748] for hexagonal digenite.

The thickness and crystallinity of the NSs was further investigated with High Resolution TEM (HRTEM)
measurements. From the HRTEM images (Figure 3.3), a more precise thickness of the NSs was measured. The
NSs are 1.96 nm thick with a 1.26 nm thick ligand layer, leading to total thickness of 3.22 nm. Furthermore, 5-6
monolayers per NSs were observed. Two lattice spacings were observed, one parallel to the surface (the {001}
direction) and one perpendicular to the surface (the {002} direction). Based on the Fast Fourier Transform (FFT)
(Figure 3.3A and C), a lattice spacing of 3.4 A was determent. This proves that, although the NSs are very thin,
they are crystalline.

]

Figure 3.3: High Resolution TEM images of the standard NSs viewed from the medial (A) and the lateral direction (B and C). Inset

shows the FFT pattern. Scale bars correspond to 5 nm. Scale bars in insets correspond to 5 nm™.



Page |20

The absorption spectrum of the NSs (Figure 3.4) showed no Localized Surface Plasmon Resonance (LSPR). This
could be due to the fact that the NSs are very thin and therefore the LSPR is too weak to be measured. This has
also been seen for small Cu,.,S spherical nanoparticles, where a strong plasmon resonance is observed for particles
of 5.9 nm and the LSPR is completely damped in the sub-3-nm regime.* The only absorption band observed is
at 375 nm. Furthermore, the photoluminescence spectrum showed a red luminescence around 600 nm. The

nature of the absorption and luminescence bands is further discussed in section 3.3.6.
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A —
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Figure 3.4: UV/Vis-NIR absorption and photoluminescence spectra of the CuisS NSs.

Although it is evident that SnBr, plays a pivotal role in the formation of the Cu;sS NSs, virtually no Sn was
measured with EDS. Since it could be that the Sn-species are weakly bound to the NSs and are removed during
the washing steps, an unwashed sample was measured with EDS. Again, no Sn was detected, excluding the
possibility that Sn is washed out during the sample purification. On the other hand, a substantial amount of Br is
observed in both the both washed and unwashed NSs (1.79:1.00.0.23 Cu:S:Br). Therefore, an EDS linescan and
elemental mapping measurements were performed to see whether the Br is located at certain positions on the
nanosheets, for instance only at the surface (Figure A3.1). It was found that Br was randomly distributed over the
NSs, probably because they are highly mobile after exposure to the electron beam with long integration times.

The role of the Br on the synthesis of the NSs is further discussed in sections 3.3.5 and 3.3.6.

3.3.2. Influence of growth time, temperature and solvent concentration

To gain insight into the formation mechanism of the ultrathin Cu;sS NSs, the reaction was followed over time by
taking intermediate samples as shown in Figure 3.5. Directly after injection, thin material could be observed with
irregular sizes and shapes (Figure 3.5A). After 20 minutes, the hexagonal Cu;sS NSs coexist with the irregular
shaped thin material, suggesting that the irregular shaped thin material is a precursor for the NSs and is
consumed over time (Figure 3.5B). The final sample, which was collected after 40 minutes, consisted solely of
hexagonal NSs with a well-defined size and shape (Figure 3.5C). The irregular thin precursor did not contain any
bromide and consisted of Cu and S in an elemental ratio of 1:1 (determent with EDS). This indicating these

precursor are presumably Cu-thiolate complexes, comparable to those observed by Han ez a/*



Figure 3.5: Transmission Electron Microscopy (TEM) images of a NS synthesis followed over time by taking intermediate samples after
(A) 1 minute, (B) 20 minutes and (C) 40 minutes. Scale bars correspond to 400 nm.

The size in the lateral dimensions of the NSs were altered from approximately 110 nm to approximately 365 nm
by adding more ODE, and thus making the synthesis more dilute (Figure 3.6). In this series of experiments, the
molar amounts of precursors were unalterd, but the amount of non-coordinating solvent was varied from half of
the ODE (Figure A3.2A) towards four times the amount ODE (Figure 3.6C). Ultrathin NSs were obtained with
a well-defined hexagonal shape, only for the half amount ODE synthesis the NSs had a more triangular
morphology and were more polydisperse in size. The sizes measured according to TEM for respectively the half
ODE, one equivalent ODE (standard synthesis), two equivalents ODE and four equivalents ODE synthesis were
115 nm, 110 nm, 210 nm and 365 nm respective. It should be noted that the synthesis with four equivalents
ODE (Figure 3.6C) needed a doubled reaction time for NSs to form.

0 A

o >
Figure 3.6: TEM 1mages of the size control of the NSS, w1th (A) the standard NSs as a comparison, (B) two times dilution and (C) four

times dilution. Scale bars correspond to 200 nm.

To further investigate the size and shape control of the CuyS NSs, the influence of the growth temperature was
investigated. The initial growth temperature for the NSs was set at 220 °C. After the DDT injection, a color
change from clear yellow to turbid brown could be observed around 190 °C. Therefore, a NSs synthesis was
carried out were the growth temperature was set at 190 °C. As Figure 3.7A shows, this synthesis also ultrathin
nanosheets, but with a less defend shape. Presumably, these NSs are thinner and therefore form nanorolls to
minimize their surface free energy. Furthermore, an experiment was carried out at 250 °C, which gave rise to

comparable NSs as obtained at 220 “C. An important observation is that less stacks are observed, which could
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indicate that these NSs are thicker and therefore stacking is less favorable (Figure 3.7B). Unfortunately, the
control in thickness by varying the growth temperature could not be confirmed with low angle XRD due to time

limitations.

Figure 3.7: TEM images of the NSs obtained at (A) a lower growth temperature of 190 °C and at (B) a higher growth temperature of 250
°C. Scale bars correspond to 200 nm.

3.3.3. Influence of solvent and ligands

It is known in literature that both the non-coordinating solvent and ligands can play a vital role in the size and
shape control of NCs synthesis.”® To see whether changing the polarity of the solvent influenced the size and
shape of the CuisS NSs, a more polar solvent, diphenyl ether (DPE), was used (Figure A3.2). A 1:0.04
DPE:ODE mixture (SnBrs was dissolved in 0.5 ml ODE) showed more distorted hexagonal nanosheets, but no
unreacted polymers for after 10 and 40 minutes. The lateral dimensions were unchanged compared to the normal
synthesis. Therefore, it can be concluded that a more polar solvent accelerates the synthesis but thus not (strongly)

influence the size and shape control.

When investigating the role of the ligand TOPO, it was found that the decrease of the added amount TOPO
(from 550 mg to 100 mg), led to very large hexagonal NSs with a lateral size up to several micrometers (Figure
3.8A). When TOPO was completely removed from the synthesis, the large lateral dimensions were maintained
but the shape changed from triangular to hexagonal (Figure 3.8B). In both cases, the thickness remained 2 nm, as
XRD measurements showed the same periodic spacing of 36.7 A at low diffraction angles (Figure 3.8C). Based
on these results, it is expected that TOPO only binds to the NSs edges and thus only influences the growth in the
lateral dimensions. Notable is the change in intensities between the diffraction peaks compared to the
diffractogram of the standard NSs (Figure 3.2A). This can be explained by the stacking difference of the two
samples. The standard NSs form large stacks consisting of up to tens of NSs. The um sized NSs on the contrary,
show no stacking due to their high aspect ratio (>1250!) and thus only show diffractions from the stacking of the
nanosheets on top of each other. Spherical Cu; S dots were obtained when TOPO was replaced with TOP, the
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non-oxidized version of TOPO (Figure 3.8D). TOP tends to strongly bind to copper ions, since they are a weak
Lewis base and acid respectively, and therefore strongly influencing the shape of the final NCs. This further

confirms that TOPO only inhibits the growth in the lateral dimensions.
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Figure 3.8: TEM images showing the influence of the ligands; (A) NSs syntheses with !/5 the amount of coordinating ligand TOPO and

(B) without TOPO. (C) Low angle XRD diffractogram of these large NSs. (D) NSs synthesis were TOPO is replaced with TOP. Scale
bars in (A) and (B) corresponds to 1 pm. Scale bar in (D) corresponds to 100 nm.

The dispersed um NSs were pink or red colored depending on the growth time as shown in Figure A3.3A, rather
than brown as with the standard NSs. The red color was confirmed by absorption spectroscopies were two peaks
around 515 nm and 575 nm where observed as shown in Figure A3.3B. The change of color for the larger NSs

remains unclear and was not further investigated but could be related to the increased aspect ratios.

To see whether a more bulky phosphine oxide would influence to shape of the NSs, triphenylphospine oxide
(TPPO) was used. As shown in Figure A3.4 this yielded a wide range of sizes and shapes like large irregular (up
to um) NSs, unreacted polymers and smaller sized and shaped nanosheets. Since the more ‘hard’ nature of the
TPPO (HSAB theory),* it will bind less strongly to the copper explaining the large sized nanosheets observed,
comparable to the size increase when removing the TOPO. Furthermore, TPPO is also more bulky compared to
TOPO which leads to less ligands per edge surface and could lead to less control over the growth in the lateral

dimensions.
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3.3.4. Influence of the sulfur precursor

The influence of the sulfur precursor on the NSs was investigated by using a shorter and bulkier thiol
(phenylethanethiol), a longer thiol (1-octadecanethiol) and a dithiol (1,9-nonanedithiol) as shown in Figure 3.9A,
B and C respectively. Furthermore, elemental sulfur was used in as shown in Figure 3.9D. With all the different
thiols, thin materials were obtained, whereas S powder yielded uncontrolled and very polydisperse particles. In the
case of the shorter thiol (Figure 3.9A), the size and shape control was completely lost, whereas the dithiol (Figure
3.9C) resulted in what are presumably nanorolls. The longer alkylthiol yielded similar nanosheets as the standard
synthesis, but more unreacted precursors are observed (Figure 3.9B). This might be related to the decreasing
stability of [CuSC1sHjs;] compared to [CuSC1,H,s].? Furthermore, the use 1-octadecanethiol yielded an increase
of the stacking spacing from 3 nm towards 3.9 nm (Figure 3.9E), which could be caused by the longer alkyl-
chain. What is evident from these experiments is that for controlled NSs growth, alkylthiols are necessary. The

further role of the alkylthiols will be discussed in section 3.3.6.

1,9-nenanedithiold
Figure 3.9: TEM images of the
octadecanethiol, (C) 1,9-nonanedithiol and (D) elemental sulfur. Scale bars corresponds to 50 nm.

Next to sulfur containing precursor, different chalcogenides were used. As with the elemental sulfur, elemental
selenium vyielded irregular sized and shaped materials. Instead of DDT, 1-dodecaneselenol was also used as

precursor. The use of 1-dodecaneselenol as precursor will be further discussed in chapter 5.

3.3.5. Influence of the copper and halide precursor.

In order to prove the hypothesis that the addition of halides, rather than Sn, induces the 2D growth, several
control experiments were performed. In the first control experiment, SnOAc, was added as Sn-specie. As can be

seen in Figure 3.10A, this led to spherical Cu,.S nanocrystals, pointing in the direction that Sn has no influence
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on the NSs formation and it is indeed the halide that is causing the two-dimensional growth. Furthermore, the
minimal amount of SnBr, that is needed to induce the 2D growth was investigated by using different
concentrations of SnBrs. As shown in Figure 3.10B, adding halve the amount of SnBr, leds to an increase in
irregular thin material. When the added amount of SnBrs was further decreased to % mol of SnBrs, no NSs were
formed. Instead, this experiment yielded nanodisks as shown in Figure 3.10C. This shows that a certain minimal

amount of bromide is needed to form the NSs.

» 9 ":,
1/2 timesiSnB

Figure 3.10: TEM images of, (A) a synthesis with Sn(OAc)s, (B) half the amount of SnBrs (2 Co) compared to the standard NSs synthesis
and (C) a quarter of SnBrs(%4Co). Co = concentration of SnBr4 in the NS synthesis. Scale bars corresponds to 100 nm.
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To further confirm the role of Br for the formation of the NSs, different bromide precursors were used. As shown
in Figure 3.11A, replacing CuOAc and SnBrs with CuBr, yielded irregular thin material and a few hexagonal
NSs. When additional Br-ions were added, in the form of NaBr, the irregular thin material disappeared and well-
defined hexagonal NSs were obtained (Figure 3.11B). This further proves that Br causes the 2D growth NSs
formation and that a minimal amount of bromides is needed to induce the formation of well-defined NSs. The
later statement was further proven with a synthesis were Sn(IV)Br, was replaced with Sn(II)Br,. This experiment
yielded uncontrolled, crumbled thin material, presumably due to the fact that less Br was present, as shown in
Figure 3.11C. Subsequently, the present Br-ions are less accessible as they are more strongly bound to Sn(II)
compared to Sn(IV), according to the Hard-Soft-Acid-Base Theory (HSAB).**

N

CUOAC + S'nBz -5

Figure 3.11: TEM images of a NS synthesis with (A) only CuBr instead of CuOAc and SnBrs, (B) CuBr with the additional of Br in the
form of NaBr and (C) CuOAc with the addition of Sn(II)Brz instead of Sn(IV)Bra. Scale bars correspond to 200 nm.
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The influence of the bromide was further investigated by using a different halide. When SnCl, was used instead
of SnBry, triangular NSs with similar dimensions as the hexagonal NSs were obtained (Figure 3.12A and B). It
should be noted that a threefold of SnCly compared to the SnBrs was necessary for NS formation to occur. When
SnBr; was replaced 1:1 with SnCl, disklike nanocrystals were obtained similar to those with % SnBr, (Figure
3.12C and 3.10C). As with the hexagonal NSs, the triangular nanosheets showed large stacks (Figure 3.12B).
XRD measurement showed that the triangular NSs had the same thickness and crystal structure as the hexagonal
NSs (Figure A3.5). The difference between the needed amounts of SnBrs and chloride, could be explained with
the HSAB theory.?* Since Sn(IV) and Cl form a stronger bond than Sn(IV) and Br, less accessible halides are in

solution.

