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Summary 

 Enormous progress in synthesis and characterization of monodisperse colloidal 

semiconductor nanocrystals (NCs, also known as quantum dots) has been made since the 

discovery of quantum-size-effects almost three decades ago. A particularly difficult challenge 

in the chemistry of NCs is their detailed structural and chemical analysis of NC surfaces on 

atomistic level, limiting further progress in rational synthesis of such entities. An atomically 

precise image of the NC surface is not yet available. Likewise, NCs surfaces aren’t atomically 

precise either. Furthermore, they are also not static. Faceting, surface reconstructions and the 

dynamic nature of these phenomena complicate the task. The techniques that are commonly 

used to determine the atomic coordinates in crystalline inorganic materials, foremost X-ray or 

electron diffraction, are inherently blind to the surfaces. Therefore, building the atomistic 

picture of ligand-capped NCs requires a powerful combination of modern experimental tools 

and atomistic modelling.  

In this study, several experimental techniques (1H NMR spectroscopy, solution and 

solid-state 119Sn NMR spectroscopy, far-infrared and X-ray absorption spectroscopies and 

elemental analysis) were combined with atomistic simulations at density functional theory level 

(DFT) in order to understand the surface chemistry  of CdSe NCs, covered with organic ligands 

and with thiostannate ligands (Sn2S6
4-, Sn2S7

6-, SnS4
4-). This study shows that through the X-

type oleate-to-thiostannate ligand exchange, CdSe NCs retain their Cd-rich stoichiometry, with 

a stoichiometric CdSe core and surface Cd adatoms serving as binding sites for terminal S 

atoms of the thiostannates ligands, leading to all-inorganic (CdSe)core[Cdm(Sn2S7)yK(6y-2m)]shell 

(taking Sn2S7
6- ligand as an example). Thiostannates SnS4

4- and Sn2S7
6- retain (distorted) 

tetrahedral SnS4 geometry upon binding to NC surface. At the same time, experiments and 

simulations point to instability of Sn2S6
4- (and SnS3

2-) in most solvents and its improbable 

occurrence on the NC surface due to much lower adaptability to the NC surface caused by rigid 

Sn2S2 rings. 

In order to gain insight into sub-surface regions of a nanoparticle (NP), dynamic nuclear 

polarization surface enhanced solid-state NMR spectroscopy (DNP SENS), which provides 

selective and enhanced NMR signal collection from the (near) surface regions of a sample, has 

been used. By collecting 119Sn DNP-SENS, Mössbauer and X-ray absorption spectra for a Li-

ion anode materials, naturally oxidized monodisperse 10-20 nm large Sn NPs, a clear evidence 
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for core/shell1/shell2 structure of Sn/SnO/SnO2 structure has been obtained. Such amorphous 

surface SnO2 and SnO layers cannot be distinguished by conventional characterization with X-

ray diffraction and electron microscopy.  The study suggests that DNP SENS experiments can 

be carried on many types of uniform colloidal nanomaterials containing NMR-active nuclei, in 

presence of either hydrophilic (ion-capped surfaces) or hydrophobic (capping ligands with long 

hydrocarbon chains) surface functionalities.  

The advent of perovskite lead halide semiconductors has revolutionized materials 

research in the last three years. Methyl ammonium lead halides (CH3NH3PbX3) have been 

shown to exhibit outstanding potential as inexpensive absorber for solar cells, with over 20% 

power conversion efficiency, which is unprecedented for solution-processed photovoltaics. 

Despite structural imperfections and impurities, the photophysical quality of these materials is 

inherently high, with defects not acting as traps for carriers. In this work, this defect-tolerance 

of perovskites was demonstrated also at the nanoscale. Monodisperse colloidal NCs (4-15 nm 

edge lengths) of fully inorganic cesium lead halide perovskites (CsPbX3, X=Cl, Br, and I or 

mixed halide systems Cl/Br and Br/I) were synthesized using inexpensive commercial 

precursors. The photoluminescence of CsPbX3 NCs is characterized by narrow emission line-

widths of 12-42 nm over the entire visible spectral region of 410-700 nm, wide color gamut 

covering up to 140% of the NTSC color standard, high quantum yields of up to 90% without 

any electronic and chemical passivation with shell materials (owing to defect-tolerance) and 

radiative lifetimes in the range of 4-29 ns. Also, these NCs were embedded into 

poly(methylmetacrylate), yielding composites of  excellent optical clarity and with bright 

emission. These are the first NC materials showing the photophysical quality previously 

achievable only with Cd-chalcogenides of complex compositions and morphologies such as 

core-shell CdSe/CdS NCs and nanoplatelets. The compelling combination of enhanced optical 

properties, inexpensiveness, lower than for Cd-based counterparts toxicity, and chemical 

robustness makes CsPbX3 NCs appealing for optoelectronic applications, particularly for blue 

and green spectral regions (410-530 nm), where typical metal chalcogenide-based QDs suffer 

from photodegradation.  

 Inexpensive colloidal NCs hold great promise also beyond the visible spectral region. 

Tunable light emitters and detectors operating in the near- and mid-infrared spectral regions 

are important to many applications such as telecommunications, high-resolution gas analysis, 

atmospheric pollution monitoring, medical diagnostics, and night vision. Various lead 

chalcogenides (binary, ternary, and quaternary alloys) in the form of colloidal QDs or quantum 

wells may provide narrow bandgap energies that cover the broad infrared region corresponding 
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to wavelengths of 1-30 µm. In this work, inexpensive, all-solution-based synthesis strategy to 

thin-film solids consisting of 5-16 nm PbTe QDs encapsulated by CdTe shells has been 

demonstrated. Colloidally synthesized PbTe QDs were first converted into core-shell 

PbTe/CdTe QDs, and then deposited as thin films. The subsequent fusion of the CdTe shells is 

achieved by ligand-removal and annealing in the presence of CdCl2. Contrarily to highly 

unstable bare PbTe QDs, PbTe/CdTe QD solids exhibit bright and stable near-to-mid-infrared 

emission at wavelengths of 1-3 µm, which is also retained upon prolonged storage at ambient 

conditions for one year. 
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Zusammenfassung 

 Seit Entwicklung der ersten kolloidalen Methode und Erklärung von 

Grössenquantisierungseffekten vor nahezu drei Jahrzenten, wurde enormer Fortschritt in 

Synthese und Charakterisierung von kolloidalen Halbleiter-Nanokristallen (auch bekannt als 

Quantum Dots) gemacht. Eine insbesondere schwierige Aufgabe in der Chemie von 

Nanokristallen ist ihre detaillierte strukturelle und chemische Analyse auf atomistischer Ebene, 

was die Entwicklung rationaler Synthesen derartiger Gebilde limitiert. Ein atomar präzises Bild 

der Nanokristalloberfläche  ist noch nicht vorhanden. Ebenfalls sind die 

Nanokristalloberflächen nicht atomar präzise. Darüber hinaus sind sie auch nicht statisch. 

Facettenbildung, Oberflächenrekonstruktionen und die dynamische Natur dieser Phänomene 

erschweren die Aufgabe. Die am häufigsten verwendeten Techniken zur Bestimmung der 

atomaren Koordinaten in kristallinen anorganischen Materialien, vor allem Röntgen-  oder 

Elektronenbeugung, sind inhärent “blind“  gegenüber Oberflächen. Das atomistische Bild von 

mit Liganden bedeckten Nanokristallen zu erstellen, bedarf daher einer leistungsfähigen 

Kombination moderner experimenteller Werkzeuge und atomistische Modellierung. 

 In dieser Studie wurden verschiedene experimentelle Techniken (1H-NMR 

Spektroskopie, Lösungs- und Feststoff- 119Sn-NMR Spektroskopie, Fern-Infrarot- und 

Röntgen-Absorptionsspektroskopie und Elementaranalyse) mit atomistischen Simulationen 

auf Dichtefunktionaltheorie(DFT)-Niveau kombiniert, um die Oberflächenchemie von CdSe 

Nanokristallen bedeckt mit organischen und Thiostannat-Liganden (Sn2S6
4-, Sn2S7

6-, SnS4
4-)  

zu verstehen. Diese Arbeit zeigt, dass bei dem X-typartigen Oleate-zu-Thiostannate 

Ligandenaustausch CdSe Nanokristalle ihre Cd-reiche Stöchiometrie beibehalten mit einem 

stöchiometrischen CdSe Kern und oberflächlichen Cd-Adatomen, die als Bindungsstellen für 

terminale S-Atome der Thiostannat-Liganden dienen, was zu vollständig anorganischem  

(CdSe)Kern[Cdm(Sn2S7)yK(6y-2m)]Schale (hier mit Sn2S7
6- als Beispielliganden) führt. Die 

Thiostannate SnS4
4- und Sn2S7

6- behalten ihre (verzerrt) tetraedrische SnS4-Geometrie nach 

Bindung an die Nanokristalloberfläche. Zugleich weisen Experimente und Simulationen auf 

die Instabilität von Sn2S6
4- (und SnS3

2-) in den meisten Lösungsmittel hin sowie dessen 

unwahrscheinliches Auftreten an der Nanokristalloberfläche aufgrund der wesentlich 

geringeren Adaptionsfähigkeit an die Nanokristalloberfläche durch die starren Sn2S2 Ringe. 
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 Um Einblick in die Regionen unterhalb der Oberfläche eines Nanopartikels zu erlangen, 

wurde DNP-SENS (dynamic nuclear polarization surface enhanced solid-state NMR 

spectroscopy) verwendet, was selektive und verbesserte NMR-Signalerfassung von (nahen) 

Oberflächenregionen einer Probe liefert. Durch das Erfassen von 119Sn DNP-SENS, 

Mössbauer- und Röntgenabsorptionsspektra eines Li-Ionen Anodenmaterials, auf natürliche 

Weise oxidierte monodisperse 10-20nm grosse Zinn-Nanopartikel, wurden klare 

Anhaltspunkte für eine Kern/Schale1/Schale2 Struktur entsprechend Sn/SnO/SnO2 erhalten. 

Derart amorphe Oberflächenschichten von SnO2 und SnO können nicht unterschieden werden 

durch konventionelle Charakterisierung mit Röntgenbeugung und Elektronenmikroskopie. 

Diese Studie deutet darauf hin, dass DNP-SENS Experimente für verschiedene Arten an 

uniformen kolloidalen Nanokristallen mit NMR-aktiven Kernen in Gegenwart von entweder 

hydrophilen (ionisch-bedeckten Oberflächen) oder hydrophoben (Oberflächenliganden mit 

langen Kohlenwasserstoffketten) Oberflächenfunktionalitäten durchgeführt werden können. 

 Das Aufkommen von Perowskit-Bleihalogenid-Halbleitern hat die Materialforschung 

in den letzten drei Jahren revolutioniert. Es wurde gezeigt, dass Methylammonium-

Bleihalogenide herausragendes Potential als preiswerte Absorber für Solarzellen aufweisen mit 

mehr als 20% Leistungsumwandlungseffizienz, beispiellos für aus Lösung verarbeitete 

Photovoltaik. Trotz struktureller Unvollkommenheiten und Unreinheiten ist die 

photophysikalische Qualität dieser Materialien inhärent hoch, da die Defekte nicht als “traps“ 

für Ladungsträger wirken. In dieser Arbeit wurde diese Defekttoleranz von Perowskiten auch 

im Nanobereich demonstriert. Monodisperse kolloidale Nanokristalle (4-15 nm Kantenlänge) 

aus vollständig anorganischem Caesiumbleihalogenid-Perowskit (CsPbX3, X=Cl, Br, und I 

oder gemischte Halogenidsysteme Cl/Br und Br/I) wurden unter Verwendung kostengünstiger, 

kommerziell erhältlicher  Ausgangsstoffe hergestellt. Die Photolumineszenz von CsPbX3 

Nanokristallen ist gekennzeichnet durch schmale Emissionslinienbreite von 12-42 nm über den 

gesamten sichtbaren Spektralbereich von 410-700 nm, einem breiten Farbbereich, der bis zu 

140% des NSTC-Farbenstandards umfasst, einer hohen Quantenausbeute von bis zu 90% ohne 

jegliche elektronische oder chemische Passivierung mit Schalenmaterialien (aufgrund der 

Defekttoleranz!) und Strahlungslebensdauern im Bereich von 4-29 ns. Diese Nanokristalle 

wurden ebenfalls in Poly(methylmetacrylat) eingebettet, was zu Verbundstoffen mit 

exzellenter optischer Klarheit und starker Emission führte. Dies sind die ersten Materialien, die 

eine photophysikalische Qualität aufweisen, die bisher nur erreichbar war mit Cd-

Chalcogeniden von komplexer Zusammensetzung und Morphologie wie Kern-Schale 

CdSe/CdS Nanokristallen und Nanoplättchen. Die überzeugende Kombination verbesserter 
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optischer Eigenschaften, Kostengünstigkeit, im Vergleich zu den Cd-basierten Gegenstücken 

geringe Giftigkeit und chemische Robustheit machen CsPbX3 Nanokristalle attraktiv für 

optoelektronische Anwendungen, insbesondere für blaue und grüne Spektralregionen (410-

530 nm), wo typische Metalchalcogenid-basierte Quantum Dots an Photodegradation leiden. 