=Co) and (B

+ C) with a threefold excess (Csnct. = 3Co). Scale bars correspond to 100 nm.

When CuOAc and SnCL where replaced with CuCl and NaCl, triangular NSs were still observed (Figure A3.6),
confirming that Cl-ions yield triangular nanosheets whereas Br-ions result in hexagonal nanosheets. Why

chlorides yield triangular NSs and bromides hexagonal NSs is unclear and should be further investigated.

3.3.6. Formation mechanism of the Cu; S NSs

In order to gain insight in the formation mechanism of the Cu;sS NSs, the synthesis was monitored over time
with absorption and photoluminescence (PL) spectroscopy (Figure 3.13). There was observed that preliminary
samples, obtained 1 minute after the injection of DDT, were highly luminescent in the visible region and showed
a strong absorption band in the ultraviolet at 375 nm (Figure 3.13A). Furthermore, from the absorption spectra it
is clear that the absorption band decreases over time and that an absorption band around 700 nm arises,
originating from the absorption of the Cu;sS NSs. The inset of Figure 3.13A shows the PL of the samples that
were collected overtime. There can be seen that the pre-injection solution (green line), was not luminescent,
whereas directly after injection a broad and strong PL centered around 623 nm could be observed that, similar to

the absorption band at 375 nm, decreased over time. In order to understand where this UV absorption band and
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this visible PL originate from, a control experiment was conducted with without the addition of SnBry
(comparable to the synthesis of Figure 3.1A). Again, a strong absorption band was observed in the UV that
decreased overtime, but at higher energies (340 nm), indicating that the precursor complex formed in this
synthesis with halides present is not the same as for the synthesis without SnBrs. In this synthesis, the pre-
injection solution (green line) was weakly luminescent and the luminescence shifted directly after injection from
525 nm towards 500 nm and decreased overtime. These observations indicate that these luminescent species were
precursor complexes and are consumed over time. Furthermore, different complexes are formed in the case of a

synthesis with and without SnBr, added.

Counts (a.u.)
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Figure 3.13: Absorption and photoluminescence evolution over time (1-30 minutes) of a NSs synthesis with (A) SnBrs and without (B)
SnBr4 added. Insets show the PL of the samples.

To verify where this absorption at 375 nm originates from, the metal salts were simply mixed in DDT and ODE
and gradually heated slightly above the injection temperature (160 “C), but below the temperature at which Cuy ¢S
NS formation occurs (200 °C). The same absorption band for the standard synthesis was observed when the Cu-
and Sn-salt were mixed in DDT and ODE, whereas the band observed at 340 nm was found when only the Cu-
salt was added to DDT and ODE (Figure 3.14D). Furthermore, TEM showed that CuOAc and SnBr, in DDT
yielded the same irregular thin material as observed previously as unreacted precursors in several syntheses (Figure
3.14B), whereas solely CuOAc in DDT yields a gel-like polymer (Figure 3.14A) similar to what has been seen by
Han e# a/? Furthermore, solely SnBr; in DDT (in the absence of CuOAc) resulted in large undefined clusters

and no absorption band (Figure 3.14C).

As a final control experiment, solely CuBr was dissolved in DDT at slightly elevated temperatures (comparable to
the synthesis in Figure 3.11A). This experiment resulted in the same absorption and PL features directly after
injection as for the experiment with CuOAc and SnBry, as well as the standard NSs synthesis (Figure 3.14E).
This means that those bands can be undoubtedly assigned to the Cu-thiolate complexes (Cu-thiolate at 340 nm

and Cu-Br-thiolate at 375 nm), as well as the fact that Sn is not involved in the formation of the precursor
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complexes and solely serves as a carrier for the Br-ions. The exact geometry of the Cu-Br-thiolate complexes

although remains unknown.
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Figure 4.14: TEM images (A-C) and absorption spectra (D) of the precursor samples prepared by mixing the metal salts in the
coordinating solvent slightly below the nucleation temperature with (A) CuOAc in DDT, (B) CuOAc and SnBrsin DDT, and (C) SnBr4
in DDT. (E) Absorption spectra of pre-injection sample and 1 minute samples of a NSs synthesis with and without SnBrs, compared to

the complex formed by mixing CuBr in DDT at elevated temperatures. Scale bars correspond to 500 nm.

In another work performed in the group of Martin-Alvarez, there is stated that Cu(I)-thiolates can form
tetranuclear platelike precursors that tend to stack in solution to form a liquid crystal.”® These precursors are
expected to polymerize in order to eventually evolve into zero-dimensional or one-dimensional nanocrystals
overtime and they are thermally stable in solution up to 150 °C and maintain their platelike arrangement below
this temperature.> Above this temperature, they tend to stack and form a columnar phase. At even higher
temperatures (~200 °C), this columnar phase is broken and forms an isotropic phase that eventually leads to
nanocrystal formation. There is expected that in our system these platelike columnar Cu-thiolate complexes bind
with Br atoms and form another complex that is stable at elevated temperatures in their columnar phase. The
columnar phase of the Cu-thiolates is preserved in this way and acts as a template for two-dimensional

nanosheets growth, simultaneously limiting the growth in the direction of the c-axis.

In recent literature, a Cu-Br-thiolate complex was found and the so called (CuBr)s cluster had a hexagonal crystal
structure, a two-dimensional morphology and an UV-absorption band with a strong PL in the red part of the
electromagnetic spectrum, making it a very suitable candidate to compare to our reaction system.* In order to
investigate whether this precursor photoluminescence is a material property or indeed related to the Cu-Br-
thiolate complexes, excited state lifetime measurements were carried out. Very long lifetimes were observed in the
us range, indicating a similar ligand-to-metal energy transfer as seen by Espinet ez a/.? for Cu-Sn-thiol complexes

(Figure 3.15B), but simultaneously also comparable to the lifetimes measured for the polymeric (CuBr)s
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complexes. Both originate from a ligand-to-metal charge transfer mechanism from the thiolate to the metal ion,
in this case Cu’, bridged by either Sn or Br. A bi-exponential fit was needed in order to properly fit the data,
showing that the lifetime of the excited state consists of both radiative and non-radiative recombination. The
measured lifetimes were 7.8 and 1.8 ps respectively. Furthermore, an excitation spectrum was recorded and it was
shown that the photoluminescence at 623 nm originates from the Cu-Br-thiolate complexes with an absorption

peak at 375 nm (Figure 3.15A), since the excitation and absorption spectra are consistent with each other.
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Figure 3.15: (A) UV/Vis absorption (Abs) as well as photoluminescence (PL) and excitation (Exc) spectra of samples taken after 1 minute.
(B) Excited state lifetime spectrum showed with a bi exponential fit of 7.8 and 1.8 ps.

Presumably because of the nature of these complexes and the columnar phase that is stabilized, these Cu-Br-
thiolate complexes lead to well-defined two-dimensional nanosheets after the Cu-S bonds within the Cu-thiolate
start to break and the columnar crystal phase shrinks to eventually form Cu, sS nanosheets. This also explains why
the Br remains in the crystals, since without the Br being present the whole columnar phase collapses and one is
left with bare anisotropic Cu-thiolate complexes, yielding spherical Cu,.S nanocrystals.”” Therefore, we propose a
mechanism where at first the columns are stabilized by bridging Br-atoms, but when eventually the crystal starts
to form, thiolates have to leave as well as Br trapped within the columns. The outer layer on the other hand, is
stabilized by the bridging Br-ions, explaining why Br is still present in the final NSs. The advantage of using
SnBr,4 over other Br containing species is that Br is easily accessible in SnBry due to the weak bond and the fact

that SnBry is a solution and therefore dissolves very well in many solvents.

A schematic representation for the formation of the final ultrathin Cu;sS NSs was developed according to the
results described above and can be seen in Figure 3.16. The Cu-thiolates form a columnar phase from ~150-200
°C (as described by Martin-Alvarez ez al.)”, but fall apart into an isotropic phase at elevated temperatures.
Because the Cu-thiolate disks are no longer in close vicinity to each other, spherical particles, as discussed in
Figure 3.1A, are formed. The addition of Br-atoms stabilize the columnar Cu-thiolate phase above the
temperature needed for the formation of the Cu,,S NCs (>200 °C). The halide stabilized columnar phase
therefor acts as a 2D constraining templates, leading to the formation of the ultrathin NSs. The formation

mechanism as well as a schematic representation of the final termination of the NSs can be seen in Figure 3.16.
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Figure 3.16: Schematic representation of the proposed reaction mechanism, where Br-ions stabilize columnar stacked Cu-thiolate

complexes.

3.3.7. PbS, CdS, and ZnS NSs via cation exchange

PbS, CdS, and ZnS NSs were obtained by cation exchange on the Cu;4S NSs with the method described in
section 3.2.3. This low temperature method was used due to the fragile nature of the Cu;sS NSs, since elevated
temperatures destroyed the nanosheets as shown in Figure A3.7A. TEM analysis showed preservation of the size
and shape of the exchanged NSs compared to the parent NSs as shown in Figure 3.17. It must be noted that the
PbS and CdS NSs maintained their size and shape but seemed porous as shown in Figure A3.7B. This could also

be related to the NSs being very beam-sensitive, which can also lead to burning and melting of the nanosheets.

EDS analysis showed a conversion of the Cu;sS NSs to PBS, ZnS and CdS as indicated in Table 3.1. From these
measurements it could be concluded that the CE is in fact a near full CE, since there was still Cu* present. For
CdS and PbS, the Cu* impurities were always in the range between 3% and 6%. In the case of the CE towards
ZnS the Cu’impurities remained as high as 30%, indicating a partial cation exchange. Allowing the CE for one
week showed no decrease in the Cu’ impurities. Furthermore, there is noted that the Br ions were not
(completely) removed after the CE. For the PbS and ZnS, the Br concentration dropped from 23% to 14% and
11%, respectively. The Br concentration in the CdS NSs dropped to 3% indicating hardly any Br left in the NSs.
Where this discrepancy originates from is unclear, but it is clear that the bromides are strongly bound within the
NSs and thus confirms the vital role of the halides which stabilize the growth of the lamellar Cu-thiolate

complexes.
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Figure 3.17: TEM imagesrof synthesized (A) Cuz~S (parentrparticles), (B) PbS, (C) CdS and (D) ZnS NSs. Scale bars correspond to 200

nm.

Table 3.1: Measured ratios for M:S:Cu:Br (with M=Cd, Pb or Zn).

Main composition EDS ratio M:S:Cu:Br, with M=Cd, Pb and Zn

CusS |- :1.00:1.79:0.23
CdS 0.93:1.00:0.06:0.03
PbS 1.12:1.00:0.03:0.14
ZnS 0.97:1.00:0.32:0.11

The optical properties of the CdS NSs were investigated with absorption, PL and PL excitation spectroscopy
(Figure 3.18). The CdS NSs exhibited a strong first excitonic absorption band at 385 nm. The PL spectrum
showed a broad (defect) related luminescence centered at ~700 nm with a large Stokes shift of ~300 nm. Such a
large Stokes shift was not observed for a direct CdS NSs synthesis.”® This broad defect related PL could originate
from surface defects created after the CE or by Cu and/or Br-atoms traps. The origin of this luminescence was
not further investigated, but the excitation spectrum showed that the photoluminescence at 700 nm originates
from CdS nanosheets with an absorption peak at 385 nm. When the absorption peak position is compared to
what has been observed for CdS two-dimensional nanosheets by Ithurria ez 2/.’, a thickness of 6 monolayers was

estimated, which is in agreement with the previously shown results in section 3.3.1.
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Figure 3.18: Absorption, PL and PL excitation spectra obtained from the CdS NSs.

3.4. Conclusions

In this chapter, a synthesis method to obtain ultrathin two-dimensional Cu;sS NSs is described. High control
over the size and in shape in the lateral dimensions, leading to large aspect ratios of up to several micrometers and
both hexagonal and triangular NSs, has been obtained. The formation mechanism of the two-dimensional Cu; S
nanosheets was investigated in close detail and there is found that columnar Cu-thiolate complexes are stabilized
by Br-ions. These Cu-Br-thiolate complexes consist of tetranuclear Cu-thiolate disks stabilized by Br-atoms that
form in situ and act as templating agent for two-dimensional Cu;sS NSs growth. The digestion of these
luminescent precursor complexes and the formation of Cu;sS NSs was proven by following the reaction overtime
with absorption and PL spectroscopy, which showed a decrease of the absorption and PL corresponding to so-
called Cu-Br-thiolate complexes and the appearance of a Cu;sS absorption band. Further measurements have
shown that Br-ions are part of the crystal in the form of a Cu-Br-thiolate monolayer and remain in the crystal in
the same ratio, even after CE. Finally, the Cu1sS NSs were exchanged to CdS, PbS and ZnS with preservation of
the size and shape of the NSs. The CE reactions confirmed the thickness of the NSs and the stable bonding of
the halides within the crystal structure. Altogether, the synthesis of the Cu;sS NSs combined with the cation
exchange reactions opens a novel route towards the fabrication of new two-dimensional structures and their

possibly interesting properties and applications.

3.5. Outlook

For further understanding of the mechanism of the NSs, Density functional theory calculations are being
performed on Cu,;sS digenite crystal structure. The calculations and modelling of the NSs could lead to further
understanding of the vital role of the halides and their stabilization. For instance, an understanding of the shape
control difference between the bromides leading to hexagonal NSs and the halides leading to triangular NSs could

be obtained.
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Since the size and shape control is only within the lateral dimensions, the control over the thickness should be
further explored. The TEM images of the syntheses with different growth temperatures (section 3.3.2) indicated
what could be a change in thickness but so far the XRD measurements were inconclusive. Further investigation
into the growth temperature or injection temperature (and gradient of heating) could lead to control over the

thickness, which lacking in the current synthesis method developed in this thesis.

Although the cation exchange reactions worked and were confirmed with EDS, it does require further
investigation, for instance by determining the crystal structure with XRD. As mentioned earlier, it is not clear
why certain samples suffered greatly form degradation after the CE reactions. Furthermore, only the optical
properties of the CdS NSs were investigated in detail where those of PbS and ZnS were not. Moreover,
understanding the case of ZnS, where always a percentage of up to 30% of residual Cu* was left within the NSs

should be further investigated.

Finally, it should be investigated whether this mechanism is applicable for other metal sulfides since it is known
for a wide variety of metals to form stable lamellar metal-thiolate complexes.’*** If this synthesis could be
generalized for metal sulfides (or even selenides, as described in chapter 5) it could led to a very versatile tool for

synthesizing ultrathin colloidal semiconductors.
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4. Synthesis of other Cuz-.S NC morphologies

4.1. Introduction

While the previous chapter was devoted to the synthesis of ultrathin Cu; S nanosheets, this chapter will focus on
the synthesis of larger, three-dimensional anisotropic Cu,S NCs and converting these into other metal sulfide
NCs by using cation exchange (CE). The synthesis of large anisotropic NCs has been thoroughly investigated,
leading to a plethora of different sized and shaped Cu,.S NCs.!® On the other hand, CE reactions on these

larger NCs have not been widely investigated.

This chapter will describe several different synthesis methods for large Cu,S NCs, namely isotropic quasi-
spherical NCs and anisotropic hexagonal bipyramids (BP) and bifrustums (BF). The presented NCs in this
chapter are generally in the order of ~10-40 nm and therefore can be considerd to be ‘large’. As mentioned earlier,
CE reactions are considered to be a useful tool for the synthesis of NCs with a crystal structure or shape which are
not attainable in a direct synthesis.* The CE reactions discussed in this chapter, for example, resulted in the
synthesis of metastable crystal structures, such as wurtzite ZnS as well as hexagonal shaped rocksalt PbS NCs.
The synthesized NCs in this chapter will be used as building blocks for self-assembled structures, as further

described in chapter 6.

This chapter is divided as follows. After the experimental section (section 4.2), containing the materials and the
different used synthesis methods, section 4.3 will give the main results for this chapter as well as a discussion.

This chapter will be ended with conclusions (section 4.4) and a brief outlook (section 4.5).

4.2. Experimental

In this section the used materials (section 4.2.1), the three different methods used to synthesize large anisotropic
CuzS NCs (sections 4.2.2-4.2.4) and the method used for the CE (section 4.2.5) will be presented. Sections
4.2.6-4.2.8 will give further details on the used equipment including the syntheses set-ups, electron microscopes

and the x-ray diffractometer.

4.2.1. Materials

Copper(I) acetate (CuOAc, 97%), Tin(IV) tetrabromide (SnBrs, 99%), Zinc(Il) dichloride (ZnCl, 98+%),
Copper(I) chloride (CuCl, 97%) and Copper(Il) dichloride dihydride (CuCl,:2H,0O, 97%) were purchased from
Sigma Aldrich and used without further purification. Other metal salts used for the cation exchange experiments
were also bought from Sigma Aldrich, such as Tin(II) dichloride (SnCL), Tin(IV) acetate (SnOAcs), Lead(II)
acetate trihydrate (PbOAc;3H,O, 99.999% trace metals basis), Cadmium(II) nitrate tetrahydrate
(CA(NO;),4H,0, 98%) and were used without further purification. 1-dodecanethiol (DDT) and tributyldisulfide
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(TBDS), 1-octadecene (ODE, 90%), trioctylphosphine oxide (TOPO, 99%), oleylamine (OLAM, 90%),
trioctylphosphine (TOP, 90%), tributylphosphine (TBP, 99%), anhydrous toluene, methanol and butanol were
purchased from Sigma Aldrich as well. ODE, TOPO and OLAM needed to be degassed prior to synthesis.

4.2.2. Cu,.,S large quasi-spherical NCs

The first described synthesis method, yielding large quasi-spherical Cu,..S NCs, is an adaption from Wang e a/.?
Here, 0.3 mmol CuOAc and 1.1 g TOPO were dissolved in 25 ml degassed ODE. After degassing for one hour
at 100 °C, the reaction was heated to 160 °C and 1 ml DDT was swiftly injected into the dark green solution
under nitrogen conditions. After 3.5 hours, a solution containing 0.15 mmol SnBr; dissolved in 4.8 ml DDT and
1.2 ml OLAM, was swiftly injected and the temperature was further increased to 220 °C for one hour. The final
turbid brown solution was quickly cooled by using a water bath. The NCs were washed by adding
methanol/butanol solution as anti-solvent, followed by centrifugation and redispersion in toluene. This cycle was

repeated 3 times.

4.2.3. Cuy.96S Hexagonal bipyramids

The second method, an adaptation of the work by Norako ez a/® and Kuzuya ez al®, was used to synthesize
hexagonal bipyramid NCs of up to ~40 nm. Both the synthesis method as the synthesized NCs described in this
section were provided by Ward v. d. Stam. Typically, 1.0 mmol CuCl and 0.5 mmol SnBr, were mixed in 8 mL
DDT and 2 mLL OLAM and gradually heated to 225 °C. At first, a turbid white suspension was obtained at RT.
The solution turned turbid yellow around 80 °C, and clear yellow at 130 °C. When the temperature reached 225
°C, the solution turned brown/black, indicating the formation and growth of CuigS NCs. The solution was
maintained at this temperature for one hour. Finally, the nanoparticles were washed by adding methanol/butanol

solution as anti-solvent, followed by centrifugation and redispersion in toluene. This cycle was repeated 3 times.

4.2.4. Cuy.96S Hexagonal bifrustums

The synthesis for the Cu;96S hexagonal bifrustums is based on the work by Li ez a/* In a typical synthesis, 8
mmol of CuCl,:2H,0 and 12 g OLAM were heated to 200 °C under nitrogen flow. After one hour the clear dark
brown solution was cooled to 180 °C and 2 mL TBDS (10 mmol) was swiftly injected. The solution was re-
heated to 200 °C and after 40 minutes of growth the reaction mixture was cooled. Subsequently, the NCs were
washed three times with a methanol/butanol solution as anti-solvent, and redispersed in toluene. This cycle was

repeated 3 times.



Page |38

4.2.5. ZnS, PbS and CdS hexagonal bipyramids and frustums via cation exchange

This method was first described by Li ez a/.” First, 1 mmol ZnCl, was dissolved in 3 mL 1-octadecene and 2 mL
OLAM (both previously degassed) at 250 °C. Subsequently, Cu,S NCs dispersed in trioctylphosphine (TOP)
were injected at that temperature. The mixture was allowed to react for 5 minutes under heating and stirring, after
which the temperature was lowered to 70 °C, followed by the addition of several mL’s toluene. The final sample
was precipitated by adding a methanol/butanol solution. The NCs were isolated by centrifugation and redispersed

in toluene. This cycle was repeated twice.

4.2.6. Synthesis set-up

For the hot-injection syntheses, the following set-up was used; a 50 ml 3-neck-roundbottomflask containing a
magnetic stirring bean was fitted with two septa (one for the thermocouple and the other for the hot injection)
and a Vigreux condenser. The Vigreux condenser was connected to a Schlenkline with a 2.5 torr vacuum and a 40
L,/h nitrogen pressure. The heating source was a Horst HTMC1/69 thermocouple set at step 2 and was changed
to step 1 20 °C below the final growth temperature to prevent the temperature from rising too high. A VWR
hotplate/stirrer was used for stirring and was set at 600 rpm. Samples were taken with a 20 mL glass syringe with
an iron needle and stored in glass vials with a septum. These vials were prepared within a glove box to keep the
samples oxygen free. The cation exchange reactions were performed in 20 ml glass vials in an aluminum block

placed on an A VWR hotplate/stirrer. The CE reactions were performed within a glovebox.
4.2.7. Electron microscopy

For the transmission electron microscopy (I'EM) measurements, a standard FEI Tecnai-10 or FEI Tecnai-12
was used. The energy dispersive x-ray spectroscopy (EDS) and scanning electron microscopy (SEM)
measurements were conducted with a FEI Tecnai-20F equipped with a Field Emission Gun, a Gatan 694 CCD
camera and an EDA spectrometer. The microscope was operated at 200 kV. Acquisition time for the EDS
measurements was 30 s. Samples were prepared on carbon coated polymer film copper grids (300 mesh) in a glove

box by dropcasting 10-50 ul (depending on the dilution) of sample on the grids.
4.2.8.  X-ray diffractometry

For the X-ray diffractometry, a Philips PW1729 x-ray generator and PW 3710 MBP controller were used at 40
kV and 20 mA and with a Cu K, source (A=1.5418 A). Samples were prepared by dropcasting a concentrated NCs
solution on a Si wafer. The concentrated NCs solution was prepared as follows. 1 mL of sample was sedimented
with a methanol/butanol solution at 3000 rpm for 15 minutes and redispersed in a few drops of chloroform. The

chloroform dispersion was dropcasted on a small piece of Si wafer and the chloroform was evaporated. The small
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piece of wafer was taped on an aluminum holder. Multiply measurements (5-15 measurement, depending on the

quality) were conducted to increase the signal to noise ratio.

4.3. Results and discussion

4.3.1. Cu,.,S large quasi-spherical NCs

When the synthesis as described above (section 4.2.2) was carried out until just before the second injection, small
(4.8 nm) quasi-spherical Cu,..S NCs were obtained (Figure 4.1A), as was described by Wang ez a/? To allow
these Cu,.S seeds to grow iz situ, a second solution containing OLAM, DDT and SnBry, was injected. After the
second injection and by increasing the growth temperature to 220 °C, the solution turned from clear brown to
turbid brown within the first 10 minutes, indicating the rapid growth of the Cu,.S seeds. After 30 min, (Figure
4.1B), the Cu,.S seeds had grown to 8.4 nm. Additional growth of 30 minutes resulted in large quasi-spherical
NCs of 10.9 nm (Figure 4.1C), which corresponds to a 11.7 times volume increase compared to the 4.8 nm seeds.
EDS analysis indicated a Cu:S:Sn ratio of 1.94:1.00:0.07 after the second injection, confirming that the large
quasi-spherical NCs are indeed Cu,.S. Furthermore, a small amount of Sn is present in the NCs, which will be

further discussed later on in this section.

Flgure 4.1: TEM images of the quasi-spherical Cuz<S NCs (A) before the second 1n_|ect10n (4 8 nm), (B) 30 minutes after the second

injection (8.4 nm) and (C) 60 minutes after the second injection (10.9 nm). Scale bars correspond to 50 nm.

As the second injection did not introduce any new Cu precursors, the growth could only either come from
Ostwald ripening, or from unused Cu precursors within the reaction mixture. The high monodispersity indicates
that growth from unused precursors is more likely. As mentioned earlier for the Cu;sS sheets, the active copper
precursors are Cu-thiolate complexes rather than the added CuOAc. Since these Cu-thiolate complexes can be
stable up to 200 °C, and the growth of the seeds is at 180 °C, it could be that after 3.5 hours of growth, an
equilibrium is reached, where part of the Cu* is in the NCs and the other part is left behind in the Cu-thiolate
complexes as described in the previous chapter.® This leads to unused Cu-precursors within the reaction mixture
which can be consumed by a second injection chalcogenide precursor, yielding the larger quasi-spherical Cu,.S

NCs. Due to time limitations, the nature of these unused Cu-precursors were not further investigated.
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To further investigate the role of the added SnBrs, two control experiments were conducted. When the second
injection was carried out in the absence of SnBry, both with DDT and OLAM (Figure 4.2A) and solely with
DDT (Figure 4.2B), thick platelets were obtained. These thick platelets are also obtained without a second
injection at elevated temperatures (220 °) and therefore confirm the active role of SnBr, in controlling the size and
shape of the quasi-spherical NCs. As mentioned in the previous chapter, the addition of SnBr, to a Cu;sS NSs
synthesis leds to a huge change in size and shape of the final NCs by the stabilization of the Cu-thiolate
complexes by halide ions. EDS analyses detected no bromide for the quasi-spherical NCs but rather only Sn,
which indicates a different mechanism compared to the NSs. From literature, it is know that Sn can be used to
form inorganic ligands which can strongly influence to surface properties of NCs.*'' As Kovalenko ez al.
proposed, these inorganic ligands are formed as charged metal chalcogenides." Since no bromide was measured
with the EDS analysis, we propose that after the second injection containing SnBrs, Sn(IV)-complexes are
formed in situ, comparable to SnSs* species shown by Kovalenko ez a/., which subsequently bind to certain facets

of the Cuy.,S seeds and therefore control the growth of the seeds into larger quasi-spherical NCs.!