 Kostengünstige kolloidale Nanokristalle sind auch vielversprechend über den 

sichtbaren Spektralbereich hinaus. Einstellbare Lichtsender und Detektoren, die im nahen und 

mittleren Infrarot-Spektralbereich operieren sind wichtig für viele Anwendungen wie 

Telekommunikation, hochauflösende Gasanalyse, Überwachung der Luftverschmutzung, 

medizinische Diagnostik und Nachtsicht. Verschiedene Bleichalcogenide (binäre, ternäre und 

quaternäre Gemische) in Form von kolloidalen Quantum Dots oder Quantum Wells bieten 

möglicherweise schmale Bandlückenenergien, die einen weiten Infrarotbereich 

übereinstimmend mit Wellenlängen von 1-30 µm umfassen. In dieser Arbeit wurden 

preisgünstige, vollständig nasschemische Synthesestrategien für Dünnfilme bestehend aus von 

CdTe-Schalen eingekapselten 5-16 nm PbTe Quantum Dots gezeigt. Kolloidal synthetisierte 

PbTe Quantum Dots wurden zuerst in Kern-Schale PbTe/CdTe Quantum Dots umgewandelt 

und dann als Dünnfilm aufgetragen. Die darauffolgende Fusion der CdTe Schalen wird durch 

Entfernung der Liganden und Tempern in Gegenwart von CdCl2 erreicht. Im Gegensatz zu 

hochinstabilen “blanken“ PbTe Quantum Dots zeigen PbTe/CdTe QD Feststoffe starke und 

stabile nahe bis mittlere Infrarotemission bei Wellenlängen von 1-3 µm, die auch bei 

verlängerter Lagerung unter Umgebungsbedingungen für ein Jahr anhält.
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Chapter 1. Introduction 

 

1.1 Fundaments of colloidal nanocrystals. Colloidal semiconductor quantum dots 

 The general term nanoparticle (NP) embraces inorganic materials having at least one 

dimension smaller than 100 nanometers. When a NP is composed of atoms in single or 

polycrystalline arrangement the appropriate name would be a nanocrystal (NC). The quantum 

dot (QD) is a semiconductor NC, whose excitons are confined in all three spatial dimensions, 

and hence it is effectively a zero-dimensional (0D) semiconductor. To exhibit such quantum-

size-effects, QD size must be in the range of 2-20 nm for majority of known semiconductors. 

Terms “colloidal QDs” or “colloidal NCs” refer to the kind of their synthesis (solution phase) 

and/or to the fact that these NCs are handled in the form of colloidally stable dispersions in 

solvents.  



 

 
Chapter 1. Introduction | L. Protesescu 

 

2 

 

 Historically, the chemistry of NCs was launched in 1857, when Faraday demonstrated 

colloidal gold (sols).1 Although production of sols of various materials has been then broadly 

examined both experimentally and theoretically, a truly immense interest has come more than 

100 years later with emergence of QDs. In 1983, quantum-size-effects were discovered and 

explained independently by A.I. Ekimov2,3 and A. Efros2,4 in USSR and by L. Brus5,6 in USA 

in Cu halide-doped glasses and in colloidal CdS, respectively. These experiments stirred 

imagination towards new degrees of freedom in tuning the properties of semiconductors. For a 

given composition, for instance, CdSe, bandgap energy and hence the color of the material and 

its photoluminescence (PL) can be adjusted by the crystallite size. In addition, high surface 

areas suggest other promising applications such as photocatalysis. Furthermore, if QDs are 

produced in a colloidal state, this would open plethora of possibilities such as mixing with other 

materials, facile deposition as thin films or even bio-medical applications. The major challenge, 

however, was to develop methods for producing QDs with uniform and tunable sizes and 

shapes. This task was successfully performed in 1993, when C. Murray, D. Norris and M. 

Bawendi synthesized highly monodisperse Cd chalcogenide NCs.7 This was accomplished by 

inventing a novel synthesis strategy -a hot-injection technique. From then on, the research on 

colloidal QDs expanded to a variety of semiconductors such as II-VI (CdS, CdSe, CdTe),7 III-

V (InP, InAs, InSb)8-11 and IV-VI (PbS, PbSe, PbTe)12-20  compounds. Besides colloidal QDs, 

also other shapes, with confinement only in certain crystallographic dimensions, such as 

wires,21 nanodisks,22 nanoplatelets23 or tetrapots24 were developed.  Owing to the need to 

enhance the optical properties via electronic passivation of the surfaces, core-shell QD 

materials were developed, such as CdSe/ZnS25,26 and PbX/CdX27-29 (X=S, Se, Te). Using 

similar colloidal methods, metallic NPs such as Au, Cu, Pt, Pd, and Ag30 were developed and 

have been studied as plasmonic nanomaterials. Since then numerous other inorganic materials 

have been produced in the form of precisely engineered NCs, as reviewed in details 

elsewhere.31-35  

 In the simplest effective mass approximation (“particle-in-a-box” model), the quantum-

size-effect can be described as a confinement of the exciton (a photogenerated electron-hole 

pair) in a spherical potential well of radius 𝑅. Consequently, the bandgap energy of a QD (𝐸𝑄𝐷) 

is higher than in the bulk bandgap (𝐸𝑏𝑢𝑙𝑘, Equation 1.1). It can be roughly calculated knowing 

the effective masses of electrons and holes (𝑚𝑒 and 𝑚ℎ), the dielectric constant of the material 

(𝜀1 ) and environment (𝜀0 for vacuum permitivity): 

𝐸𝑄𝐷 = 𝐸𝑏𝑢𝑙𝑘 +
ℏ2𝜋2

8𝑅2
[

1

𝑚𝑒
+

1

𝑚ℎ
] −

1.8𝑒2

4𝜋𝜀1 𝜀0𝑅
  (1.1) 
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Figure 1.1. The evolution of the band structure in relation to the size of a semiconductor system: bulk (104 

atoms), NC (102-104 atoms) and molecule (few atoms).   

 

 The challenge, though, is that this particle-in-a-box model assumes that dispersion 

relation is same as in the bulk, i.e. with parabolic bands, which is clearly not the case for QDs. 

Furthermore, QDs have much different dielectric constants than their bulk conterparts. 

Nevertheless, this simple Brus formula is very instrumental for rough assessment of the QD 

size from the optically measured bandgaps. In this regard, the straightforward evidence of the 

quantum confinement in a QD is the shift of the optical absorption and emission spectra to 

higher energies (blue shift) when decreasing the QD size, as exemplified in Figure 1.2. For the 

major QD materials, there are also fully experimental and accurate relations between the QD 

size (estimated by electron microscopy and X-ray diffraction/scattering) and measured optical 

bandgap energy and optical extinction coefficients (PbS,36,37 CdSe38,39); thus enabling to 

estimate the size and concentration of QDs simply by measuring the absorption spectrum of a 

QD colloid. To this end, optical extinction was found to be size-dependent at lower energies 

close to the absorption edge, and rather size-independent for higher energy transitions (3 eV). 

This is apparent from Figure 1.1 as well: rather identical and continuous electronic levels can 

be seen deeper in the valence or conduction bands, while quantum-size effects concern mainly 

the energy states close to the bandgap. Consequently, measured absorbances at 300-400 nm 

are rather proportional to the total number of CdSe or PbS bonds and this fact can be used to 

estimate the concentration of the colloids irrespective of the QD size. 
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Figure 1.2. PbS QDs with tunable bad-gap between 950 nm and 1600 nm corresponding to the size of 3.2 nm to 

6.3 nm; this work.  

  

 Oftentimes, QD absorption spectra exhibit multiple features (peaks/shoulders, Figure 

1.3) due to discreteness of the electronic structure (see Figure 1.4.; with s, p, d-labeling of states 

analogous to atomic orbitals). In this regard, UV-VIS-near-IR absorption spectra can also 

fingerprint the shape of the material. As an example, Figure 1.3 compares absorption spectra 

of ~5nm CdSe QDs and atomically flat ~1.5 nm –thick (corresponding to 2 unit cells) CdSe 

platelets. The absorption spectrum of a platelet is determined by its thickness. 

 

Figure 1.3. Example of CdSe sphere (red upper spectrum) and CdSe nanoplatelets (black lower spectrum). Insets 

are TEM images. Date are taken from this work. 
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1.2. Optical and electronic properties of QDs, and significance of QD surfaces 

 Significance of surfaces for PL characteristics and related applications. The 

recombination of the photogenerated electron-hole pairs, called excitons when they remain 

bound to each other as in the case of QDs, normally gives rise to PL, with nanoseconds-to-

microseconds lifetimes. QD-size-tuning of the PL peak wavelengths would be therefore an 

ideal tool for various applications such as displays. Here comes the major challenge with 

QDs – their surfaces. From here on in this dissertation, NC surfaces will play a major role 

in the discussion. Transition from the bulk crystal to a NC comes at a cost, which is a rise of 

the proportion of the surface atoms from nearly negligible for bulk crystals to few % for 10 nm 

NCs, and to above 50% for QDs equal or smaller than 3 nm. Unsatisfied dangling bonds and 

surface disorder act in an analogous way to the point defects in bulk material – they show up 

as mid-gap states (Figure 1.4). These mid-gap states often act as traps for relaxation of the 

photoexcited electrons or holes, quenching the PL of QDs, oftentimes making as-synthesized 

QDs very poor emitters. PL properties of QDs are always highly sensitive to the state of the 

surface: various surface bound molecules (often called capping ligands) may enhance or reduce 

the density of surface traps. Furthermore, epitaxial overgrowth of a QD with a wider gap 

material, with confinement potential for the electron and hole wave-functions, is another 

strategy to minimize/eliminate the effects of the surface trapping on the PL characteristics.  