Figure 4.2: TEM images of Cux-xS platelets obtained with the double injection method when (A) DDT and OLAM or (B) using solely

DDT was used for the second injection. Scale bars correspond to 100 nm.

4.3.2. Cuy.96S Hexagonal bipyramids

The synthesis as described in section 4.2.3 yielded truncated hexagonal BPs as shown in Figure 4.3. Although the
hexagonal structure is not visible from the TEM images, scanning electron microscopy (SEM) revealed the
hexagonal base and the twelve trapezoidal facets, as shown in Figure 4.3C. Furthermore, SEM measurements
showed no preferred orientation of the NCs to the TEM grid. The BPs are ~38 nm in length and ~28 nm in
width. XRD analysis showed a djurleite Cuy96S crystal structure, as shown later on in Figure A4.7. As with the
large quasi-spherical NCs obtained with the double injection method, the final size and shape of these crystals is

controlled by the addition of Sn(IV)-complexes. The exact formation of these NCs will not be further discussed
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in this thesis. The Cuy.9S hexagonal BPs were used to synthesis ZnS hexagonal BPs (section 4.3.4), which were

further used as building blocks for micrometer scaled two-dimensional superstructures (Chapter 6).

Figure 4.3: TEM (A) and SEM (B+C) images showing the hexagonal bipyramidal Cu1.9S NCs synthesized by Ward v. d. Stam. Panel (C)
shows a zoom in of (B). Scale bars in (A) and (B) correspond to 50 nm. Scale bar in (C) corresponds to 10 nm.

4.3.3. Cuy.96S Hexagonal bifrustums

As described by Li ef al., the synthesis as depicted in section 4.2.4 should results in hexagonal BP Cu,..S NCs.?
When this procedure was followed, highly monodisperse hexagonal BFs (in the article wrongly named as
Tetradecahedron) were synthesized (Figure 4.4). These BFs are ~33 nm in both width and length and XRD
showed, similar to the hexagonal bipyramids, a djurleite Cuy.96S crystal structure (shown later on in Figure 4.7).
TEM measurements only revealed hexagonal NCs (Figure 4.4A), which also could be hexagonal platelets. SEM
was used to determine the three-dimensional shape as shown in Figure 4.4B-D. Here, the twelve trapezoidal and
two hexagonal facets belonging to the hexagonal BFs can be clearly seen, and thus ruling out the platelet
morphology. As with the BPs, the SEM images showed no preferred orientation on the TEM grid. This is
further supported by comparing individual NCs with a simple three-dimensional model of a hexagonal bifrustum
with roughly the same aspect ratios as the Cui9,S NCs. Here, it is clear that different orientations of a BF yield a
hexagonal two-dimensional projection (Figure 4.4E and A4.1). These BF NCs were further used in CE reactions
to obtain ZnS, CdS and PbS NCs, as will be discussed in the following section.

Figure 4.4: TEM (A) and SEM (b) images showing the hexagonal bifrustum Cuz-xS NCs. Panel (C) and (D) show a zoom in of the BFs
indicating the different facets. (E) Two simple three-dimensional models are shown as references. Scale bars in (A) and (B) correspond to

50 nm. Scale bars in (C) and (D) correspond to 10 nm.
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To find the difference between the hexagonal bipyramids obtained in this work and the hexagonal bipyramids
obtained by Li e al, several control syntheses were conducted.®* However, small changes in the growth
temperature, the concentrations and the purity of the used chemicals all resulted either in an increase in

polydispersity (Figure A4.2) or monodisperse hexagonal platelets (Figure A4.3).

4.3.4. ZnS, PbS and CdS hexagonal bipyramids and frustums via cation exchange

For the anisotropic hexagonal Cu;9S NCs as described in the previous two sections, CE reactions to ZnS NCs
were performed according to method described in section 4.2.5. Due to the different absorption properties of
Cu196S and ZnS, the color of the washed NCs dispersions changed from turbid dark brown to turbid white. In
some cases, the dispersion remained slightly brown due to residual Cu® ions in the ZnS NCs. TEM
measurements indicated preservation of the size and shape of the NCs after the CE reaction, as shown in Figure
4.5. For both the BPs and the BFs, TEM measurements revealed a noticeable change in the clustering behavior
after the CE, as the ZnS NCs had less attractive interaction and therefore display less three-dimensional
clustering. This change in clustering behavior opens up possibilities for the formation of two-dimensional
monolayers by self-assembly techniques, since large attractive interactions limit the two-dimensional monolayer
formation. The self-assembly of these anisotropic ZnS NCs into two-dimensional monolayers will be further

discussed in chapter 6.

1.96 SRl
Figure 4.5: TEM images of the BFs (A) before and (B) after the CE reaction of Cu* for Zn*. (C) and (D) show the BPs before and after
the CE reaction of Cu’ for Zn?*. Scale bars correspond to 100 nm.
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Next to hexagonal BFs and BPs, the spherical NCs obtained from the double injection and two samples
containing hexagonal Cu,.S platelets as described in Figure A4.3 were exchanged to ZnS (Figure A4.4). As for
the hexagonal Cuy9,S and ZnS NCs described above, the clustering behavior of the NCs changed after the CE.

For the platelets, this leads to a decrease of platelet stacks and an increase of platelets lying flat on the TEM grid.

For the synthesis of the CdS and PbS BFs and BPs, the CE method described in section 3.2.3 was used. As with
the CE reactions for the CdS NSs, the solutions turned from dark brown to either yellow for CdS or black for
PbS during the exchange, but were all turbid due to the large size of the BFs and BPs. TEM measurements
showed the preservation of the size and shape of the BFs after the CE (Figure 4.6). In contrast with the CE
towards ZnS, the CdS and PbS NCs showed no decrease in clustering behavior. The CdS and PbS NCs did
however show interesting self-assembled three-dimensional supercrystals (Figure A4.5). Finally, there should be
noted that after the CE towards PbS, the NCs showed an interparticle contrast (Figure A4.6). The origin of
these contrasts are unclear and were not further investigated due to time limitations but could be related to the

high amounts of residual Cu* left after the cation exchange (as described in the following section).

Figure 4.6: TEM images of the CE reaction of Cu* for Cd**and Pb*. (A) CuisS hexagonal bifrustums parent NCs and the (B) PbS and
(C) CdS NC:s after the CE. Scale bars correspond to 100 nm.

EDS measurements were performed to investigate the composition of the cation exchanged NCs. These results
are shown in Table 4.1. For the ZnS and CdS BFs, less than 5% residual Cu* was detected and thus indicated a
near full exchange. The percentage of Cu* in PbS could be lowered from 30% to 10% by allowing the CE reaction

to proceed over one week. A lower Cu* content could not be achieved. There is thought that the remaining

Table 4.1: Measured ratios for M:S:Cu (with M=Cd, Pb or Zn) with EDX on larger hexagonal NCs.

Main composition ~Shape Exchange EDX ratio M:S:Cu with

Method M=Cd, Pb and Zn

ZnS BP High T 0.99:1.00:0.05
CdS BF Low T 0.92:1.00:0.03
PbS BF Low T 0.73:1.00:0.30
ZnS BF High T 1.11:1.00:0.01
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copper ions in the PbS NCs are stabilizing the NCs due to the large crystal mismatch of the thermodynamically
stable crystal structure (rock salt Figure 4.7), with the hexagonal shape of the PbS NCs. The residual Cu*ions are
thus harder to exchange and are needed for the stability of the PbS NCs. Therefore, a complete exchange of Cu*-
ions for Pb*-ions would probably lead to the collapse of the highly unstable hexagonal PbS NCs.

XRD analysis was conducted to investigate the crystal structures of the different obtained BFs, as shown in Figure
5.8. The diffractograms show a clear change of crystal structure from the djurleite Cui96S to rocksalt PbS and
wurtzite ZnS. The CE on the BPs towards ZnS also showed a wurtzite crystal structure as shown in Figure A4.7.
As noted earlier, CE reactions can yield NCs with metastable shapes and crystal structures. This is also the case
for the obtained ZnS NCs, since hexagonal BP- and BF-shaped metastable wurtzite ZnS NCs are obtained,
rather than the thermodynamically stable zinc blende ZnS. The crystal structure of the CdS NCs could not be

determined due to the lack of material.

djurleite Cu, .S

rocksalt PbS

wurtzite ZnS

Counts (a.u.)

S T i
25 30 35

40 45 SOIIVSSJ'%O
20 (degree)

Figure 4.7: X-ray difractograms of the Cui.9S, ZnS and PbS BFs. Reference bars are from JCPDS card no. [20-0365], [65-0302] and [05-
0492] for djurleite Cui.96S, rocksalt PbS and wurtzite ZnS, respectively.

4.4. Conclusions

In this chapter we showed, together with the previous chapter describing the Cu;sS NSs, the versatility of the size
and shape control of Cu,..S NCs and the accessibility of the Cu* ions for cation exchange reactions. Large (up to
11 nm) quasi-spherical Cu,S NCs were synthesized by a new develop method. Here, a second precursor solution

containing DDT and SnBr,, was injected into a solution containing in sifu Cu,.S dots. Furthermore, large (up to
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~40 nm) djurleite, Cuy96S, hexagonal bifrustum and bipyramid NCs were synthesized. The Cui4S BFs were
successfully converted to ZnS, PbS and CdS BFs via cation exchange reactions. Whereas the ZnS and the CdS
CE reactions were near full exchanges (1-3% residual Cu*ions left), the PbS NCs showed a substantial amount of
Cu* ions which were not exchanged due to their stabilization effect onthe highly unstable hexagonal shaped
rocksalt PbS NCs. Furthermore, ZnS BPs were synthesized via cation exchange with only 5% residual Cu* ions.
XRD analysis showed that all the NCs changed in crystal structure. Both for the BFs and BPs, the metastable
wurtzite ZnS was synthesized, rather than the stable zinc blende crystal structure. This shows that the NCs after
CE are indeed ‘trapped’ within the shape of the parent crystal and therefore being forced into a metastable crystal

structure, which is not attainable with a direct synthesis.

4.5. Outlook and ongoing work

As mentioned earlier, the role of SnBry as a ligand during synthesis of the large quasi-spherical Cu,.S NCs and
the Cuy.4S has not been investigated thoroughly. An ongoing investigation into these surface controlling Sn(IV)
complexes could unravel the mechanism and therefore could lead to an interesting new tool for the size and shape
control of NCs. As for the double injection method, further exploration into different seeds could be interesting
for instance for the thickness control of the Cu;sS NSs. Here the amount of DDT (and OLAM) should be
precisely tuned for an increase of the thickness. Another adaption for the double injection could be the synthesis
of core|shell NCs. This could be achieved by either including other metal ions into the second injection (leading
for instance to Cuy,S|ZnS core|shell NCs) or by using a different alkyl chalcogenide (for instance 1-
dodecaneselenol, as described in the next chapter) for the second injection (leading to Cu.,S| CusiSe core|shell
NCs). This method could for instance be interesting for the synthesis of PbS|PbSe or CdS|CdSe core|shell NCs
via CE.
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5. Dodecaneselenol: a new selenium precursor

5.1. Introduction

As shown in chapter 3, 1-dodecanethiol (DDT) forms lamellar Cu-thiolate complexes which, after stabilization
with halides, can be used for the synthesis of ultrathin Cu;4S NSs. To see whether this mechanism also applies
for a synthesis of Cu,.Se NSs, a new precursor, 1-dodecaneselenol (DDSe), was synthesized and investigated.
This new selenium precursor has some advantages over the currently used Se precursors, since very few reactive Se
precursors are known. Although organic precursors like bis(trimethylsilyl)selenide can be used, most of these
organic precursors suffer from stability issues due to the decreasing bonding strength of selenium.! Furthermore,
the heavier chalcogenides like selenium and tellurium are rather difficult to dissolve in non-coordinating solvents
like ODE, which forces the synthesis to be either diluted or requires the aid of strong coordinating ligands.**
The most widely used coordinating ligands are trialkylphosphine ligands.*® When heating is applied, selenium
can be coordinated to trioctylphosphine (TOP), forming a trialkylphosphine selenide as shown in Scheme 5.1A.
The main issue with using trialkylphosphine in metal chalcogenide syntheses is the habit of trialkylphosphines to
strongly bind to metals, especially softer metals like Cu*® Therefore, the use of TOP=Se strongly influences the
size and shape of the final NCs, as previously shown in chapter 3 (Figure 3.8D), where the addition of TOP to
the Cu,.S NSs synthesis yielded quasi-spherical QDs rather than NSs, and thus suppressed the halide the Cu-

thiolate complexes.

Although DDSe has been used to study self-assembled monolayers on noble metal substrates, the use as a Se-
precursor in the synthesis of NCs has not been demonstrated.”® Therefore, the synthesis of DDSe (Scheme 5.1B)
introduced in this chapter holds a large promise as an interesting alternative for the currently used Se-precursors.
Furthermore, the use of DDSe as Se-precursor could result in the synthesis of ultrathin Cu,.Se NSs in a similar

way as described in chapter 3.