 

 

 Figure 1.4. (a) Emergence of surfrace-related mid-gap states in QDs. (b) Highly efficient PL from core-shell 

CdSe/ZnS QDs, owing to the removal of surface trap states by overcoating of CdSe surfaces with wider-gap ZnS 

overlayer. Such QDs, with ZnS or more complex compositions of the shell such as CdZnS, have become 

commercially viable for lighting and display applications. 
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 Such epitaxial relation exists in CdSe/ZnS core-shell QDs, first synthesized in 1996 by 

P. Guyo-Sionnest et al.25  and in CdSe/CdS QDs, first reported in 1997,40 and in a variety of 

other structures developed later on.  Since then, further engineering of the shell materials such 

as through the creation of graded shells of CdZnS, enabled satisfactory environmental stability 

and has led to commercialization of CdSe-based QDs. First, QDs were commercialized as 

colloidal fluorescent labels early in 2000s by various companies such as Invitrogen and Evident 

Technologies. Advantages of QDs over organic dye molecues include higher chemical 

stability, narrower and easily tunable PL spectra. QDs offer multicolor imaging, potentially 

with single-dot resolution using QDs with reduced blinking, as multiplexed tagging with 

magnetic particles etc. So far, bio-applications of QDs do not proceed to in-vivo studies on 

humans due to high toxicity of Cd-compounds. Analogous InP QDs did not exhibit satisfactory 

chemical robustness and are still under development. In 2008, Evident Technologies introduced 

the first consumer product utilizing colloidal QDs technology holiday Christmas lights that 

used blue GaN LED to excite CdSe/ZnS dispersed in a polymer cap (Figure 1.5a). Blue 

emission of the LED is downconverted into PL of QDs. Mixing of CdSe/ZnS QDs of various 

colors enables deliberate tuning of the color of the lights, including white color.  Some principle 

of luminescence downconversion has been exploited also in the first QD/LED lamps, deployed 

jointly by QD Vision and Nexxus Lighting. The new lamp integrated adjustable colors of QDs 

with cool white LEDs to produce color-rich, true incandescent, warm white light which can 

provide over 80% energy savings and lasts up to 25 times longer than comparable halogen 

lighting alternatives. Using QDs produced by Nanosys, Amazon has pioneered the used of QDs 

in color tablets in 2013. Namely, the Mini Kindle Fire HDX 7 uses polymer film (known as 

Quantum Dot Enhancer Film, QDEF®) comprising the QDs for absorbing residual LED light 

that is not converted by the conventional phosphors. This greatly improves the perception of 

the image by the human eye, as the eye gets tired from the sharp blue straylight. Logically, 

QDs eventually made their way onto television display market. In addition to using LEDs for 

backlighting, light from a blue LED is converted by QDs to relatively pure red and green, so 

this combination of blue, green and red light incurs less absorption of unwanted colors by the 

color filters behind the LCD screen, thereby increasing useful light throughout and providing 

a better color gamut.The first TV manufacturer shipping TVs of this kind was Sony in 2013, 

with QDs provided by QD Vision under tradename of Color IQTM (Figure 1.5). At the 

Consumer Electronics Show 2015, Samsung Electronics, LG Electronics, the Chinese TCL 

Corporation and Sony showed QD-enhanced LED-backlighting of LCD TVs. Most 

significantly, Samsung’s SUHD displays, the most successful so far QD-based display 
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technology and the only one in 4K category (65 inch), are claimed to contain Cd-free QDs from 

Nanoco, presumably those based on InP, at least for the red emitter. Arguably, the color quality 

is also poorer than for CdSe-based QDs. Typical LCD display produces just 70% of the NTSC 

color standard. QDs cover 100-130% of this color standard and are the only materials known 

that are likely to fulfil a newer and more stringent REC. 2020 color standard.  

     

 

Figure 1.5. (a) Holiday lights introduced by Evident Technologies based on CdSe/ZnS QDs dispersed in a polymer 

matrix. (b) Sony’s LCD displays enhanced by Color IQTM technology (QDs/polymer composites as a backlight). 

 

 PL properties of QDs are also increasingly explored for luminescent up- and down-

convertion that can be combined with standard silicon-based photovoltaics to increase power 

conversion efficiencies.41,42 Such downconverts, that transform UV portion of the solar 

spectrum into visible PL that is then adsorbed by the solar cell, are known as luminescent solar 

concentrators. Novel physical concepts such as single exciton fission, recently demonstrated 

using PbS and PbSe QDs,43,44 can be also explored as an attractive mean for sensitizing solar 

cells. All these applications do not involve charge transport to and from the QDs. Other 

applications, such as photodetectors and solar cells require high level of control over the charge 

transport, and are reviewed further in this chapter. 

 Contrarily to the visible spectral region, there is a much greater demand for efficient 

and inexpensive absorber and emitter materials in the IR spectral region beyond 1 µm 

wavelengths where mature silicon-based technologies cannot operate, making colloidal QDs a 

highly competitive class of materials. The state-of-the-art in this regard is represented by QDs 

of Pb chalcogenides ( PbS,12 PbSe,13-16 PbTe,17-20), Hg-chalcogenides (HgSe,45-47 HgS,47-50 

HgTe51-54) and III-V compounds (InAs55,56 and InSb9-11). Important applications in the near-IR 

(750-3000 nm) include (i) telecommunications that require efficient absorbers and emitters in 

low-loss water windows at 1300 and 1550 nm (lowest optical losses in silica fibers that contain 

residual OH-groups and H2O), (ii) deep-tissue-penetration biological imaging in the first low-

ba
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loss water window at 700-900 nm, and photovoltaics that can harness the infrared portion of 

solar radiation. In the mid-infrared (3-12 µm), inexpensive and tunable semiconductors are 

needed for molecular vibrational spectroscopy, gas/atmospheric monitoring, and surveillance 

through the Earth atmosphere (such as at high-transparancy window at 5 µm). The major 

challenges involve the need to stabilize mid-IR active PbTe and HgTe QDs against moisture 

and oxygen that quench their PL. Furthermore, ideal materials would be those based on fully 

inorganic QD solids as organic molecules quench the PL of mid-IR emitting QDs due to energy 

transfer from the QD excitons to molecular vibrations of ligands. In this work, one of the most 

promising materials combinations had been explored - PbTe/CdTe thin film heterostructures 

devised from PbTe/CdTe QDs. 

 

 

Figure 1.6. An overarching problem in the research on QDs – lack of efficient inter-QD charge transport required 

for harnessing the individual unique QD properties for conventional electronic devices. Organic capping 

molecules used in the synthesis of NCs fully inhibit communication between the NCs (charge and energy 

transfer).Tunneling of the electron between two QDs requires sufficient proximity and lower potential barriers 

for wavefunctions overlap (electronic coupling).  

 

 Significance of surfaces for charge transport in QD solids. Another costly 

consequence of having quantum-sized systems is the disrupted crystallinity, preventing 

efficient band-like transport, such as the one seen in bulk semiconductors. An excellent recent 

review by Kagan and Murray57 captures a two-decade long battle for achieving efficient and 

predictable charge transport characteristics in solid-state films comprising densely packed QDs 

(QD solids). First and most apparent difficulty comes from the fact that organic capping ligands 

used in the synthesis of QDs are bulky and typically contain C8-C18 alkyl chain and, therefore, 

e-

Problem:

distancetunneling barrier height

Poor electronic coupling

(tunneling rate)

Field-effect transistor

 



 

 
Chapter 1. Introduction | L. Protesescu 

 

9 

 

are highly insulating, fully inhibiting charge transport in QD solids (Figure 1.6). Even arrays 

of 5 nm Au NCs capped with 1.5 nm long dodecanethiol are fully electrically insulating. 

Typical electrical conductivities do not exceed σ ≈10-11 - 10-14 S cm-1. Considering the 

tunneling of carriers as elemental step, clear strategy must involve displacement of such 

insulating organics with smaller and more conductive ligands.  NC surface chemistry therefore 

plays a major if not the main role in this field of research. Assuming the long chain ligands are 

removed and QDs are densely packed, a second important consideration is the effect of the 

surface states on the charge transport. QD solids are rarely considered as intrinsic 

semiconductors. In fact, even one atom-per-NC deviation in stoichiometry must lead to a high 

doping level, either of n- or p-type. Even a brief exposure of an n-type QD solid to oxygen may 

entirely modify the landscape of surface trapping states, causing, for instance, p-type 

conductivity. Aforementioned mid-gap states do also play important role. In the case of 

photovoltaic devices, trapping of mobile photogenerated carriers on these states leads to the 

lowering of the open-circuit voltage (VOC),58 often by a factor of 2 compared to the theoretical 

bandgap limit. There is also significant energetic disorder within the QD solid due to the 

distribution in QD size and inter-QD distances.  It is expected that the elimination of mid-gap 

states by simultaneous  control of QD stoichiometry (e.g., the Pb:S ratio at the surface) and 

ligand-passivation of the QD surfaces may reduce the VOC deficit and increase carrier diffusion 

lengths, thereby enhancing power conversion efficiency (PCE) to > 15%.58 In fact, all major 

recent advances of QD photovoltaics in terms of PCE59,60 has come from the improved surface 

passivation, such as by the use of halide ions as capping ligands.  

 Similar difficulties exist for QD-LEDs. In such LEDs, light emission would be directly 

produced by the conversion of electricity flowing through the device. A layer of QDs is 

sandwiched between layers of electron-transporting and hole-transporting organic or inorganic 

materials. An applied electric field causes electrons and holes to move into the QD layer, where 

they combine, emitting photons with energies roughly equal to the bandgap energy. The 

challenge of bringing electrons and holes together in small regions for efficient recombination 

to emit photons without escaping or dissipating was addressed by sandwiching a thin emissive 

layer between a hole-transporter layer (HTL) and an electron-transport layer (ETL). The 

efficiency of such electroluminescence is a complex function of the surface chemistry and 

alignment of energy levels within the device. 

 

1.3. Surface chemistry of NCs 
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 Surface capping ligands, primarily organic molecules, play multiple roles in the life and 

fate of QDs: they control the nucleation and the growth of QDs, their size and shape, their 

colloidal and chemical stability, dispersibility in other media and miscibility with other 

moieties, photophysics and charge transport. Unsurprisingly, the research on NC surface 

chemistry has become a major focus in this field in the last ten years. Such research also 

requires powerful characterization tools. The task of characterizing NC surfaces is particularly 

difficult due to surface disorder and faceting of NCs.  

 Organic ligands. The native organic ligands are usually amphiphilic molecules that 

possess a polar headgroup with N, O, S and/or P donor atoms (e.g., amines, carboxylic acids, 

thiols, phosphine oxides, and phosphonic acids) binding to surface atoms of QDs and a non-

polar aliphatic tail that ensure colloidal dispersibility in organic solvents.   An L-type ligand 

such as neutral molecules (amine, thiol, phosphine oxide, neutral carboxylic and phosphonic 

acid) coordinates to the surface via dative bonding through donation of lone pairs.  An X-type 

ligand (such as carboxylate, phosphonate and thiolate) interacts with the surface through an 

anionic moiety.61,62  The distinction between L- and X-type ligands is very important. For 

instance, X-type binding modifies the overall stoichiometry of the QD. In the case of oleate- 

or phosphonate-capped CdSe QDs this can be understood as replacement of some surface Se 

atoms with X-ligand, effectively forming CdSe(core)CdX2(shell) structure. CdSe QD 

(diameter of 3 nm) with such stoichiometry has Cd:Se ratio of (1.1-1.3):1. Another view on the 

surface chemistry involves Z-type ligands (MXx) that bind in an opposite to L-type ligands 

manner, which is by accepting a pair of electrons from a QD. Usefullness of considering such 

X-type  and Z-type ligands comes from the apparent reactivity of QDs – oftentimes 

CdSe(core)CdX2(shell)  engage into ligand-exchange reactions by exchanging either oleate-

anion or the whole surface layer of CdX2.
63 All known surface reactivities of QDs can be 

explained by the conventional X, L, Z-phenomenology.  

   The complete removal of organic surface ligands, an ideal scenario for charge transport, 

has proven to be very difficult. It often generates multiple surface dangling bonds acting as 

carrier traps in semiconductor NCs. Annealing of NC samples can only partially remove the 

organic ligands and often leaves undesirable carbonaceous products of pyrolysis or leads to 

sintering of NCs. Therefore, nearly all adjustments of the surface chemistry are accomplished 

using mild chemical removal of ligands and ligand-exchange reactions – replacement of initial 

capping molecules with more suitable, typically smaller ligands. There are generally two 

strategies for this – solution-exchange with retention of colloidal stability and solid-state 

exchange. A typical limitation of the solution-phase exchange of larger ligands by smaller ones 
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is the decrease of colloidal stability as the steric stabilization requires aliphatic part of the ligand 

to be at least 1 nm long. The solid-state exchange is experimentally very simple. It entails the 

two-step procedure – first assembling the NCs into a densely packed thin film followed by the 

soaking in the solution containing new molecules. Hence the solid-state exchange is typically 

combined with convenient fabrication of high-quality NC films using colloidal solutions.  