R
R

R
A) \||3 / Se powder . /

MgBr 1. Se powder .\/SeH
B) H3C 2 H+ HSC _10

Scheme 5.1: (A) Currently the most used selenium precursor; coordination of selenium to a trialkylphosphine. (B) Proposed selenium

precursor from this thesis; 1-dodecaneselenol synthesized with a Grignard reaction.
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This chapter will cover the synthesis of the DDSe precursor and the use of DDSe in the synthesis of Cu,.Se
platelets as follows. The experimental section (5.2) will describe the used materials, the synthesis of the DDSe
precursor, the synthesis of Cu,.Se platelets using the DDSe precursor, the cation exchange on the Cu,.Se
platelets towards CdSe and finally the used equipment. The results and discussion, section 5.3, will cover the
results of the synthesis of the DDSe precursor, the Cu,.Se platelets and CdS platelets. The final two sections will
present the conclusions drawn from these syntheses (section 5.4) and an outlook containing further research

possibilities (section 5.5).

5.2. Experimental

This section, containing al the experimental information, will be divided as follows. After the used materials in
section 5.2.1, the synthesis of the DDSe precursor will be described (section 5.2.2). The third section, 5.2.3, will
describe the synthesis of the Cu,.Se platelets obtained by using the DDSe precursor. Section 5.2.4 will describe
the method used for the cation exchange synthesis of the CdSe platelets. The final section sections, 5.2.5-5.2.8,
will give further details on the used equipment including the syntheses set-ups for the NCs, the electron

microscope, the x-ray diffractometer and the absorption and PL. measurements.

5.2.1. Materials

Dodecylmagnesium bromide solution (DMB, 1M in ether) was purchased from Sigma Aldrich and used without
any further purification. The selenium powder (Se, 99.99%) was bought from Alfa. The metal salts copper(I)
bromide (CuBr, 98%), copper(l) acetate (CuOAc, 97%), tin(IV) tetrabromide (SnBrs, 99%), tin(IV) tetrachloride
pentahydrate (SnCly.5H,0, 98%), cadmiun(II) oxide (CdO, trace metal, 99.5 %), sodium bromide (NaBr, 299%)
and calcium chloride (CaCl, 93.0%) were also purchased from Sigma Aldrich and used without further
purification. Ligands and solvents were purchased from Sigma Aldrich, like trioctylphosphine (TOP, 90%), 1-
dodecanethiol (DDT, 298%), 1-octadecene (ODE, tech., 90 %), trioctylphosphine oxide (TOPO, 99%), oleic
acid (OA, 90%), anhydrous toluene, methanol and butanol. ODE, TOPO and OA needed to be degassed prior

to synthesis.

5.2.2. 1-Dodecaneselenol

The synthesis of the DDSe is an adaptation of the synthesis described by G. Froster ez a/ in 1955, where
phenylselenol was synthesized using a Grignard reaction.” In this synthesis, a selenium atom is inserted into alkyl
magnesium bromide forming magnesium bromide alkylselenolate, which can be further protonated with

hydrochloric acid to finally form the alkylselenol. The general reaction scheme is given in Scheme 5.2.
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Scheme 5.2: Reaction scheme for the synthesis of the DDSe precursor.

For this synthesis, a 250 ml 3-neck roundbottom flask with a water-cooled condenser, a glass stop and a 90° turn
extension with a reversed glass stop, were flame dried under vacuum and put under a nitrogen atmosphere.
Meanwhile, 4.56 g (57.8 mmol) selenium powder was weighted into a flame dried schlenktube in a glovebox. The
schlenktube, while maintained under nitrogen atmosphere, was connected to a second schlenkline. The
schlenktube containing the Se and the 90° turn extension on the roundbottom flask, both with an overpressure of
nitrogen, assuring no oxygen entered the dried set-up, were connected and the schlenktube was disconnected
from the schlenkline. The glass stop on the roundbottom flask was replaced with a rubber septum. A graphical
representation of the set-up before the start of the synthesis, as described till this point, is given in Figure A5.1.
Subsequently, 60 ml DMB solution (60 mmol) was added through the septum with a nitrogen flushed syringe.
While rapidly stirring, the selenium powder was slowly added over a period of 30 minutes by slowly turning the
schlenktube horizontal and ‘tapping’ the schlenktube. While adding the selenium, the reaction mixture turned
from clear dark black/brown to turbid white/grey indicating the formation of the insoluble magnesium bromide
dodecylselenolate. After stirring for an extra three hours while slowly refluxing, the reaction mixture was poured
into (~1:1 in volume) iced water. While stirring the mixture, ~9 ml 37 % hydrochloric acid was slowly added. The
now white suspension was filtered with filter paper and collected in a 250 ml separation funnel. The lower water
layer was removed and the upper layer containing the DDSe, ether, dodecane (a side product due to the
protonation of the Grignard reagent with water) and dodecanediselenide (oxidation product of DDSe) were dried
with CaCl,. After the removal of CaCl, by filtration, the crude DDSe was collected in a 100 ml roundbottom
flask. The ether was removed by using a rotary evaporator. The dodecaneselenol was further purified by using
vacuum distillation where the clear colorless to slight yellow DDSe was collected at a temperature of ~105 °C
with a pressure of 2.5 torr. The residue of the distillation was dark yellow, indicating the separation of the
dodecanediselenide (DDSe-SeDD) from the DDSe. The final product was collected in a vial taped with black
tape and finally stored in a glovebox. This is done due to the fact that DDSe is easily oxidized by light and air to
form the yellow solid DDSe-SeDD, as shown in Scheme 5.3. For the same reason, the washing and work up of

the reaction was carried out as fast as possible, to minimize oxidation by air.

Air, light
R-Se-H R-Se-Se-R

Scheme 5.3: Oxidation of DDSe into the di-selenide, DDSe-SeDD.
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5.2.3. Cu,.Se platelets

This synthesis is an adaptation of the synthesis for the Cu; S NSs (section 3.2.2) but with the use of CuBr, NaBr
and DDSe as precursors. Typically, 31.6 mg (0.22 mmol) of CuBr and 30.8 mg (0.30 mmol) of NaBr were
dispersed in 12.5 mL previously degassed ODE together with 0.55 g of TOPO. The mixture was degassed for 30
minutes at a temperature of 100 °C. Following, the solution was gradually heated to 130 °C and at this
temperature, 0.6 mL DDSe was swiftly injected under vacuum. Directly after the injection, the reaction solution
turned clear yellow/orange and was purged with a N, gas flow. The temperature was further increased to 170 °C
and turned turbid brown/black at ~150 °C. The solution was maintained at this temperature for 40 minutes. The
Cu,.Se NCs were precipitated by adding a methanol/butanol solution and centrifuging at 3000 rpm for 15

minutes. Afterwards, the particles were redispersed in toluene. These washing steps were repeated three times.

5.2.4. CdSe nanoplatelets via cation exchange

This method was first described by Li ez a/.'° Here, 1.0 mmol CdO was dissolved in 1.3 ml OA and 1.3 ml ODE
at 280 °C in a glovebox. 1 ml of Cu,,Se NCs were redispersed in 1.5 ml TOP and swiftly injected into the hot
Cd-precursor solution. After 10 minutes, the mixture was cooled to room temperature by removal of the heating
source. Subsequently, the NCs were washed once with a methanol/butanol solution and centrifuged at 3000 rpm

for 15 minutes. Afterwards, the particles were redispersed in toluene.

5.2.5. Synthesis set-ups

For the hot-injection syntheses, the following set-up was used; a 50 ml 3-neck-roundbottomflask containing a
magnetic stirring bean was fitted with two septa (one for the thermocouple and the other for the hot injection)
and a Vigreux condenser. The Vigreux condenser was connected to a Schlenkline with a 2.5 torr vacuum and a 40
L,/h nitrogen pressure. The heating source was a Horst HTMC1/69 thermocouple set at step 2 and was changed
to step 1 20 °C below the final growth temperature to prevent the temperature from rising too high. A VWR
hotplate/stirrer was used for stirring and was set at 600 rpm. Samples were taken with a 20 mL glass syringe with
an iron needle and stored in glass vials with a septum. These vials were prepared within a glove box to keep the
samples oxygen free. The cation exchange reactions were performed in 20 ml glass vials placed on an A VWR

hotplate/stirrer within a glovebox.
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5.2.6. Electron microscopy

For the Transmission electron microscopy (TEM) measurements, a standard FEI Tecnai-10 or FEI Tecnai-12
was used. Samples were prepared on carbon coated polymer film copper grids (300 mesh) in a glove box by

dropcasting 10-50 ul (depending on the dilution) of sample on the grids.
5.2.7. X-ray diffractometry

For the X-ray diffractometry, a Philips PW1729 x-ray generator and PW 3710 MBP controller were used at 40
kV and 20 mA and with a Cu K, source (A=1.5418 A). Samples were prepared by dropcasting a concentrated NCs
solution on a Si wafer. The concentrated NCs solution was prepared as follows. 1 mL of sample was sedimented
with a methanol/butanol solution at 3000 rpm for 15 minutes and redispersed in a few drops of chloroform. The
chloroform dispersion was dropcasted on a small piece of Si wafer and the chloroform was evaporated. The small
piece of wafer was taped on an aluminum holder. The low angle measurements ranged from 5.3-25°% The crystal
structure determination measurements ranged from 20-75° In both cases multiple measurements (5-15

measurements, depending on the quality) were conducted to increase the signal to noise ratio.
5.2.8. Absorption and photoluminescence spectroscopy

Absorption spectra were measured on a Perkin-Elmer Lamdba 950 UV/VIS spectrophotometer. In general,
samples were diluted in toluene and absorbance was measured from 280-800 nm with a step size of 1 nm.
Photoluminescence (PL) and PL excitation spectra were measured on an Edinburgh Instruments
Spectrofluorometer equipped with a detector sensitive in the visible region (either a Hamamatsu H7422-02 or
Hamamatsu R928) and a 900W Xe lamp as source. Each spectrum consisted of three measurements to increase
the signal to noise ratio. In general, a stepsize of 2 nm and a dwell time of 0.5 s were used. Samples were prepared
in a glove box and transferred to quartz cuvettes (1 cm pathlenght), which were closed with a screwcap to keep

the samples from oxidation.
5.3. Results and discussion

5.3.1. 1-Dodecaneselenol

When the synthesis described in section 5.2.2 was carried out, a colorless to slight clear yellow liquid product was
obtained. As with thiols, the product had a foul stench, being the first indication of a successful synthesis of
DDSe. The synthesis had a relative low yield of 30% according to analysis of the product with 'H-NMR, as
shown in Figure 5.1. The triplet at 0.85 ppm belongs to the —CHj protons situated at the end of the alkyl chain
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of DDSe. The -CH,- protons situated next to the —=SeH shifts to 2.58 ppm. The quintet at 1.75 ppm belongs to
the —CH,- protons situated next to the -CH,SeH, as these are still being influenced by the selenium atom. The —
CH,- protons between the -CHj and the -CH,CH,SeH overlap at 1.5-1.2 ppm. Finally, the selenol proton
shows a clear triplet at -0.7 ppm. The selenium of a diselenide is more 8- compared to the selenium of a selenol
and therefore, the first and second ~CH,- protons next to the diselenide, shift towards a higher chemical shift
compared to the same protons in the selenol. The diselenide impuritie can thus be seen at higher chemical shifts,
namely at 3.62 ppm and 2.79 ppm. The impurities of the protonated alkyl chain, dodecane (DDH), overlap in
the broad peak at 1.5-1.2 ppm. The purity can thus be calculated by comparing the peaks at 1.5-1.2 ppm (DDSe
+ DDSe-SeDD + DDH), the peak at 2.58 ppm (DDSe + DDSe-SeDD) and the peak at 3.62 ppm (DDSe-
SeDD). The purity calculated with these peaks was; 76% DDSe, 22% DDH and 2% DDSe-SeDD. As the main
impurity was dodecane, which should not influence the synthesis at low concentrations, no further purification

steps were performed. A PC-NMR spectrum was also obtained, as shown in Figure A5.2.
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Figure 5.1: 'TH-NMR spectrum of the synthesized DDSe.
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When the DDSe was stored either outside the glovebox or in the light, it started to oxidize to the more stable
DDSe-SeDD. This was visible as the DDSe slowly turned to a clear yellow solution. After a week of exposure to
air and light, yellow crystals could be isolated. These yellow DDSe-SeDD crystals were also characterized with
'H-NMR, indicating a purity of 96% (Figure A5.3).