Typical examples include soaking of CdSe or PbSe NC films in solutions of methylamine, 

ethylamine, butylamine, ethanethiol, sodium hydroxide, or pyridine.64-66  The resulting solids 

exhibit drastically improved electrical characteristics, including high photoconductivity of 

~1012-1013 Jones in photodetectors made of PbS NCs treated with butylamine and electrical 

conductivities up to 10-1 S cm-1 in arrays of thiol-capped metallic NCs. Cross-linking molecules 

such as hydrazine enabled high electron mobilities up to 2 cm2 V-1 s-1 in PbSe QD solids.67 

Zabet-Khosousi and co-workers showed metal-to-insulator transition in arrays of sub-10 nm 

Au NCs linked with dithiol HS(CH2)nSH molecules at n=5.68 Such solid-state exchange with 

monofunctional or cross-linking dithiols is also a prevailing current strategy in thin-film QD 

photovoltaics.66,69,70  

There are severe limitations of such solid-state ligand-exchange. First of all, this strategy 

is limited to very thin films only, as the exchange requires efficient migration of incoming and 

outgoing ligands through the QD solid. For this reason, the exchange is also incomplete and 

often inhomogeneous within the film. Second limitation is that replacement of long ligands 

with short ones leads to a drastic reduction in the volume. For instance, a 3 nm QD capped with 

2 nm-long ligands, will lose 50% of its volume by switching to 1 nm-ligands, and 80% for 0.5 

nm large ligands. This causes cracks or even complete disintegration of the initially smooth 

film. Hence a much more desired scenario is to exchange the ligands in the colloidal state and 

then to use such improved colloids for the formation of thin or thick films, or bulk-like solids 

of QDs that can be used as is for the subsequent applications. Figure 1.7 reviews the major QD 

surface chemistries that can be accomplished in a colloidal state. The incoming capping ligand 

may exhibit lower chemical affinity than the originally attached molecules, and may also have 

same anchoring functional group (e.g., thiol-for-thiol exchange)71 or a different one. Usually, 

NCs surfaces must be exposed to the large excess of competing ligand to displace majority or 

all native ligands.7,72,73 At ambient temperature or with moderate heating (≤100 °C), the 

duration of surface reactions can take from several seconds  for strongly binding incoming 

ligands such as thiols52 to several days for weakly coordinating species such as pyridine.7 The 

solution-phase exchange is often facilitated by the phase-separation of the NCs and by-products 

by using, for example, two-phase mixtures of polar and non-polar solvents.74 Typical examples 
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of such phase-transfer reactions is replacement of hydrophilic thiols by hydrophobic 

alkylthiols74 and vice versa75 (i.e. replacement if apolar organic ligands with highly polar 

inorganic species), as discussed below.  

 

Figure 1.7. An overview of all major kinds of NC surface chemistries that can be derived from the NCs capped 

with native organic capping ligands. All presented examples entail a solution-phase ligand exchange that 

preserves the colloidal state, either in same or in a different solvent (through phase transfer reactions). 

 

 Inorganic capping ligands. In 2009, Kovalenko et al. have revised the traditional view 

that capping ligands must be chosen amongst organic molecules. Inspired by the notion that 

optoelectronic devices are traditionally based on stable fully inorganic compounds, they 

switched attention to  inorganic moieties, such as metal chalcogenide complexes (MCCs, 

chalcogenidometalates).76 In turn, such MCCs can be easily produced from the respective bulk 
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metal chalcogenide. In the simplest case, dissolution of SnS2 (and many other sulphides, 

selenides, or tellurides) in hydrazine proceeds as: 

2SnS2 + 2S + 5N2H4  (N2H5)4Sn2S6 + N2 

 Multidentate SnS4
4-, Sn2S6

4-, SnTe4
4-, In2Se4

2-, Sn2S6
4-, SbSe4

3-, MoS4
4-, and similar 

species, with highly nucleophilic terminal chalcogenide atoms can replace organic molecules, 

and act as NC surface capping ligands.77-79 Through ligand-exchange reactions MCCs can be 

attached to nearly all known NCs synthesized with conventional organic ligands, maintaining 

colloidal stability, size, shape and composition. Solid-state exchanges with MCC-ligands were 

also demonstrated.80 Infrared and nuclear magnetic resonance (NMR) spectroscopies and 

elemental analysis showed quantitative replacement of the original capping ligands. High 

colloidal stability and solubility in common polar solvents with high dielectric constant (water, 

hydrazine, formamide (FA), dimethylsulfoxide (DMSO)) was found for a large variety of 

MCC-NC pairs. Importantly, NCs retain their size and shape, as well as their quantum-size-

dependent photophysics. Colloidal solutions of such inorganic-capped NCs are electrostatically 

stabilized. For example, in K4SnS4-CdSe QD case, thiostannate adheres to the CdSe surface, 

while K+ ions dissociate in a highly polar solvent forming an electrical double layer (Stern 

layer), thus making QDs negatively charged (as is apparent from zeta-potential measurements). 

MCC-functionalization of QDs had enabled major breakthroughts in electronic characteristics 

of QD solids. This simple and reproducible liquid-phase approach is becoming increasingly 

popular and in the areas of NC-based solid-state devices, and superior device characteristics 

have been obtained: electron mobilities up to 20-100 cm2/Vs,81,82 photon detectivities up to 

1013 Jones,83 photovoltaic power conversion efficiencies up to 12%84 and improved 

thermoelectric characteristics.77 This new all-inorganic methodology was recently licensed for 

the development of low-cost, solution-deposited thermoelectrics (Evident Technologies Inc, 

USA) and photovoltaics (Black-Box Semiconductors Inc., USA).  

 The advent of the MCCs ligands stimulated extensive exploration of other inorganic 

moieties as capping ligands. For instance, metal-free ligands such as chalcogenides and 

hydrochalcogenides (S2-, HS-, Se2-, HSe-, Te2-, and The-), mixed chalcogenides (TeS3
2-), as well 

as OH- and NH2
- were shown to engage into ligand-exchange reactions, forming stable 

colloids.79 Moreover, weaker nuclepohiles such halides (Cl-, Br-, I-)85,86  and pseudohalides 

(CN-, SCN-, N3
-)86 can also be used for direct ligand-exchange. Films of I--capped CdSe QD 

arrays showed high field-effect electron mobility of ∼12 cm2 V-1 s-1. N3
--capped InAs QDs 

systems show the potential for construction of InAs/InN or InAs/GaN heterostructures by 
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introducing In3+ or Ga3+ cations as linkers.86 Halometalates, such as methyl ammonium metal 

halide and simple metal halides (M=Pb, Cd, Zn, In, Fe, Sb, halide=Cl, Br, I) can also replace 

the organic ligands. Contrary to MCCs, acting as hole traps that quench the PL, halometalates 

do not affect the PL QYs. Efficient PL was found for CH3NH3PbI3-capped PbS QDs (QY=20-

30%).87 I--capped CdSe QD arrays showed high field-effect electron mobility of ∼12 cm2 V-1 

s-1. N3
--capped InAs QDs systems show the potential for construction of InAs/InN or InAs/GaN 

heterostructures by introducing In3+ or Ga3+ cations.86 

 Conceptually different is the ligand-exchange in which the incoming inorganic moiety 

does not adhere to the NC surface, as in the case of weakly nucleophilic BF4
- ions. Such NC 

surfaces are “naked” and positively charged, due to the presence of unpassivated surface metal 

cations, charge balanced by dissociated BF4
- ion. In 2011, Murray et al. introduced such a 

chemistry using NOBF4 treatment of oxidatively stable NCs, such as carboxylate-capped metal 

oxide NCs. Acids HBF4 and HPF6 are equally efficient ligand removers, confirming that the 

key step in the removal of the native ligand is its protonation.79 Such strong acids are, however, 

prone to etch many inorganic compounds. A milder reactive stripping of the ligands was 

accomplished for various types of NCs (CdSe, PbSe, ZnO, etc capped with oleate, phosphonate 

or amines) by Rosen at al. using Meerwein’s salt (Et3OBF4).
88 In all cases, ligand-free NCs 

form stable dispersions in dimethyl formamide (DMF).  Highly conductive films ligand-

stripped PbSe NCs were demonstrated as well.88 Such ligand stripping serves other useful 

function – it allows functionalization of NC surfaces with ligands that otherwise do not directly 

replace the native organic ligands. The most prominent examples are oxo and polyoxometalates 

(POMs) as NC capping ligands. They can be attached onto the NC surfaces via two step native 

cap“naked surface”oxoligand-capped QDs.89 Such ligands bring a new set of 

functionalities to all-inorganic colloidal nanomaterials. Simple inorganic oxoanions, such as 

PO4
3- and MoO4

2, exhibit strong binding affinity to the surface of various II–VI and III–V 

semiconductor and metal oxide NCs. ζ-Potential titration offered a useful tool to differentiate 

the binding affinities of inorganic ligands toward different NCs. Direct comparison of the 

binding affinity of oxo and chalcogenidometalate ligands revealed that the former ligands form 

a stronger bond with oxide NCs (e.g., Fe2O3, ZnO, and TiO2), while the latter prefer binding to 

metal chalcogenide NCs (e.g., CdSe). The binding between NCs and oxo ligands strengthens 

when moving from small oxoanions to POMs. Small oxo ligands and POMs make it possible 

to tailor NC properties. For example, improved stability upon Li+-ion intercalation into the 

films of Fe2O3 hollow NCs when capped with MoO4
2- ligands was observed. Lower 
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overpotential and enhanced exchange current density for water oxidation using Fe2O3 NCs 

capped with [P2Mo18O62]
6- ligands and even more so for [{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2] 

with POM as the capping ligand was demonstrated as well. Milliron et al.  studied Sn-doped 

In2O3 (ITO) NCs capped with polyniobate clusters,90 and have devised Nb2O5-ITO, V2O5-ITO 

and VO2-ITO from respective POM-capped NCs. Such composites can be used as coatings for 

windows with electrochemically tunable transmittance.91,92 

   

1.4. Cesium lead halide (CsPbX3, X=Cl, Br, I) perovskites 

 In the last 2 years of this PhD project, the main highlight was the synthesis of CsPbX3 

NCs. This section outlines the initial motivation for this work and state-the-art.  The discussion 

concerns halide analogues of perovskites of ABX3 type with cubic or distorted cubic 3D-

connectivity, such as in classical CaTiO3. Various single charged, organic or inorganic A 

cations (CH3NH3
+ or, as in this study, Cs+), divalent B cations (Pb2+ or isoelectronic but 

oxidatively unstable Sn2+) and single-valent X- ions can be combined into such lattice as long 

as the their radii yield appropriate Goldschmidt tolerance factor of 0.8-1, below which 2D or 

1D structures are favoured (Figure 1.8). At this point, it is also useful to point out several 

important differences from oxidic perovskites. First, due to much lower charge of constituting 

ions, these materials exhibit high ionic mobilities for halide ions and moderate mobilities for 

A cations, with low mobility for B cations. Furthermore, they exhibit much lower melting 

points and do not require high temperature to form. Mixed halide systems form with great ease, 

allowing continuous tuning of the physical properties; most importantly for this study on 

CsPbX3 NCs, the bandgap energies can be tuned over the whole visible spectral region simply 

by adjusting the Cl/Br or Br/I ratios. Such possibility had not been accessible so far for 

chalcogenides. Cd chalcogenides cannot be efficiently wavelength-tuned by adjusting their 

anionic composition, but must be quantum-size-engineered via ultra-precise colloidal synthesis 

providing accurate control over the size and size-dispersion. PL tuning of CdSe NCs in the 

blue-green-orange region of the visible spectrum requires them to be extremely small (≤ 5 nm) 

and such NCs usually exhibit rather low PL QYs (≤ 5%) due to mid-gap trap states. Bright and 

tunable emission from Cd-chalcogenides is best achieved through complex size- and 

morphology-engineered nanoheterostructures, such as core-shell morphologies, with 

independent control of the core and shell compositions and thicknesses (e.g., 

CdSecore/ZnCdSshell or “giant-shell” CdSecore/CdSshell)
47-50 and anisotropic CdSe-CdS dot-in-rod 

and platelet-like morphologies.51,52 In the case of second most discussed alternative – indium 
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phosphide (InP) the difficulty to control the PL wavelengths is even more severe due to smaller 

Exciton Bohr radius. 

 

 

Figure 1.8. Structure of three-dimensional cubic metal halide perovskites. 

 

 Last few years had seen a large variety of reports showing outstanding optoelectronic 

characteristics of lead halide perovskites - hybrid organic-inorganic lead halide perovskites 

such as CH3NH3PbX3 (X=Cl, Br or I, or mixed Cl/Br and Br/I systems) in the form of thin 

films, microcrystals and bulk single-crystals.93-102 This wave of research had been initially 

catalyzed by the ease with which CH3NH3PbI3 perovskite has been used as inexpensive 

absorber layers in solar cells with certified power conversion efficiencies of up to 

20%.93,94,96,103,104 This material features unique combination of electronic properties such as 

direct bandgap, high absorption coefficient, lowe exciton binding energies and most strikingly  

- ”defect-tolerance”, see explanatory Figure 1.9. The latter is a rather recent term and points to 

low density of trap states despite high density of defects. Hence photogenerated carriers enjoy 

“happy” life within these materials, seen as long carrier lifetime and high mobilities, allowing 

efficient collection of charges or efficient PL. Consequently, very recently also, other 

prominent optoelectronic devices have integrated  CH3NH3PbX3: photodetectors operating in 

the visible,105,106 ultraviolet107,108 and X-ray109 spectra regions,  light-emitting 

diodes110,111,112,113,114
 and as optical gain media for lasing.104,115-118 One must emphasize that 

these materials feature numerous structural defects, yet they are not detrimental to 

photophysical characteristics.  
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Figure 1.9. Towards semiconductors exhibiting defect-tolerance of their band structure (intra-bandgap 

cleanliness).  In conventional, defect-intolerant semiconductors, such as Si or CdTe, valence bamd maximum 

(VBM) comprises bonding states and conduction band minimum (CBM) features corresponding anti-bonding 

states. Thus defects, which locally weaken the chemical bonding, lead to intraband bonding-antibonding pairs, 

acting as deep mid-gap states. Defect-tolerance may arise from a rare scenario - an antibonding character of the 

VBM, and bonding character of CBM, such as found in Cu3N.119  

 

 Defect-tolerance of MAPbI3 arises from the special bonding scenario in this compound 

(Figure 1.10). There is pronounced ionic Pb-I component (purple shades) as well as weaker 

covalent contribution (red shades). Consequently, Pb-based halometalate compounds have 

antibonding orbitals at the valence band maximum. Second, Pb-introduces its relativistic 

effects: spin-orbit coupling broadens conduction band resulting in conduction band minium 

(CBM) to lie below the Pb 6p orbitals. Combined effect of these two factors is that point defects 

do not form mid-gap trap states. In contrast, without spin-orbit interaction in the case of lighter 

B cations (like in cases of Sn- and Ge-based) the obtained perovskites are non-luminescent, 

presumably duo to mid-gap defects. 

 Such unique photophysics of lead halide perovskites had motivated this study and other 

researchers to explore high-surface area nanostructures, such as NCs. The motivation here is 

that defect-tolerance will manifest itself as surface-defect-tolerance, i.e. that surface dangling 

bonds will not quench the PL. Most efforts in the last two years have focused on supported and 

colloidal CH3NH3PbX3 NCs.120-125  In parallel, fully inorganic cesium-based materials 

(CsPbX3) have also received great attention since our first publication in February 2015,126-131 

as described in detail in Chapter 5. Indeed, compared to more traditional CdSe-based QDs, 

perovskite NCs exhibit high PL quantum yields (up to 90%) without the need for additional 

electronic passivation by adding a wider-gap shell (e.g., CdSe/CdS and CdSe/ZnS NCs), and 

novel forms of chemical tunability and reactivity such as partial or complete anion-exchange 

reactions, owing to aforementioned high halide ion mobility.127,132,129 Their synthesis is fast and 



 

 
Chapter 1. Introduction | L. Protesescu 

 

18 

 

is based on inexpensive precursors, thus making them a viable alternative to Cd-chalcogenides 

for lighting and display applications. From the perspective of environmental regulations, lead 

halides are more attractive than Cd compounds for consumer electronic products. The EU’s 

Restriction of Hazardous Substances (RoHS) directive generally limits Cd in consumer 

electronics to 0.01 wt% in any homogeneous layer, whereas Pb is limited to 10 times higher 

levels, and is more likely to be continuously exempted as it is used in numerous other products 

as well (lead-acid batteries, as solder in solar cells).  

 

 

Figure 1.10. Crystal structure of cubic (high T) phase MAPbI3, including the MA+ cation as the cage center (left). 

The bonding and antibonding orbitals in MAPbI3 are represented in the middle scheme. It demonstates the 

formation of energy bands relative to isolated p and s atomic energies. The density of states (DOS) of MAPbI3 

separated into cation and anion s- and p-orbitals contribution is computed using density functional theory, 

including the effects of spin-orbit interactions, with the bandgap adjusted to the reported value133 (1.85 eV 

computed using the many body GW method with spin-orbit included).The MA+ cation does not introduce states at 

the band egde.134  

 

 Hybrid lead halide perovskites are much more chemically labile than their metal 

chalcogenide rivals.135 Humidity is a factor contributing to the severe instability of 

CH3NH3PbX3,
136 causing the release of CH3NH2 and PbI2, or even the formation of 

(CH3NH3)4PbI6•2H2O.137 As another source of instability, Walsh et al. pointed the low energy 

of formation of CH3NH3PbX3 compounds,138 leading to slow irreversible dissociation into 

gaseous CH3NH2 + HX and PbX2. The low melting point is the third critical consideration, 

explaining the tendency of hybrid perovskite NCs to sinter. These difficulties can be partially 

alleviated by switching to fully inorganic compositions such as CsPbX3, as targeted in this 

dissertation.  

 With respect to hybrid organic-inorganic perovskite NCs, all reported colloidal 

procedures are based on the work of Pérez-Prieto et al. Therein lead halide source and 

alkylammonium halide are dissolved in a “good” solvent (e.g., highly polar), such as DMF, 

and then injected into a “poor” (nonpolar) solvent such as toluene or 1-octadecence (ODE), 

containing surfactants, such as oleic acid (OA) and oleylamine (OLA). In this scenario, the 
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formation of perovskite NCs occurs simply due to lower solubility in polar-nonpolar solvent 

mixture with high content of a nonpolar solvent.  Herein in this thesis, the aim was to develop 

a synthesis of CsPbX3 NCs that does not involve polar solvents. In the most successful version 

of the synthesis, cesium oleate as the Cs+ source is injected into a solution of PbX2 in ODE 

containing long-chain capping ligands (an OLA/OA mixture).126,127  PbX2 thus serves as both 

the Pb2+ and X- source, releasing Pb-oleate as a by-product. In this work,  a one-pot colloidal 

syntheses based on ionic metatheses reactions in organic solvents yielded colloidal 5-12 nm 

CsPbX3 NCs, with PL quantum yields (QYs) of up to 90% and narrow emission full width at 

half maxima (FWHM, 12-40 nm for PL peaks ranging from 410 nm for CsPbCl3 to 700 nm for 

CsPbI3).
126 The facile anionic compositional tuning of PL properties with high precision from 

blue to red by forming Cl/Br and Br/I solid solutions is the major and inherent advantage of 

CsPbX3 NCs.  

1.5. Scope of this PhD project and outline of the dissertation 

 In essence, within this PhD project novel semiconductor NCs emitting in the 

visible and infrared spectral regions were developed and new atomistic insights into 

inorganic-capping of QDs were obtained. These two lines of research – the synthesis of novel 

NCs and studies on NC surface chemistries were independent of each other and each contained 

two projects. This Chapter provides a background information related to these two research 

foci and justifies the targeted scientific problems, followed by the brief description of the 

experimental methods (Chapter 2). The actual results of this dissertation are presented in 4 

chapters (Chapters 3-6), which correspond to four first-author publications by the candidate 

(L. Protesescu). The dissertation is concluded by the Outlook Chapter, giving directions for 

possible future work and conclusions with regard to the obtained results and their prospects for 

commercialization. It is important to highlight that the candidate had been also involved in a 

variety of collaborative projects, in which either same characterization methods were offered 

or the newly developed materials were provided for optoelectronic applications. These 

collaborative works are not presented in this dissertation, but are discussed in detail in more 

than 20 joined publications that can be found in the publication list (Appendix C). In particular, 

the highest involvement of the candidate occurred in the work related to the synthesis of 

colloidal NCs using metal amides (contribution: detailed solution NMR study of the underlying 

reaction mechanisms; see publications 6,14,15,18 in Appendix C), in the development of QD 

photovoltaic devices (multiple publications with the group of M. A. Loi, contribution: 

synthesis, purification and surface modification of PbS QDs), in the studies on lasing from 
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CdSe/CdS QDs (see publication 26, Appendix C, contribution: synthesis and characterisation 

of CdSe/CdS QDs) and lasing from CsPbX3 NCs (see publication 25, Appendix C, contribution: 

synthesis and characterisation of CsPbX3 NCs and deposition of thin films). 

 Studies of CdSe QD surfaces capped with inorganic capping ligands (Chapter 3). 

At the beginning of this work in 2011, a new pressing question concerning the inorganic surface 

capping (that itself had appeared just 2 years earlier, in 2009) was to obtain direct information 

on the surface state of such inorganic-capped NCs. All previous studies had judged the 

occurance and completeness of the ligand-exchange by focusing exclusively on the fate of the 

initial organic capping. The inorganic capped QDs were then characterized only indirectly, 

such as by electrophoretic mobility measurements or by methods that are inherently blind to 

the atomistic details (X-ray diffraction, electron microscopy, elemental analysis and 

thermogravimetry). The understanding of the binding modes and the surface attachment of the 

inorganic ligands had not been attempted. It took nearly 4 years to complete such a study on 

CdSe QDs undergoing exchange of the native carboxylate ligands (oleate) with thiostannates 

and other MCCs. In fact, only in 2013 were the details of carboxylate-capping fully understood 

and accepted by the community.63 Subsequent characterization of the inorganic capping, 

undertaken in this work, is even more challenging. Thus, a powerful combination of 

experimental methods has been applied in this study: solution- and solid-state NMR 

spectroscopy, Mössbauer spectroscopy, X-ray absorption spectroscopy, far-IR and Raman 

spectroscopies, and computer modelling (DFT, molecular dynamics). Thiostannate are 

particularly well-suited for such studies due facile access of Sn nuclei by NMR and Mössbauer 

spectroscopies. The combined analysis by these methods pointed to the X-type ligand exchange 

mechanism and retention of Cd-rich stoichiometry of CdSe NC surface. Thiostannate ions 

maintain a tetrahedral SnS4 motig to the NCs surface through polydentate binding modes.  This 

study also highlights the importance of solution echilibria since thiostannate ligands SnS4
4-, 

Sn2S6
4- and Sn2S7

6- convert into each other upon dissolution in various solvents.  

 Dynamic nuclear polarization surface-enhanced NMR spectroscopy of Sn/SnO2 

NCs (Chapter 4). This is a second project related to the NC surfaces. The underlying idea had 

arisen from two parallel activities. On one side, Kovalenko group had pioneered the synthesis 

of Sn NCs and it became critical to understand their surfaces in order to explain their Li-ion 

storage properties. On the other hand, the characterization techniques used to study 

thiostannate-capped CdSe QDs would have been of immense help in this regard as well. 

Furthermore, one novel method - dynamic nuclear polarization surface enhanced solid-state 

NMR spectroscopy (DNP SENS, pioneered by Prof. C. Copéret) that failed to yield signal for 
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thiostannate species, had worked well for the surfaces of Sn NCs. From scientific viewpoint, 

the goal was to understand if and which oxides are present on the surface of naturally oxidized 

Sn NCs. DNP-SENS selectively enhanced the weak 119Sn NMR signal of the amorphous 

surface SnO2 layer. Mössbauer and X-ray absorption spectroscopies identified a sub-surface 

amorphous SnO phase and quantified the atomic fractions of both oxides. Finally, the only 

crystalline ingredient, β-Sn core, was characterized by X-ray diffraction. Altogether, this study 

revealed a Sn/SnO/SnO2 core/shell1/shell2 structure of such a seemingly simple system.  

 Synthesis of CsPbX3 NCs (X=Cl, Br, I and mixtures thereof; Chapter 5). In 2012, 

two nearly simultaneous publications by the groups of Snaith and Graetzel showing 10%-

efficient and inexpensive solar cells with CH3NH3PbI3 as solution-deposited absorber layers 

had drastically revived the interest to such hybrid organic-inorganic lead halides. One 

important conclusion had stimulated this project – lead halide perovskites must be 

exceptionally defect-tolerant semiconductors. In other words, from the easy with which 

solution-cast semiconductors harvest solar light one can expect that they will exhibit bright and 

stable PL as NCs. These expectations were supported also by the finding from halide- and 

halometalate-capping of QDs, showing that these ligands provide excellent electronic 

passivation of QD surfaces, contrary to chalcogenides. It was also apparent that CH3NH3PbX3 

will not be stable in the form of NCs (as finally proven in the Kovalenko group in 2015),139 as 

already as thin films they show noticeable degradation, seen from the unstable characteristics 

of photovoltaic devices reported by Snaith, Graetzel and in the following studies by others. 