5.3.2. Cu,.Se nanoplatlets

When the synthesis as described in section 5.2.3 was conducted, Cu,.Se disks (4.8 nm by 28.6 nm) were obtained
as shown in Figure 5.2A. Due to the decreased stability of the C-Se bond of DDSe compared to the C-S bond of
DDT, lower injection and growth temperatures were needed. The growth and injection temperatures were

determined by a heating up variation of the Cu,.S NSs synthesis. Here, after degassing the Cu-precursor
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solution, the solution was brought back to room temperature by removing the heating source. When the precursor
solution reached room temperature, DDSe was injected and the temperature was raised to 220 °C. The solution
was monitored for color changes indicating the growth of NCs. As mentioned earlier in chapter 3, the NSs
synthesis with DDT showed a transition from clear yellow to turbid brown around 200 °C (section 3.2.2). For the
heating up synthesis with DDSe, this temperature shifted to 150 °C, indicating the growth of Cu,,Se NCs.
Therefore, the injection temperature for the DDSe was set at 120 °C and the final growth temperature was set at
170 °C. XRD was used to confirm that the platelets indeed were Cu,.Se. Here, a cubic Cuy,Se crystal structure

was found, as will be shown later on in section 5.3.3 (Figure 5.5A).6

Although no ultrathin Cu,.Se NSs were obtained, a synthesis was performed with only CuOAc (comparable to
the conditions as described for Figure 3.1A) and thus in the absence of bromide, to see whether a similar
mechanism as for the Cu1sS NSs is a valid for DDSe. As shown in Figure 5.2B, Cu,.Se polydisperse disk were

obtained (3.1 nm by 7.1 nm), indicating that the addition of halides indeed induces lamellar growth.

2
.

Figure 5.2: TEM images of Cuz-Se platelets obtained with the use of DDSe with (A) in the preseﬁ;éé of halides and (B) in the absence of

halides. Scale bars correspond to 50 nm.

To further see whether Cu-DDSe complexes, similar to those of Cu-DDT, are formed, a sample taken one
minute after the injection was investigated with XRD. As the low angle XRD diffractogram shows (Figure 5.3A),
periodic peaks were observed comparable to the lamellar Cu-thiol complexes."! The diffraction peaks of the
DDSe and DDT stabilized complexes are identical, both in peak position as in the relative peak intension, which
further indicates the formation of the lamellar Cu-selenol complexes. The atomic radii of S* and Se* only differ
0.06 nm, which cannot be distinguished with the XRD setup.’? As with the DDT, a periodic thickness of 3.7 nm
was found. A TEM measurement on this sample showed thin cubic sheet like materials, as shown in Figure A5.4.
Although these sheets were not further investigated, it could be a stabilized lamellar Cu-Br-selenol complex,

comparable to what has been shown previously in chapter 3 for lamellar Cu-thiolate complexes (Figure 3.5A).
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Furthermore, absorption and PL spectra were measured on this preliminary sample as shown in Figure 5.3B.
These spectra show features comparable to the measured optical properties of the stabilized Cu-Br-thiol
complexes as shown in Figure 3.16A. For the Cu-DDSe complex, a strong PL band around 600 nm and a strong
absorption band in the ultraviolet around 375 nm were observed. Therefore, it was concluded that the addition of
Br indeed induced similar lamellar bromide stabilized Cu-DDSe complexes comparable to those of Cu-Br-
thiolates. The absorption and emission bands were ~15 nm blue shifted compared to the absorption and emission
band of the Cu-Br-thiol complexes. This can be explained due to the selenol being less electronegative and a
softer base compared to a thiol.”® Therefore, the selenol will bind stronger to the soft Cu* base, and thus increases
the crystal field splitting. The increase of the crystal field will lead to an increase in the E, and thus to a blue shift

of the absorption and emission band.*
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Figure 5.3: (A) XRD difractogram and optical (absorption and PL) spectra of a sample taken 1 minute after the injection of DDSe

compared to a sample taken 1 minute after the injection of DDT of the Cu1sS NSs synthesis.

Based on these TEM, XRD and optical measurements, it can be concluded that lamellar Cu-Br-selenol
complexes are indeed formed, yet only thick platelets are obtained, and no thin NSs. This could be related to the
increase strength of the Cu-Se bond and the decreased strength of the Se-C bond (compared to Cu-S and S-C
bond). This may led to the breaking of the Se-C bond, and thus the formation of an isotropic phase as shown in

Figure 3.16, before the formation of the Cu,..Se, even with the stabilization of the added bromides.

To see whether the bromide stabilized lamellar Cu-DDSe complexes could be further stabilized, a small amount
(0.3 ml) of DDT was injected along with the DDSe. This resulted in platelets with an increased aspect ratio, as
shown in Figure 5.4A. These platelets were 4.0 nm thick and 26.0 nm in width, and therefore had an aspect ratio
of 6.5. Although the DDT is more stable than the DDSe and therefore needs higher growth temperatures, side
nucleation was still observed, leading to small dots aside the Cu,.Se platelets (Figure 5.4B). Presumably, these

small dots are Cu,S QDs. Other adaptations for increasing the aspect ratios of the platelets, like using SnBr, or
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SnCly, lowering the growth temperature, or removing TOPO, all led to either lowering of the aspect ratios of the

platelets or to uncontrolled NC growth. These results are shown in Figure A5.5.

Figure 5.4: TEM images of (A) the Cuz-Se platelets obtained with the addition of DDT. (B) Side nucleation was also observed leading to
small, dot like NCs. Scale bars correspond to 50 nm.

5.3.3. CdSe nanoplatelets via cation exchange

CdSe platelets were synthesized by the cation exchange method described in section 5.2.4. TEM measurements
showed the preservation of the shape and a slight increase in thickness of 4.0 nm to 4.2 nm, as shown in Figure
5.A and B. This increase in size is in agreement with what was found for the cation exchange of Cu,Te disk to
CdTe disks. Li e al. ascribed this increase in thickness to the displacement of the Te atoms during the change of
crystal structure leading to an perpendicular expansion perpendicular to the lamellar plane, and thus an increase in
thickness.!’ Furthermore, XRD analysis was performed to investigate the crystal structure before and after the
cation exchange. As Figure 5.5C shows, a crystal structure change from cubic Cu,.Se to wurtzite CdSe was

observed.

The optical properties of the CdSe platelets were investigated with absorption and PL spectroscopy as shown in
Figure 5.6. For these measurements, a set of two different sized CdSe platelets was used, namely 3.9 nm and 4.2
nm thick (Figure A5.6). For the 3.9 nm thick platelets, an absorption and emission band at ~620 nm and ~640
nm respectively, were observed. For these platelets, even the second absorption peak was observed at 505 nm.
Unlike the CdS NSs described in chapter 3.3.7, the CdSe platelets showed a small Stokes shift of ~60 meV,
indicating exitonic emission, comparable to what has been found for spherical CdSe NCs.” As for the 4.2 nm
thick platelets, a comparable absorption and emission band at slightly lower energies of ~640 nm and ~670 nm
were observed. This red shift indicates that these one-dimensional confined CdSe platelets are still experiencing
quantum confinement effects. This one-dimensional quantum confinement has been observed for CdSe platelets
of several monolayers (1.2-2.1 nm) thick, but has not been shown before for thicker one-dimensional confined

CdSe platelets.™
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wurtzite CdSe

40
20 (degree)
Figure 5.5: Cation exchange on the (A) CuzSe platelets to (B) CdSe platelets. (C) XRD measurements showed a crystal structure change

from cubic Cuz-<Se to wurtzite CdSe. Scale bars correspond to 100 nm. Reference bars are from JCPDS card no. [06-0680] and [08-0459]

for cubic Cuz<Se and wurtzite CdSe, respectively.
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Figure 5.6: Absorption and PL spectra of (A) 3.9 nm thick and (B) 4.2 nm thick CdSe platelets.

When comparing the absorption of the CdSe platelets to the absorption of spherical (three-dimensional quantum
confined) CdSe NCs, a red shift is observed. Whereas the 4.2 nm thick platelets have an absorption band at 640
nm, spherical dots with a diameter of 4.3 nm have a absorption band at 590 nm."” The absorption band of the
platelets is also more broadened, compared to absorption of the spherical CdSe dots. Both the red shift towards
bulk CdSe and the broadening of the absorption band indicated that for the one-dimensional confined CdSe
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platelets, quantum confinement effects are less dominant, compared to spherical particles with the same diameter.
This less strong confinement has been observed for other one-dimensional confined cadmium chalcogenides. For
instance, the absorption band of 2.13 nm thick CdSe sheets synthesized by Ithurria es al. red shifted
approximately 40 nm, which is comparable with the red shift found for the CdSe platelets described in this
section. Also CdTe disks of 2.9 nm thickness synthesized by Li ez a/. exhibit this behavior.’® Here, the red shift,
compared to CdTe dots described by Groeneveld ez a/., can be as high as 100 nm, indicating a strong difference in
quantum confinement between three-dimensional and one-dimensional confined NCs. Finally, a red shift of
approximately 35 nm can be observed for the CdS sheets synthesized in section 4.3.7, when compared to CdS
dots by Yu ez al’®

This red shift and broadening of the absorption band can be explained by the density of states as described in
section 2.2.3. With decreasing dimensionality comes an increase of the ground state (Eg(bulk) < E;(quantum
well) <Eji(quantum wire) < Ei;s(quantum dot). Increasing the dimensionality from a quantum dot (zero-
dimensional) to a quantum well (two-dimensional) thus decreases the ground state leading to a smaller bandgap
and thus a red shift to lower energies. The peak broadening can be explained by the decreasing number of states
with increasing dimensionality. Whereas a quantum dot has very discrete energy levels, a quantum well has less
localized energy states and a stepwise shape DOS (Figure 2.3). Therefore, more excitation states are available for

a quantum well and thus broader absorption peaks are observed.
5.4. Conclusions

In this chapter, a new selenium precursor, 1-dodecaneselenol, was synthesized and used for the synthesis of Cu,.
«Se platelets. The synthesis of DDSe was conducted via a Grignard reaction and had a purity of 76% according to
'"H-NMR and a yield of 30%. As with DDT, the DDSe is able to form Cu-DDSe complexes which can be
stabilized by halides, as was confirmed with both XRD and with optical spectroscopy. The use of DDSe in a
synthesis adapted from the Cu,.S NSs yielded Cu,.Se platelets which were 4.8 nm thick and 28.6 nm in width
and therefore had an aspect ratio of 6.0. The addition of a small amount of DDT during the injection of DDSe
led to a decrease in thickness and an increase in the width. Therefore, the injection of DDSe with DDT led to an
increase of the aspect ratio to 6.8. Based on these results, the stabilizing effect of the bromide did increase the

lamellar growth, but not in an extent as with the synthesis of the Cu,..S NSs.

Furthermore, Cu,.Se platelets were converted to CdSe with the use of cation exchange, as was confirmed with
XRD and optical measurements. Absorption and emission spectra were measured for CdSe platelets with a
thickness of 3.9 and 4.2 nm. These measurements showed a red shift of 20 nm for the thicker 4.2 nm CdSe
platelets compared to the 3.9 nm platelets, confirming that these one-dimensional platelets still experience

quantum confinement effects. Furthermore, a red shift and band broadening for the absorption band compared to
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CdSe quantum dots with the same thickness/diameter were observed. This red shift and peak broadening could

be explained by the different density of states for the different dimensionality of the NCs.

5.5. Outlook

Although the synthesis of the DDSe was successful, the yield and purity were still low. As the main impurity was
dodecane, which comes from unreacted dodecylmagnesium bromide, the reaction could be conducted with a
slight excess of Se powder. The selenium can later on be removed by the filtration steps. The low yield comes
from the loss of DDSe to DDSe-SeDD or due to the final step, the vacuum distillation. The loss of DDSe to
DDSe-SeDD can be decreased by working with amber glassware and with glassware purged with nitrogen (as far
as possible), preventing oxidation by light and air. The loss by the vacuum distillation comes from the use of a
relative long vacuum Vigreux, which led to long distillation times (oxidation by light), high heating temperatures
(pyrolysis of DDSe) and simple loss of DDSe left behind after distillation. Conducting the vacuum distillation
with a Claisen Adapter instead of a Vigreux, already improved the yield. If the yield and purity cannot be further

increased, a different synthesis method could be investigated, for instance the alkylation of selenourea.

It was proven that DDSe was able to form lamellar Cu-selenol complexes, which could be stabilized with
bromide ions. Unfortunately, these lamellar complexes still are rather unstable as only platelets were synthesized,
rather than NSs, indicating less strong control over the lamellar growth. The synthesis of the Cu,.Se NPs should
be further explored to increase the aspect ratio, or if possible, to eventually synthesize Cu,.Se platelets by
stabilization of the Cu-selenol complexes. Further investigation into growth times and temperatures are still
needed. The change to the softer selenium instead of sulfur might also need a different stabilizing ion, for

instance the softer I".

Since DDSe is a new precursor for the synthesis of NCs, other metal precursors should be tested. As mentioned
earlier, a variety of lamellar metal-thiolate complexes are known and thus the use of DDSe could led to an
interesting general method for the synthesis of ultrathin metal selenide NSs. Moreover, it would be interesting to
see whether 1-dodecanol and 1-dodecanetellurol could be used in the same manner as DDSe and DDT for the
lamellar Cu-Br complexes. Although DDO and DDTe will suffer from stability issues, as the C-O bond will be
hard to break and the C-Te bond will be quite unstable, it could led to a general synthesis method for metal

chalcogenide ultrathin nanosheets.