Hence from the beginning this project turned the focus exclusively on fully inorganic 

formulations and identified CsPbX3 as the closest structural and electronic analogue to 

CH3NH3PbX3 compounds. After screening a variety of Cs-, Pb and halide precursors, a simple 

and inexpensive synthetic route had been found. To show the potential for lighting and display 

applications, composites of CsPbX3 NCs embedded in poly(methylmetacrylate) (PMMA) 

matrix with excellent optical clarity and with bright emission were demonstrated. In this 

project, also a variety of other ternary metal halides were explored (CsSnX3, CsEuI3, CsGeI3, 

CsSmI3). Although they were produced as colloidal NCs, none of them showed stable PL, 

highlighting the uniqueness of Pb halides. 

 Synthesis of PbTe/CdTe QDs and their conversion into thin films of PbTe QDs in 

CdTe matrix (Chapter 6). This project was inspired by the earlier works on epitaxial 

PbTe/CdTe heterostructures. In 2007, W. Heiss et al. reported that simple annealing of epitaxial 

sequential layers of PbTe and CdTe, grown by molecular beam epitaxy (MBE), converts the 

whole structure into PbTe NCs embedded into CdTe matrix. This occurs due to immiscibility 
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of these two semiconductors, yet with good crystallographic connectivity along low-index 

directions. Most importantly, such composites exhibit bright room-temperature PL from PbTe 

NCs, much more intense than simple epilayer of PbTe. Furthermore, the mean particle size of 

PbTe NCs determined the PL peak position. However, such route to PbTe NCs shows very 

limited control over the nucleation and growth and yields rther polydisperse systems with very 

broad PL spectra. Furthermore, MBE growth is highly expensive. Yet the key lesson is that 

PbTe/CdTe heterostructure has very favourable characteristics such as type-I band alignment 

(confinement of both electrons and holes). On the contrary, colloidal methods were known to 

produce highly monodisperse PbTe NCs, yet with extremely high sensitivity to the 

environment. The main goal of this study was to create PbTe/CdTe heterostructure by 

inexpensive, colloidal chemical methods. First, PbTe/CdTe core-shell NCs were produced by 

the cation-exchange from PbTe NCs. This, however, did not lead to satisfactory stability of the 

PL. Thus, a different strategy has been finally developed – precipitation of PbTe/CdTe NCs as 

a thin film, followed by recrystallization of CdTe shells into a CdTe matrix. The resulting 

nanocomposite is the first example of air- stable, mid-infrared emission from PbTe QDs.  
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Chapter 2. Methods and techniques 

 
2.1. Synthesis of colloidal NCs 

 Here the basics of the NC synthesis are discussed, owing to the importance of this topic 

to every project presented in this dissertation. All experiments were conducted essentially using 

variations of the so-called “hot-injection” method,63,139 initially developed by Bawendi et al. 

for CdSe QDs.7 In a typical NC synthesis, suitable molecular precursors are injected into a hot 

vigorously stirred coordinating solvent (Figure 2.1a), where they undergo a chemical reaction 

(Figure 2.1.b) supplying “monomers” (Reaction I) for the homogeneous nucleation of NCs 

(Reaction II). The further growth occurs due to continuous flux of monomers onto the NC 

surface (Reaction III). Upon depletion of the monomer concentration, the further evolution of 

size may occur through Ostwald ripening process (also known as Lifshitz-Slyozov-Wagner 

growth)140,141 – growth of larger NCs by dissolving smaller ones. The art of NCs synthesis 

requires control over the nucleation and growth rates via judicious selection of precursors as 

well as capping ligands. It is generally accepted that temporal separation of the nucleation and 

growth is required for growing monodisperse NCs.7,142 The nucleation “burst” relates to the 

fast nucleation caused by the rapid rise of the monomer concentration, caused by the injection 

of the precursors at a temperature at which they react sufficiently fast. The monomer 

concentration surpasses a certain threshold for nucleation, as originally proposed by La Mer et 

al. (Figure 2.1c).142,143 High-boiling solvents are therefore ideal for selecting a right 

temperature regime (25-390 °C).  
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Figure 2.1. (a) Illustration of a standard set up for the synthesis of colloidal NCs, exemplified with the synthesis 

of CsPbBr3 NCs, (b) the outline of the major steps in the formation of colloidal NCs: precursor 

reaction/conversion into monomers, nucleation, and growth, (c) schematic illustration of the main stages in the 

synthesis of colloidal NCs in relationship to the concentration of the monomers. 

 

 The classical theory of the nucleation evaluate the nucleus like a sphere of a condense 

phase with a radius r, and a free energy (𝛥𝐺(𝑟), equation 2.1) of formation of such nucleous is 

a sum of the free energy of the created surface (4𝜋𝑟2𝛾, where 𝛾 is surface tension) and the free 

energy of the crystal (𝛥𝐺𝑉 = −
𝑅𝑇 𝑙𝑛𝑆

𝑉𝑚
, where 𝑉𝑚 represent the molar volume of the monomer 

in the crystal, 𝑅 is the gas constant, 𝑇 is the absolute temperature and 𝑆 is the supersaturation). 

The latter is defined as the ratio between the monomer concentration and the solubility of the 

bulk material (𝑆 = [𝑀𝑜𝑛𝑜𝑚𝑒𝑟]/𝐶𝑏𝑢𝑙𝑘
0 ). 

𝛥𝐺(𝑟) = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3𝛥𝐺𝑉  (2.1) 

From here, a smallest radius of the nuclei that will not dissolve but will grow (critical radius 

rc) can be derived as: 

             𝑟𝑐 =
2γ 𝑉𝑚

𝑅𝑇 𝑙𝑛𝑆
                                    (2.2) 

 

Previous studies demonstrated high importance of the optimal precursor chemistry. High 

reactivity of precursors is the basis of hot-injection technique. In the framework of the classical 

nucleation theory the nucleation rate 𝑑𝑁 / 𝑑𝑇 is expressed as:144 

dN

𝑑𝑇
= 𝐴exp(−

∆𝐺𝑁

𝑅𝑇 
)   (2.3) 

where ∆𝐺𝑁 = 16𝜋𝛾2𝑉𝑚
2/3(𝑅𝑇𝑙𝑛𝑆)2. Hence the decomposition of precursors must generate 

large concentration of monomers in a short period of time (typically during the first 0.1-10s) at 
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a given reaction temperature. The reactivity of the precursor is specific to the chemical reaction 

considered. For instance, metal carboxylates can easily form metal chalcogenides in the 

reaction with suitable chalcogen precursor at temperatures as low as 100-150 °C (for instance, 

PbSe NCs), but their thermal decomposition to metal oxides usually requires higher 

temperatures of up to 350 °C. The further growth of the spherical NC involves the diffusion of 

the monomers from the solution to the NC surfaces and subsequent reaction on the surface. 

The balance of these two processes has also great effect on the size distribution, as reviewed 

elsewhere.142 Generally, diffusion-limited growth from highly saturated solutions, with high 

reaction rate constant at the surface, favour the faster growth of the small particles as they have 

higher surface-to-volume ratio and the final size distribution will be narrower.142 Such growth 

can yield colloids with size-distributions as narrow as 3-5%. When the supersaturation is low 

due to depletion of the monomer concentration at the late stages, the Ostwald ripening effect 

comes into play. Owing to Gibbs-Thompson relationship, smaller particles have higher 

solubility and will start dissolving in favour of the growth of large particles.152,153 Thus, the 

formation of monodisperse NCs requires the avoidance of prolonged reactions at low 

concentrations of monomers. Oftentimes, the whole amount of monomers is consumed during 

the nucleation. In such cases, the synthesis can be called “nucleation-limited” and the reactions 

are stopped right after the nucleation (seconds); the NC size is then determined exclusively by 

the nucleation rate and the critical size for nucleation. A typical example of such nucleation 

limited growth is the synthesis of PbS NCs from lead oleate and bis(trimethylsilyl)sulphide or 

preparation of CsPbX3 NCs. 

   

2.2. Characterization methods 

 Transmission electron microscopy (TEM). TEM can be considered as a high-energy 

analogue to optical microscopy, albeit with subatomic resolution. The image contrast arises 

from the variations of the diffracted intensity due to the mass-thickness and Z-contrast effects. 

A high voltage electron beam (100-300 keV) is used to transmit through a specimen of 

nanometer thickness and create an image which is then magnified and detected by a sensor 

such as charge-coupled device (CCD) camera. Abberation correctors become common place 

for increasing the resolution to 0.1 Å or even below. In addition, TEM allows collection of the 

electron diffraction images which yield direct information on the crystal structure, in analogy 

to XRD. The third most common measurement is elemental analysis using characteristic X-

rays emitted upon irradiation of the sample with electroncs, in so called energy-dispersive X-
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ray spectrometry (EDX). Conventional low- and high-resolution TEM images (Figure 2.2.a 

and b) are used for routing imaging; accounting for more than 90% of TEM work on NCs. The 

samples are usually prepared by droping a few-µL droplet of the NC dispersion in nonpolar 

solvents (hexane, toluene) onto carbon-coated copper-grid (300 mesh size; 5-30 nm amorphous 

carbon film).  For this dissertation, most TEM images were recorded using a JEOL JEM-

2200FS microscope, which combines a 200 kV field emission gun, in-column energy filter and 

abbeartion corrector. Modern TEM microscopes provide a great variety of other signals. JEOL 

JEM-2200FS operates in both TEM as well as in scanning TEM (STEM) modes. The difference 

is that STEM uses highly focused (0.5 nm) electron beam. STEM is usually conducted with 

a wide-angle annular dark-field (HAADF) detector yielding HAADF-STEM images (Figure 

2.3.c), in which the contrast is highly sensitive to the atomic number of the constituting 

elements. EDX and electron energy loss spectroscopy are the common analytical 

measurements that in STEM mode can be carried out with extremely high sub-1-nm resolution, 

allowing elemental mapping within individual NCs. 

 

Figure 2.2. Schematics of TEM and the analytical information that can be collected. Bright-field TEM (BF-TEM) 

generates images directly by transmitted electrons, as commonly used for routine lowe- or high resolution 

imaging. Low resolution images provide information in size, size-distribution and shape. Dark-field TEM (DF-

TEM) can be used to highlight the contribution to the image from specific diffraction spots. The scanning 

transmission electron microscopy (STEM) produces images by scanning the sample with a focused beam of 

electrons and is oftentimes used with a wide-angle annular dark-field (HAADF) detector, yielding so called 

HAADF-STEM images.  Electron microscopy can carry also quantitative and analytics using energy-dispersive 

X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS). 
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Figure 2.3. (a) Low-resolution TEM image of core-shell PbTe/CdTe QDs, (b) high-resolution TEM image 

showing the core/shell structure of PbTe/CdTe QDs, (c) HAADF-STEM images of PbTeCdTe QDs.  

 Powder X-ray diffraction patterns. The measurements were performed on STOE 

STADI P powder diffractometer, operating in transmission mode. Germanium 

monochromator, Cu Kα1 irradiation and silicon strip detector Dectris Mythen were used. 

Samples were prepared by sandwiching the powder of NCs between the two Milar foils. In 

addition to phase identification also the size of NCs can be estimated from the broadening of 

XRD reflections. For this, Debye-Scherrer equation can be used (Equation 2.4), where 𝑘 is the 

shape factor (for spherical NPs, 𝑘 = 0.9),    𝐵 is the full width at half maximum (FWHM) of the 

broadened diffraction line, 𝜃 is the angle in radians, 𝜆 is the X-ray wavelength and d is the 

diameter of the NC.145 Figure 2.4 shows an example of XRD spectra for PbS with average 

diameter of 5.4 nm, in agreement with TEM and optical bandgap measurements.  

𝐵 =
𝑘𝜆

𝑑 𝑐𝑜𝑠𝜃
                        (2.4) 

 

Figure 2.4. A typical powder XRD pattern of PbS QDs and estimation of the QD diameter using Debye-Scherrer 

formula. 
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 Optical characterization. UV-VIS-near-IR absorption spectra were collected using 

standard Jasco V670 spectrometer. Filtered QD dispersions in infrared-transparent solvents 

(CCl4 or C2Cl4) and silicat cuvettes were used for measurements in the 300-2500 nm spectral 

range. PL spectra were acquired using Fluorolog iHR 320 Horiba Jobin Yvon 

spectrofluorometer equipped with a PMT detector (for visible range), or InGaAs and InSb the 

detectors (for IR region) were used (Figure 2.5a). Two sources of light were used for excitation: 

a halogen lamp equipped with monochromator or a laser diode (808 nm, up to 1W power).  