Finally, to further investigate the limit of the one-dimensional quantum confinement on the CdSe platelets, a
series of samples should be taken during a synthesis of Cu,.Se platelets. After CE of these samples to CdSe,
absorption, PL, PL excitation and excitation lifetime spectroscopy could give further insight in the quantum

confinement limits for these two-dimensional CdSe NCs.


http://en.wikipedia.org/wiki/Alkylation
http://en.wikipedia.org/wiki/Selenourea
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6. Self-Assembly of hexagonal Bipyramid- and Bifrustum-Shaped
ZnS Nanocrystals™

6.1. Introduction

Whereas the previous chapters focused on the synthesis and properties of NCs, this chapter focuses on the self-
assembly of NCs into ordered superlattices (NC solids). The self-assembly of colloidal NCs into NC solids is
emerging as a versatile approach to design and fabricate novel materials with tailored optoelectronic properties,
which are promising for a variety of devices, such as solar cells, LEDs, photodetectors, and lasers.>™ The
collective properties of NC solids arise from the intrinsic characteristics of the building blocks and the synergistic
interactions between them, and can thus be engineered by the choice of the colloidal NCs (composition, size,

shape, surface), and the stoichiometry and spatial symmetry of the resulting self-assembled superstructure.?>!213

Single- and multicomponent superlattices of isotropic, nearly spherical NCs have been extensively investigated
over the last two decades, producing a remarkable variety of superstructures and greatly advancing the

fundamental understanding of the self-assembly process.>**20

In particular, two-dimensional (2D)
superstructures of anisotropic NCs are attracting increasing attention, since their properties may be substantially
different from those of three-dimensional (3D) NC superstructures, making them suitable for the fabrication of
functional ultrathin films and membranes that take full advantage of the shape-dependent and directional
properties of anisotropic NCs. The formation of two-dimensional and three-dimensional self-assembled
superstructures has also been studied for other anisotropic colloidal NCs, such as nanoplatelets, truncated cubes,
octahedrons, or octapods, both experimentally and by theory and simulation.””?"?” Although these studies
provided valuable insight in the self-assembly behavior of anisotropic colloidal NCs, the driving forces behind the

self-organization process are still not fully understood. For instance, the relationship between the NC shape and

the symmetry of the self-assembled superlattice has not yet been investigated in detail.

This chapter will present a combined experimental, theoretical, and simulation study of the self-assembly of
hexagonal bipyramid- (BP) and hexagonal bifrustum-shaped (BF) ZnS NCs into two-dimensional superlattices
in the following manner. The experimental section, section 6.2, will cover the synthesis of the self-assembled

two-dimensional structures and the used methods for the theoretical calculations and the simulations. The next

* Copyright @ 2014 American Chemical Society.!!

Woard van der Stam, Anjan P. Gantapara, Quinten A. Akkerman, Giuseppe Soligno, Johannes D. Meeldijk, René van Roij, Marjolein Dijkstra, and Celso
de Mello Donega.
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chapter (section 6.3) will present the results found for the experimental, theoretical and simulation work

conducted. The final two sections will cover the conclusion (section 6.4) and an outlook (section 6.5).

6.2. Experimental

The experimental section of this chapter will be presented as follows. The first section, section 6.2.1, will contain
the used materials for this chapter. The second section (section 6.2.2) will describe the method used to obtain the
self-assembled superstructures. Section 6.2.3 will present the method used for the ligand exchange on the NCs
before the self-assembly. The details on the TEM measurements are given in section 6.2.4. The final two sections
will present further details on the absorption free energy calculations (section 6.2.5) and the Monte Carlo

simulations (section 6.2.6).

6.2.1. Materials

Di-ethylene glycol (DEG, 99.0%), was purchased from Sigma Aldrich and used without further purification.
Ligands and solvents were purchased from Sigma Aldrich, like trioctylphosphine (TOP, 90%), 1-dodecanethiol
(DDT, 298%), oleylamine (OLAM, 90%) and anhydrous toluene, methanol and butanol. OLAM needed to be

degassed prior to synthesis.

6.2.2. Two-dimensional self-assembly at the liquid air interface

In this method, first described by Dong ez a/, a concentrated NC solution is brought onto a very dense liquid
surface (DEG).?® The toluene is allowed to slowly evaporate at room temperature, resulting in the formation of a
continuous membrane at the liquid-air interface as shown in Figure 6.1. These membranes were transferred to a
TEM-grid by dipping the TEM grid in the solution. Subsequently, the grid was dried overnight prior to further

investigation.

Figure 6.1: Graphical representation of the liquid air interface method describe by Dong ef a/.?® Here, a NC solution is slowly evaporated

on di-ethylene glycol. This allows for a slow and controlled self-assembly.
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6.2.3. Ligand exchange

Here, the ligands on the surface of the NCs were exchanged by dispersing the NCs with the native capping
ligands in an excess of the new ligand at ~100 °C for several hours. The NCs were subsequently precipitated by
the addition of methanol/butanol solution, isolated by centrifugation, and redispersed in toluene. These reactions

were conducted in a glovebox.

6.2.4. Electron microscopy

Transmission Electron Microscopy (TEM) measurements were performed on a Tecnai20F (FEI) microscope
equipped with a Field Emission Gun, a Gatan 694 CCD camera and an EDAX spectrometer. The microscope
was operated at 200 kV. Samples for TEM imaging were prepared by dipping a carbon coated polymer film
copper grid (300 mesh) into a self-assembled thin film on a dense di-ethylene glycol surface after evaporation of

the solvent (toluene). The TEM-grids were dried overnight prior to imaging.

6.2.5. Adsorption free energy calculations

These calculations were performed by G. Soligno, A. P. Gantapara, R. van Roik and M. Dijkstra but are crucial
for the understanding of the theoretical work of this chapter and therefore, are described in this section. In this
method, the preferred orientation of the NC at a planar air-toluene interface (tension y,= 28.52 mN/m) was
theoretically obtained by calculating Pieranski-type interfacial adsorption free energies of individual NCs using a
triangular tessellation technique,? and choosing the configuration that minimizes the adsorption free energy. The
NCs were modeled as anisotropic polyhedral hard nanoparticles, with the same dimensions as those
experimentally observed (28 by 38 nm for the bipyramids and 33 nm for the bifrustums). Following Pieranksi,*
the interfacial free energy of a nanoparticle with its center of mass at a height z (with respect to the planar air-
toluene interface) and with polar angle ¢ (with respect to the interface normal) and y (the internal Euler angle

about the long axis of the nanoparticle) is written as equation 6.1.

F (z, ¢, ¥) = 7.5.(z, &, ¥) + 7Sz, O, W) = YaSul(z, §, W) + const. (6.1)

Here, S, and S, denote the area of the particle surface that is in contact with air and toluene, respectively, and S,
is the intersection area between the particle and the interface. All three areas S,, S;, and S, depend nontrivially on
the position and orientation of the particle, and need to be calculated numerically. The particle-toluene tension is
denoted by 7., the particle-air tension by vy,, and the arbitrary constant in Equation 6.1 is chosen such that F=0 for
a particle that is completely immersed in toluene. The adsorption free energy ignores capillary deformations and

line tension contribution for simplicity. In fact, given that the total particle surface area S, + S, is a constant, it can
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be easily checked that F (z, ¢, y) does not depend on y, and v, separately, but only on their difference through the
contact angle 0 defined by cos® =(y,~y.)/y. =0.8, where the numerical value is an estimate based on the observed
favorable (low free-energy) configurations (Figure 6.2). With a triangular tessellation technique which calculates
the surface areas S,, S, and S,, the equilibrium configuration from minimizing F with respect to the particle

configuration can be calculated, as will be presented in the results and discussion (section 6.3.2).

Figure 6.2: Definition of different orientation angles of the hard particles with respect to the interface (Equation 6.1). Reproduced with
permission from ref [1]. Copyright (2014) American Chemical Society.

6.2.6. Monte Carlo simulations

The self-assembled structures were predicted by using the floppy-box Monte Carlo (FBMC) method*** in
combination with the separating-axis-based overlap algorithm and performed by A. P. Gantaparaand M.
Dijkstra.**In the FBMC method, the Monte Carlo simulations were performed in an isothermal-isobaric
ensemble (VPT) and by compressing a system from the isotropic fluid phase to the solid phase using a variable
shape of the simulation box. The immersion depth z and the polar angle ¢ of the nanoparticle with respect to the
air-toluene interface are kept fixed according to the values determined for the equilibrium adsorption
configurations, and the particles are only allowed to translate and rotate in the plane of the interface. Due to the
symmetry of the BFs (ca. 33 nm in all directions), the orientation of the NC is not important for the overall self-
assembly behavior, since the NC can occupy a hexagonal site in the array regardless of whether a trapezoidal or
hexagonal facet is adsorbed to the interface (Figure 6.3). Therefore, for simplicity, only the hexagonal adhered

surface is considered in the FBMC simulations. The volume of the nanoparticles v was set to unity in all cases.

Figure 6.3: Schematic showing the different orientations of the BFs at the interface. eprodd with permission from ref [1]. Copyright
(2014) American Chemical Society.
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6.3. Results and discussion

This section is organized as follows. First, the synthesis and experimental observations will be presented (section
6.3.1). The second section, section 6.3.2, will describe the results of the theoretical calculations and simulations

performed for the self-assembled structures.

6.3.1. Two-dimensional self-assembly at the liquid air interface

The hexagonal BP and BFs-shaped ZnS NCs used in this chapter were obtained by the exchange of Cu* for Zn*
in djurleite Cu196S NCs, as was described in chapter 4 (section 4.2.5). The ZnS BF and BP NCs were self-
assembled using the solvent evaporation technique on a liquid-air interface, as described in section 6.2.4.
Micrometer scale ordered superlattices were obtained in all cases (Figure 6.4A and B). The BP ZnS NCs yielded
self-assembled arrays with tetragonal symmetry (Figure 6.4A-C), whereas the BF ZnS NCs self-organized into
hexagonal superlattices (Figure 6.4D-F). SEM analysis revealed that the BP NCs are all oriented in the same
direction, with one tip pointing upwards, and the other adhered to the substrate (Figure 6.4C). SEM analysis also
revealed that the tips of the BP ZnS NCs are slightly truncated. This tip truncation is very common in colloidal
NCs, since it minimizes their overall free energy.** As with the Cuy.4S BF NCs (Figure 6.4), SEM showed that
the BE NCs can adopt multiple spatial orientations at the substrate (Figure 6.4F), while yielding similar
hexagonal two-dimensional TEM projections (Figure 6.4E). This is mainly due to the shape uniformity of the
bifrustum NCs viewed from different directions (Figure A6.2).

In contrast to the ZnS NCs assemblies, the parent Cui9S NCs did not form two-dimensional superlattices with
the liquid-air interface method, but instead formed small domains of three-dimensional superstructures as shown
in Figure A6.1. Considering that the size and shape of the parent Cu;9¢S NCs are preserved in the product ZnS
NCs, the disparity in their self-organization behaviors can be ascribed to their dissimilar surfaces (both in terms
of chemical composition and ligand capping), which could give rise to different inter-NC interactions, and hence
alter the forces driving the self-assembly process. The inability of the parent Cu;9S NCs to form two-
dimensional superlattices under the same conditions as used for the product ZnS NCs was further investigated
with a ligand exchange experiment. The Cuy.4S NCs are capped by alkylthiols, while the ZnS NCs are likely
capped by OLAM and ClI ions. After the ligand exchange as described in section 6.2.3, superlattices were no
longer formed for ZnS NCs coated with DDT (Figure 6.5A) or TOP (Figure 6.5B), while an excess of OLAM

had no effect on the ability to form superstructures (Figure 6.5C).
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Figure 6.4: Electron Microscopy images of self-assembled superlattices of hexagonal bipyramid-shaped ZnS NCs (A-C, TEM, dark-field
STEM, SEM, respectively), and hexagonal bifrustum-shaped ZnS NCs (D-F, TEM and SEM, respectively). Fast Fourier Transform
(FFT) patterns of the superlattices are shown as insets in the top right corner of the corresponding TEM images (A and D). Insets in the
top left corner show schematic representations of the shapes of the NCs (slightly truncated hexagonal bipyramid and hexagonal bifrustum,
for A and D, respectively). The scale bars correspond to 50 nm in A-C and to 100 nm in D-F. FFT: 0.2 nm™. Reproduced with
permission from ref [1]. Copyright (2014) American Chemical Society.

y | “ -
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Figure 7.5: TEM images of the NC solids obtained from self-assembly experiments using hexagonal bifrustum ZnS NCs with different
capping ligands: (A) DDT, (B) additional OLAM and (C) TOP. Scale bars correspond to 200 nm. Reproduced with permission from ref
[1]. Copyright (2014) American Chemical Society.
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6.3.2. Adsorption free energy calculations and Monte Carlo simulations

To understand the experimentally observed self-assembly behavior of both the product ZnS NCs and the parent
Cui96S NCs, theoretical calculations and computer simulations were performed by Anjan P. Gantapara and
Giuseppe Soligno. Using the method described in section 6.2.4, the equilibrium configuration of the absorption
free energy could be calculated for three different particle shapes (perfect hexagonal bipyramids, truncated
hexagonal bipyramid and hexagonal bifrustum). Figure 6.6 shows these equilibrium configurations, as well as the
free energy as a function of the polar angle (minimized with respect to z and the internal angle ). The perfect BP
has minimum free-energy when one of its triangular facets is completely adhered to the interface (Figure 6.6A).
For this configuration, a local minimum of F=-200 kgT is found. It is interesting to note that the particle remains
completely immersed in the liquid phase, except for the facet that is adhered to the interface (whereas the particle
pays a free energy penalty of F=10* kgT if it is completely in air). The colloidal NCs used in the self-assembly
experiments were, however, not perfect BP, but instead have slightly truncated tips (5% of their length).
Nevertheless, according to the calculation this small truncation does not affect the single-particle equilibrium
configuration at the interface, which remains essentially the same as that of a perfect BP (Figure 6.6B). By
contrast, according to the calculations a BF NCs has rwo possible equilibrium configurations, in which either one
of the twelve trapezoidal facets or one of the two hexagonal facets is adhered to the interface (Figure 6.6C). Both
free-energy minima are sufficiently deep (more than 200 kT) to make the adhesion irreversible (Figure 6.6C), and

consequently the hexagonal bifrustum nanoparticles have multiple options for interfacial adhesion.
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Figure 6.6. Minimum free-energy orientations obtained from theoretical free-energy calculations for hard particles with three different
shapes: (A) perfect hexagonal bipyramid, (B) slightly truncated hexagonal bipyramid, and (C) hexagonal bifrustums. The right panels give
the interfacial free-energy of the particle as a function of the internal Euler angle about the long axis of the nanoparticle, ¢. Reproduced

with permission from ref[1]. Copyright (2014) American Chemical Society.
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Once the equilibrium adsorption configurations of the three different shapes at the air-toluene interface were
theoretically determined, the self-assembled structures were predicted by using the floppy-box Monte Carlo
(FBMC) method, described in section 6.2.5. The self-assembled structures in Monte Carlo simulations were used
to determine the phase behavior of an ensemble of NCs. Furthermore, the equations of states for the Monte
Carlo simulations were calculated as shown in Figure A6.2. A set of snapshots of various stages during the NPT'
compression is shown in Figure 6.7. The change in the color of the particles is related to the orientation of the

particles. Therefore, a more uniform color means that more NCs are oriented in the same direction.

P /" i . 3 W N N NN

Figure 6.7: Snapshots of the isothermal-isobaric Monte Carlo simulations on the perfect BP NCs. Snapshots A-D show an increasing
compression. As is clear from the increase in the uniformity of the color, the NCs orient in the same direction with increasing packing

density. Courtesy of Anjan P. Gantapara.

The crystal structure can be determined from the reciprocal space pattern of the center of mass of the particles in
the simulated NC superstructure. Figure 6.8 shows the reciprocal space patterns and the real space configurations
of the NC superlattices formed during the FBMC simulations at two different reduced densities p* = pv?7= 0.65
and 0.69 with v as the particle volume, p = N/4 is the areal number density, N is the number of particles, and A is
the surface area of the interface. The experimentally observed NC superlattices are also included for comparison
(Figure 6.8A-B). The simulations show that perfect hexagonal bipyramids crystallize via a first-order phase
transition with coexisting densities p* = 0.56 and 0.57 into a hexagonal superlattice (Figure 6.8C). Hexagonal
bifrustums also crystallize via a firstorder transition from the isotropic fluid into a hexagonal lattice with
coexisting densities p* = 0.50 and 0.52 (Figure 6.8E). In contrast, slightly truncated bipyramids show a weak first-
order transition from the isotropic phase to a tetragonal phase around p* = 0.58 (Figure 6.8D). This is remarkable
because the equilibrium configuration of the single NC adhered to the air-toluene interface was not significantly

affected by the truncation (Figure 6.6). This can be rationalized by considering that the truncation allows the
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NCs to come in closer proximity, thereby leading to a higher packing density, and hence a tetragonal rather than

hexagonal lattice.

Experimental

Simulations
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Figure 7.8: Top panel: Schematics of the particle g
selfassembled superlattices of (A) hexagonal bipyramid-shaped ZnS NCs, and (B) hexagonal bifrustum-shaped ZnS NCs. The insets give
the FFT patterns of the superlattices. The scale bars correspond to 20 nm (0.2 nm-1 in the insets). Bottom two rows. Snapshots of the
isothermal-isobaric Monte Carlo simulations showing the various structures that form during the 2D self-assembly of hexagonal
bipyramids (C,D,F,G) and hexagonal bifrustums (E,H) adhered to an air-toluene interface. The corresponding reciprocal space patterns
of the center of mass of the particles in the simulated NC superlattice are also displayed (bottom right insets). The orientation of the
particles with respect to the interface is fixed based on the equilibrium configurations obtained from the interfacial free-energy
calculations (see Figure 2). The relative orientation of the particles is color coded. (C-E) Simulation snapshots at a reduced density p* =
pv*3= 0.69 with v as the particle volume. (F-H) Simulation snapshots at p* = 0.65. Reproduced with permission from ref [1]. Copyright
(2014) American Chemical Society.
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The agreement between the simulated and experimentally obtained two-dimensional NC superlattices is very
good, indicating that the self-assembly process of the ZnS NCs is driven primarily by minimization of the
interfacial free energies and maximization of the packing densities. The inability of the parent Cuj9S NCs to
form two-dimensional superlattices under the same conditions as used for the product ZnS NCs can be thus
attributed to the presence of additional inter-NC interactions that disrupt the self-assembly process by modifying

the interfacial tensions and/or introducing attractive/repulsive potentials.

6.4. Conclusions

In conclusion, this chapter shows that micrometer scale two-dimensional superlattices of hexagonal BP- and BF
shaped ZnS NCs can be obtained by self-assembly at the liquid-air interface. The self-assembly behavior is well
described by a combination of theoretical adsorption free-energy calculations and Monte Carlo simulations,
which shows that the superlattice formation is driven primarily by minimization of the interfacial free energies
and maximization of the packing densities. Moreover, the results show that truncation of the tips of hexagonal
bipyramids by as little as 5% is sufficient to change the symmetry of the resulting superlattice from hexagonal to
tetragonal. This demonstrates that precise shape control is of crucial importance in the fabrication of functional
materials by self-assembly of colloidal NCs. The work described in this chapter may thus provide a versatile
design and fabrication route for tailored two-dimensional superlattices of anisotropic NCs of metal chalcogenides,
in which cation exchange reactions are used to convert self-assembled superlattices of zinc chalcogenide NCs into
different materials, while preserving the size and shape of the NC building blocks as well as the symmetry and
long-range order of the superstructure. From a theoretical and modelling perspective it is very comfortable to note
that the relatively simple Pieranski potential, Equation 6.1, combined with Monte Carlo simulations actually has
quantitative predictive power, which may be further exploited in the study of other particle shapes and material

parameters.

6.5. Outlook

The size, shape and composition of the anisotropic NCs could be further investigated. Combining the
morphology rich chemistry of the parent Cuy9S NCs and the CE towards ZnS could lead to a general versatile
tool for highly crystalline anisotropic ZnS superlattices. Furthermore, combining the use of different shaped
parent NCs and either exchanging the Cu’ (prior CE) or Zn?* (post CE) to for instance Cd* or Pb** could lead to

an overall general method for the self-assembly of highly crystalline anisotropic metal sulfide superlattices.

As mentioned earlier, the single- and multicomponent superlattices of isotropic, nearly spherical NCs have been

extensively investigated. Binary superlattices containing anisotropic NCs only were very recently made possible**.

Currently, Ward v. d. Stam and Da Wang are working on these binary self-assembled superlattices containing
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anisotropic ZnS NCs. Here, the binary superlattice contains the anisotropic ZnS BF or BP NCs in combination
with isotropic spherical gold or Fe;CoO4 NCs. Ideally, the spherical NCs will be situated in between the corners
of the ZnS NCs as shown in Figure 6.9A. One of the self-assemblies with the ZnS BPs and the Fe;CoO,4NCs
already showed the favored position of the Fe;CoO,4 NCs at the corners between the ZnS NCs (Figure 6.9B).

This method could lead to large two-dimensional binary superlattices or three-dimensional binary supercrystals.

, z Voo :
Figure 6.9: (A) Three-dimensional model of binary superlattices with anisotropic ZnS BFs NCs and isotropic spherical NCs. (B) TEM
images of the first trial with the ZnS BP and 6.0 nm spherical Fe;CoO4 NCs already shows a preferred position for the spherical NCs in

between the ZnS BP NCs. The scale bar in (B) correspond to 20 nm.
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Appendices

HAADF MAG: 450000 x HV: 120.0 kV WD: -1.0 mfm

Figure A3.1; Further investigation in the distribution of the Br. (A-D) STEM-HAADF chemical mapping experiments and (E and F)
STEM-EDS

= DPE jnsteadioiCDEN.
Figure A3.2; TEM images of the Cu2-xS nanosheets with different solvent conditions with (A) twice as concentrated (1/2 times ODE)
and (B) a DPE as solvent (1:0.04 DPE:ODE). Scale bars correspond to 100 nm.
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Figure A3.3: (A) photo of the different samples containing Cuz«S nanosheets. (B) Absorption spectroscopy of the pm sized NSs
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Figure A3.4: TEM images of the Cuz-.S nanosheets synthesis with TPPO instead of TOPO. Both (A) large irregular as (B) smaller sized

nanosheets materials were found. Scale bars correspond to 1 pm.
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Figure A3. 5: XRD measurement of synthesis with triangular nanosheets showing (A) at low angles and (B) at higher angles. Red bars are

from JCPDS card no. [47-1748] for hexagonal digenite.

0 15
20 (degree)

Figure A3,6: TEM images of a nanosheets synthesis performed where CuOAc and SnBrs were replaced by CuCl and NaCl. Scale bars

correspond to 100 nm.
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Figure A3,7: (A) TEM images unsuccessful cation exchange reactions of ZnS. (B) Sample after cation exchange to CdS. Scale bars

correspond to 100 nm.

Figure A4.1: three different oriented hexagonal bifrustums al resulting in a hexagonal 2D projection.

using non-degassed ODE instead of degassed ODE and (C) the correct conditions described in ref 14 for hexagonal BFs instead of BPs.

Scale bars correspond to 200 nm.
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mples after
(A) 10 min, (B) 40 min and (D) 60 min. (D)-(E) 1% times less OLAM. Intermediate samples after (D) 10 min, (E) 40 min and (F) 60

min. Scale bars correspond to 200 nm.
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Figure A4.4: (A) Spherical NCs from the double injection and two (B and C) different sized CuxS platelets and their ZnS equivaients

(D)-(F) obtained via cation exchange. Scale bars correspond to 100 nm.
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Figure A4.5: (A and B) SEM and STEM (C and D) images of obtained PbS 3D self-assembled superstructures.
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Figure A4.6: (A and B) TEM images of PbS BF obtained by cation exchange (A). . Scale bars correspond to 50 nm.
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Figure A4.7: XRD measurements of the CE hexagonal. Reference bars are from JCPDS card no. [05-0492] and [20-0365] for wurtzite

ZnS and djurleite Cui.96S respectively.
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Figure A5.1: Set-up used for the synthesis of DDSe.
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Figure A5.2: 3C-NMR spectrum of the synthesized DDSe.
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Figure A5.4: Two TEM image (A and B) of highly symmetric thin materials found 1 minute after the injection of DDSe. Scale bars

correspond to 1 pm.
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Figure A5.5: TEM images of different changes to the Cuz Se platelet synthesis with the aim of increasing the aspect ratio. (A) CuOAc
and SnBry instead of CuBr and NaBr, (B) lowering the growth temperature to 150 °C instead of 170 °C, (C) using 10 times the amount
SnCly instead of SnBrs and (D) removing the TOPO ligand. Scale bars correspond to 100 nm.

Figure A5.6: TEM images of the (A+C) Cuz.Se platelets before and (B+D) CdSe platelets after the CE reaction of Cu* for Cd*.
Furthermore, clustering is only observed for the Cu.Se platelets, whereas the CdSe platelets only lay flat on the substrate form

monolayers. Scale bars correspond to 50 nm.
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Figure A6.1: Self-assembled superstructures obtained from hexagonal bifrustum-shaped Cui.96S NCs, capped with alkylthiols. Scale bar

corresponds to 200 nm. Reproduced with permission from ref [1]. Copyright (2014) American Chemical Society.*
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Figure A6.2: Equation of States (EOS), reduced pressure P* = fPv*? versus number density p* = pv?, obtained using floppy-box Monte

Carlo (FBMC) simulations with f = 1/%sT as the inverse temperature. Perfect hexagonal bipyramids (BPs) undergo a first-order transition

around p* = 0.56 from a liquid phase to a hexagonal lattice, while truncated BPs show a weak first order transition around p*= 0.57 from

isotropic phase to tetragonal lattice. Bifrustums (BFs) form a hexagonal lattice after a first order transition from isotropic phase around p*

= 0.51. Reproduced with permission from ref [1]. Copyright (2014) American Chemical Society.*

* Copyright @ 2014 American Chemical Societylm

Ward van der Stam, Anjan P. Gantapara, Quinten A. Akkerman, Giuseppe Soligno, Johannes D. Meeldijk, René van Roij, Marjolein Dijkstra, and Celso

de Mello Donega.

Self-Assembly of Colloidal Hexagonal Bipyramid- and Bifrustum-Shaped ZnS Nanocrystals into Two-Dimensional Superstructures.

Nano Lett., 2014, 14 (2), pp 1032-1037.


http://pubs.acs.org/action/doSearch?action=search&author=van+der+Stam%2C+W&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Gantapara%2C+A+P&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Akkerman%2C+Q+A&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Soligno%2C+G&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Meeldijk%2C+J+D&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Dijkstra%2C+M&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=de+Mello+Donega%2C+C&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=de+Mello+Donega%2C+C&qsSearchArea=author