 

Figure 2.5. (a) Photography with the PL setup and (b) schematics of the band-edge PL from the semiconductor.  

 

The absolute PL quantum yield (QY), defined as a number ratio of emitted to absorbed photons, 

was estimated in a measurement relative to standard dye molecules with know QYs (e.g., 

rodamine 6G, fluoresceine, cumarine-for visible, IR 26 for nir-IR)146,147 using the same 

experimental parameters (excitation wavelength, slit widths, etc.) as the substance in question. 

The QY is then calculated by Equation 2.5,146 where 𝐼 represent the integrated intensity of the 

PL spectra, 𝐴 represents the absorbance at the excitation wavelength, and 𝑛 is the refractive 

index of the solvent.  

𝑄𝑌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑄𝑌𝑑𝑦𝑒 ∗
𝐼𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑑𝑦𝑒
∗

𝐴𝑑𝑦𝑒

𝐴𝑠𝑎𝑚𝑝𝑙𝑒
∗

𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡(𝑑𝑦𝑒)
2

𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡(𝑠𝑎𝑚𝑝𝑙𝑒)
2                (2.5) 

 

 Conventional and dynamic nuclear polarization (DNP) enhanced MAS-NMR 

spectroscopy. Conventional MAS-NMR spectra for CdSe capped with thiostannates ligands 

(Chapter 3) were acquired at Centre de RMN à Trés Hauts Champs, Institut de Sciences 

Analytiques (CNRS/ENS Lyon/UCB Lyon 1),Université de Lyon on Bruker Ascend 700 MHz 

spectrometer using low temperature probe (250 K). Dry powdered samples were loaded into 
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2.5 mm zirconia rotors and CPMG (Car-Purcel-Meiboom-Gill) sequence was used to aquire 

the signal. CPMG is a spin echo pulse sequence consisting of 90° radio frequency pulse 

followed by an echo train induced by successive 180° pulses. CPMG spectra were 

reconstructed by summing all echoes of the FID in the time domain, followed by Fourier 

transform and application of a first order phase correction.148,149 The MAS-NMR spectra for 

Sn/SnOx samples (Chapter 4) were recorded on a Bruker AMX400 spectrometer at NMR 

facility at ETH Zürich, using 2.5 mm zirconia rotors and a MAS frequency of 20 kHz.  

    DNP-enhanced solid-state NMR experiments were performed at Bruker Biospin SA facility  

(Wissembourg, France) using a 400 MHz Bruker Avance III spectrometer equipped with a 263 

GHz gyrotron microwave source and a 3.2 mm low temperature MAS probe (Figure 2.6). The 

sweep coil of the main magnetic field was set so that microwave irradiation occurred at the 

positive 1H enhancement maximum of the nitroxide biradicals. In order to prepare samples for 

DNP experiments presented in Chapter 4, the organic capped Sn/SnOx NPs  were suspended in 

tetrachloroethane (approximately 50% of the suspension consisted of NPs by volume) to 

prevent aggregation. To this suspension an equivalent volume of 24 mM of bCTbK150 solution 

of tetrachloroethane was then added so that the final radical concentration was ca. 12 mM. For 

inorganic capped NPs, the experiment was conducted using Sn/SnOx NPs dispersed in DMSO-

d6/H2O (60/40), and mixing them with AMUpol151 solution (16 mM) in DMSO-d6/D2O/H2O 

(60/36/4) with the final concentration of protonated solvent of 22%. This suspension was then 

transferred to a 3.2 mm sapphire rotor. 

 

  

Figure 2.6. The DNP instrumentation comprises a of high field NMR magnet (e.g., 400 MHz Bruker Avance III) 

with a gyrotron source (263 GHz) and a low temperature MAS probe. Picture taken from www.bruker.com 
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Figure 2.7. Schematic representation of dynamic nuclear polarization (DNP) enhanced NMR spectroscopy of 

NCs, showing polarization transfer from unpaired electrons of a radical polarizing agent to nuclear spins of 

solvents, and then by cross-polarization to a nuclei of interest (ligands, surface-layers of NCs etc.). De-e represent 

the distance between the two coupled unpaired electrons, and ɷH represent the proton spin polarization. 

 

 DNP NMR spectroscopy is used to enhance MAS solid-state NMR signal and to 

selectively provide information about chemical nature of the surface region of the NPs. In a 

typical DNP experiment, the constant microwave irradiation is used to excite the unpaired 

electrons at the vicinity of their Larmor frequency152 and to transfer the resulting spin 

polarization to the protons of the solvent. The enhanced polarization is then tranferred to the 

nuclei at the surface of the NPs using cross polarization (CP) MAS pulse program (Figure 2.7). 

The maximum theoretical DNP enhancement (Ɛmax) which can be obtained for 1H is ~658. It is 

estimated as Ɛmax =γe/γn, where γe and γn are the gyromagnetic ratios of the electron and the 

polarized nucleus. Normally, enhancements are between 10 and 200 and depend on the targeted 

nucleus, the nature of the polarization source, and the sample preparation (e.g., composition of 

the solvent mixture). The polarization agents oftentimes are nitroxide based mono- or bi-

radicals and can be compatable with polar (e.g., AMUpol, TOTAPOL)160 or with non-polar 

solvents (e.g., bTbK).162 Zagdoun et al. showed that bi-nitroxide biradicals which have high 

molecular weights and no methyl group close to the nitroxyl group provide higher DNP 

efficiency.153 The sample preparation is equally important and the solvents have to be carefully 

selected because if they have high concentration of protons and/or methyl groups, lower 

enhancements may be observed.154 Usually, for organic capped NPs, tetrachloroethane is used 

as a solvent and DMSO-d6/H2O or glycerol/D2O/H2O mixtures can be used for polar dispersion 

of inorganic capped NPs. Dried samples consisting of organic or inorganic capped NCs are 
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normally impregnated with minimum amount of mixture of solvent and radical (ca 10-20 µL 

per 50 mg of sample). The quality of the glass formation by freezing the resulting suspension 

represents an important factor for DNP. Poor glasses or crystalline domains formed in the 

sample will create zones with high concentration of the radical leading to shortening of the 

relaxation times and disturbing the DNP process. For DNP NMR experiments performed at 

low temperature (~100 K), the overall sensitivity benfits also from the additional thermal 

(Boltzman) effect, giving 2.8 higher enhancement as compared to room temperature. 
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Chapter 3. Atomistic description of 

thiostannate-capped CdSe nanocrystals: 

retention of four-coordinate SnS4 motif and 

preservation of Cd-rich stoichiometry 

 

3.1. Introduction  

 In a non-vacuum environment, metal ions and atoms do not exist in a completely 

isolable form but in a solvated or ligand-coordinated state. Similarly, inorganic NPs or NCs 

require a shell of capping molecules, also known as ligands, to ensure their chemical and 

colloidal stability. Proper selection of organic surface capping ligands, such as long-chain 

organic molecules with a metal binding functional head group, has enabled the development of 

monodisperse colloidal NCs since the early 1990s.7,155 Capping ligands also largely dictate the 

individual physical and chemical properties of NCs, as well as the collective electronic 

properties in the densely packed NC solids.156 Owing to the highly insulating character of 

commonly used long-chain capping ligands, novel chemistries based on short-chain and 

conductive ligands - organic or inorganic - were required for demonstration of NC-based solar 

cells,157,158 light-emitting diodes,159-161 photodetectors,83,162-164 thermoelectrics,77,165-167  

transistors83,168 and integrated electronic circuits.169,170 In this regard, colloidally stable, all-

inorganic NCs are readily obtained by solution-phase exchange of organic ligands with 

common inorganic anions such as metal chalcogenide complexes (MCCs, also known as 

chalcogenidometalates),76,78,171 metal-free ions (S2-, HS-, Se2-, OH-, SCN-, I- etc.),79,86,168,170,172 

oxo- and polyoxometalates,90 and metal halide complexes (halometalates).86,87 In addition, a 

powerful and complementary methodology is the formation of cationic and naked, but 

colloidally stable NCs upon controlled stripping of the strongly-bound native organic ligands 
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with the simultaneous coordination of metal cations on the NC surface with weakly 

nucleophilic ligands.173  

 Overall, the inorganic surface functionalization of semiconductor NCs has been the 

major enabler of NC-based electronic and optoelectronic devices in the last 5 years.  Thus far, 

MCCs have been particularly efficient inorganic ligands - in terms of the speed of LE reactions, 

affinity to and compatibility with various NCs - due to the high affinity of terminal 

chalcogenide atoms to undercoordinated metal atoms on the NC surface. In highly polar 

solvents, such as water or methylformamide (MFA), these NCs are electrostatically stabilized 

due to adsorption of anionic ligands onto the NC surface and electrostatic dissociation of the 

counter ions. Not only are the integrity and size-tunable optical properties of NCs fully 

preserved, but also the charge transport in the solids comprising such all-inorganic NCs is 

greatly improved and electronic mobilities of 5-35 cm2V-1s-1 are now routinely 

obtained.81,168,169,174-178 Additionally, these all-inorganic colloids of semiconductor NCs have 

enabled photodetectors with detectivities of up to 1013 Jones,128,179 improved electrocatalytic 

properties of CdSe NCs (hydrogen evolution)174 and enhanced electronic transport in NC-based 

Li-ion batteries.180  Inorganic-capped NCs have also served as fully inorganic inks for solution-

deposited CuInS2, Cu(In1–xGax)Se2, Cu2ZnSn(S,Se)4 (CZTS) and PbS phases as thin-film 

absorbers for photovoltaics,59,181,182 ionically conductive composites of Ag2S NCs  embedded 

into a GeS2 matrix183 or Sb2Te3-based nanocomposites for thermoelectrics,77,167 for integration 

of highly luminescent PbS/CdS NCs into fully-inorganic infrared-transparent matrices,27 and 

for designing NC-in-glass windows with electrochemically tunable transmittance.91,92 

Solution-phase or solid-state preparation of NCs with either partial or full surface coverage by 

halide ions has also been reported by several groups.62,63,184-188 Halide ion ligands provide 

improved electronic passivation of semiconductor NCs, high oxidative stability and power 

conversion efficiencies of up to 8.6% in PbS NC-based photovoltaics.60,189-191  

    The aforementioned superior electrical characteristics of the solids composed of 

inorganically-capped NCs have stimulated this study. This study aims to better understand the 

underlying chemistry of the organic-to-inorganic LE and to unveil the atomistic ligand bonding 

motifs. Contrary to very successful recent studies on the atomistic details of organic ligand 

capping,63,192 so far no systematic and direct spectroscopic studies, and atomistic simulations 

of the inorganic surface capping and LE reactions with complex ions such as 

chalcogenidometalates have been reported.  The completeness of the removal of initial organic 

ligands as well as the presence of smaller, inorganic capping species were mainly judged from 

indirect observations such as diminishing of the C-H stretching modes in FTIR spectra, 
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solubility in polar solvents and electrophoretic mobility measurements, elemental analysis, 

increased electronic coupling and decreased interparticle spacing in NC solids. These 

techniques, however, do not provide direct information about the chemical identity of the 

surface-bound species and do not probe local binding motifs at the NC surface. Only one recent 

direct spectroscopic study has dealt with smaller thiocyanate-ligands and confirmed the 

formation of chemical bonds between inorganic ligands and the NC surface (FTIR spectra of 

the metal- inorganic ligand bonds at the surface).193 In contrast to thiocyanates, MCC ligands 

have a higher affinity for NC surfaces and are capable of multi-dentate bonding. The lack of 

knowledge about the mechanism of the LE reactions with MCCs and other inorganic ligands 

hinders the rational design of new materials and the ability to further tune their electronic and 

optical properties.  

 An atomically precise image of the NC surface is not yet available, nor are the NCs 

surfaces atomically precise and static. Faceting, surface reconstruction and the dynamic nature 

of these phenomena complicate the task.194 Furthermore, the techniques that are used to 

determine the atomic coordinates in crystalline inorganic materials are inherently blind to the 

surfaces (e.g., X-ray or electron diffraction). Therefore, building the atomistic picture of ligand-

capped NCs requires a powerful combination of modern experimental tools and atomistic 

modeling. In this study, several experimental techniques (nuclear magnetic resonance, X-ray 

absorption, Raman and far-infrared spectroscopies, and elemental analysis) were combined 

with atomistic simulations at DFT level in order to understand the LE reactions involving 

carboxylate-capped CdSe NCs and thiostannate ligands (Sn2S6
4-, Sn2S7

6-, SnS4
4-). The study 

has concentrated on these air-stable, sulphide-based ligands to minimize the effects caused by 

degradation of the ligands. The majority of the results concerns Sn-S MCCs, due to high 

suitability of the 119Sn isotope for solution and solid-state NMR studies and because it was a 

necessity to shed light onto the solution-based equilibria between several Sn-S ligands. In 

particular, 119Sn solution NMR spectroscopy allowed us to identify the ligands and their 

equilibria in various solvents, while 119Sn solid-state NMR provided insight into their surface-

bound state. CdSe NCs serve as a convenient model NC system due to extensive prior work on 

their synthesis, surface chemistry and photo-physics. In particular, carboxylate-capped CdSe 

NCs were previously shown to consist of a stoichiometric CdSe core covered with a layer of 

Cd(O2CR)2.
63 Thus, an important question specific to LE with MCCs is whether carboxylate is 

replaced as an anionic moiety (X-type exchange) or is it detached as molecular complex 

Cd(O2CR)2. 
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 The key findings of this study are as follows. First, the presence of Sn2S7
6- ions and 

their role as a predominant form of thiostannate in MFA was identified. Second, the LE reaction 

with all studied thiostannates and other MCC ligands retains the Cd-rich stoichiometry of CdSe 

NC surface, with a purely X-type displacement of the initial oleate ligand.  This study also 

compares relative binding strengths of MCC ligands and simple S2- ions, including several 

MCCs that had not been used as capping ligands before (GeS4
4-, SbS4

3- and Sn2S7
6-). 

Thiostannate ligands SnS4
4-, Sn2S6

4- and Sn2S7
6- convert into each other upon dissolution in 

various solvents, pointing to the importance of solution equilibra. Thiostannate ions largely 

maintain a tetrahedral SnS4 motif after the binding to the NC surface. The multi-dentate nature 

of MCCs allows a broad spectrum of binding modes. Atomistic simulations support this 

observation and suggest polydentate binding of SnS4
4- and Sn2S7

6- ions as most plausible forms 

of Sn-S adsorbates on CdSe NC surfaces.  Finally, atomistic simulations also corroborate 

previously reported optical and charge transport measurements, showing the key role played 

by the ligand in quenching the PL and for stable n-type doping. Knowledge obtained for CdSe-

thiostannate system may shed light onto behavior of other technologically important NC-MCC 

systems. 

 

3.2. Experimental section. 

 Materials. Selenium dioxide (SeO2, 99.9+%, Strem), oleic acid (OA, 90%, Aldrich), 1-

octadecene (ODE, 90%, Aldrich), methanol (Aldrich, 98%), cadmium nitrate tetrahydrate 

(Cd(NO3)2×4H2O, 99.99%, Aldrich), CdO (99.99+, Sigma-Aldrich), myristic acid (MA, 99%, 

Aldrich), sodium hydroxide (NaOH, Aldrich), hexane (>95% Sigma-Aldrich), ethanol (99.8%, 

Fluka), toluene (99%, Fischer), formamide (FA, 99.5+%, Aldrich), acetonitrile (MeCN, 99.9%, 

Sigma-Aldrich), N-methyl formamide (MFA,99%, Aldrich), dimethyl formamide (DMF, 

99.8%, Sigma-Aldrich), hydrazine (98%, anhydrous, Aldrich), potassium sulfide (K2S, 99.5%, 

Strem), ammonium sulfide (40-48% solution in water, Aldrich), antimony (III) sulfide (Sb2S3, 

99.995%, Aldrich), germanium (II) sulfide (GeS, 99.99%, Aldrich), sulfur (99.998%, Sigma-

Aldrich), As2S5 (99.99%, Sigma-Aldrich), triethyloxonium tetrafluoroborate (98%, Fluka), 

Na2S nanohydrate (98%, Aldrich), ammonium thiocyanate (97.5%, Aldrich),  sodium stannate 

trihydrate (95%, Sigma-Aldrich), C6D6 (99.9%, CIL), DMSO-d6 (99.9%, CIL) were used as 

received. 

Synthesis of CdSe NCs. CdSe NCs were synthesized following the established procedure.195 

For preparing the cadmium myristate precursor, cadmium nitrate solution in MeOH (5 
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mmol/50 mL) was added dropwise into Na myristate solution (obtained by dissolving 15 mmol 

NaOH and 15 mmol myristic acid in 500 mL methanol). The resulting white precipitate was 

washed with methanol three times, and then dried at 70 °C. In a typical synthesis of CdSe NCs, 

cadmium myristate (1.132 g) and SeO2 (0.222 g) were mixed with dried ODE (128 mL) in a 

500 mL three-neck flask and heated to 240 °C at a rate of 20 °C/min (the solution has dried for 

30 min at 100 C). After 3 minutes at 240 °C, 2 mL of dried oleic acid was injected and the 

solution was cooled to ca. 140 °C, followed by the removal of ODE via vacuum distillation. 

After 30 min, when ca. 20 mL of ODE was left in the flask, the solution was cooled down to 

RT and CdSe NCs were washed 3 times with hexane and ethanol. After this purification step, 

CdSe NCs were re-dispersed in hexane and used for further experiments. For comparison, Cd-

myristate was also replaced by Cd-oleate and obtained identical results in terms of particle size 

and chemical composition. The cadmium oleate precursor was prepared by mixing 0.250 g 

CdO (2 mmol) and 6 mL OA in 128 mL ODE, heating to 240 °C until the mixture became 

colorless, followed by cooling to 100 °C and drying under vacuum for 1 hour. 

Synthesis of inorganic ligands. SnS2 was prepared according to Ref.76 (N2H5)4Sn2S6 was 

obtained by dissolving elemental tin (118.7 mg, 1 mmol) in 3 mL of 1M S/N2H4 solution and 

1 mL of N2H4 while stirring at ca. 100 °C for 3 days yielding a slightly yellow solution. K4SnS4 

was obtained by combining K2S (0.22 g, 2 mmol) and SnS2 (0.183 g 1 mmol) in 4 mL of water 

(stirring for 4 h at RT). Afterwards, the solution was filtered and white K4SnS4 was isolated 

upon addition of acetone (40 mL), followed by 3 rinses with acetone and vacuum-drying. All 

other chalcogenidometalates were isolated and dried in the same way. K4Sn2S6 was obtained 

in a similar manner to K4SnS4 with adjusted stoichiometry of K2S (0.11 g, 1 mmmol). K6Sn2S7 

cannot be obtained in aqueous solution, however it can be obtained in MFA by combining 

stoichiometric amounts of SnS2 and K2S or by dissolving K4SnS4 in MFA.  K3AsS4 was 

prepared by combining As2S5 (0.310 g, 1 mmol) and K2S (0.33 g, 3 mmol) and 10 mL H2O at 

RT. K3SbS4 was prepared by dissolving  (0.339 g, 1 mmol) in a solution containing K2S (0.33 

g, 3 mmol) and S (0.064 g, 2 mmol) in 10 mL H2O at RT. K4GeS4 was prepared by dissolving 

GeS (0.104 g, 1 mmol), in a solution containing K2S (0.27g, 2.5 mmol), S (0.064 g, 2 mmol) 

in 10 mL H2O at 50 ºC.  

 Organic-to-inorganic ligand exchange. In a typical procedure, 50 mg of K4SnS4 (or K4Sn2S6, 

K2S, K3AsS4, K3SbS4, K4GeS4) was dissolved in 10 mL of FA or MFA and mixed with 10 mL 

of hexane solution of oleate-capped CdSe NCs (ca. 50 mg). The mixture was vigorously stirred 

for 30 min until the hexane phase became colorless and all NCs migrated into polar solvent. 

The hexane layer was carefully removed, and the polar phase was rinsed 3 times with pure 
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hexane, then filtered through a 0.2 µm filter. CdSe NCs were precipitated with minimal amount 

of MeCN. In case of high colloidal stability, MeCN can be mixed with a small amount of 

toluene (e.g., 10:1 ratio) to reduce volumes of antisolvent. For elemental analysis, NCs were 

re-dispersed in MFA and precipitated once again with MeCN. Analogous ligand exchange 

reactions were conducted with other solvents - H2O (for K4SnS4 ligand) and N2H4 (for the 

(N2H5)4Sn2S6 ligand). In the case of N2H4, all steps were carried out in a nitrogen filled 

glovebox. Ligand removal with Et3OBF4 was carried out according to known procedure, and 

stabilization with (NH4)SCN was performed according to the established protocol.193  

Calculation of the ligand surface coverage. The wavelength of the 1Se-2Sh1/2 transition 

maximum was used to determine the mean NC diameter.38,196 From the NC size, the number 

of CdSe units per crystals were calculated, assuming a spherical shape and the molar volume 

of bulk cadmium selenide. The concentration of the NCs, the ratio of ligands per NC, and the 

ligand surface were calculated from the number of CdSe units per NCs, the molar concentration 

of CdSe and ligands in solutions. 

Nuclear magnetic resonance (NMR) spectroscopy.  Liquid state 119Sn NMR spectra were 

recorded at 186.5 MHz using a Bruker 500 MHz DRX Spectrometer. Spectra were obtained at 

room temperature without deuterium locking of the main magnetic field. The pulse width was 

set at 10 µs and the relaxation delay was 0.5 s. The number of scans used for experiments was 

4800. The NMR samples were prepared in 5 mm tubes in glovebox/air using high purity 

solvents (C~0.05 M). All 119Sn chemical shifts were referenced to Sn(CH3)4. The latter, sealed 

in a capillary, was also used as an internal standard for accurate normalization of all spectra 

enabling the quantification of the amounts of absorbed thoistannates. Liquid state 1H NMR 

spectra were recorded using Bruker 250 and 300 MHz spectrometers. Spectra were obtained at 

room temperature with locking of the magnetic field. The pulse width was set at 11.5 µs and 

the relaxation delay was 2 s. The number of scans used for experiments was 32. The NMR 

samples were prepared in 5 mm tubes using C6D6 or DMSO-d6 as solvents. All spectra were 

referenced to tetramethylsilane. Solid state CPMG (Car-Purcel-Meiboom-Gill; CPMG is a spin 

echo pulse sequence consisting of 90 ° radio frequency pulse followed by an echo train induced 

by successive 180° pulses) MAS 119Sn spectra of dry powdered materials were acquired on a 

700 MHz spectrometer (ν0(
119Sn) = 261.06 MHz) with a 2.5 mm double resonance probe at 

reduced temperature (250 K). Sample spinning rates of 25 kHz were employed. For the 

crystalline materials 119Sn NMR spectra could be acquired in reasonably short experiment 

times. However, the 119Sn longitudinal relaxation times were very long as signal could only be 

observed with lengthy recycle delays (> 60 s). CPMG spectra are shown in their echo 
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reconstructed form. They were obtained by summing all echoes of the FID in the time domain, 

followed by Fourier transform and application of a first order phase correction.148,149 119Sn 

chemical shifts were referenced to Sn(CH3)4.  

X-ray absorption spectroscopy (XAS) was carried out at the X10DA (Super XAS) beamline 

at the Swiss Light Source, Villigen, Switzerland, which is operated with a ring current of 

approximately 400 mA in top-up mode. The polychromatic radiation from a superbend magnet, 

with a magnetic field of 2.9 T and critical energy of 11.9 keV, was monochromatized using a 

channel cut Si(311) crystal monochromator. Spectra were collected on pressed pellets 

optimized to first absorption length at the Sn K-edge (29200.1 eV) in transmission mode. For 

absolute energy calibration, the absorption of a Sb foil was measured simultaneously between 

the second and third ionization chamber. All three, 30 cm long ionization chambers were filled 

with Ar.  Spectra were normalized using Athena197 and EXAFS spectra were fitted using 

FEFF198 interface Artemis.197 Fourier transformation of the background-subtracted EXAFS 

spectra was carried out in a k-range from 3 to 12 Å-1, with a delta k of 1. Fitting of the EXAFS 

data was realized using scattering paths obtained from theoretical standards for Na4SnS4, 

Na4Sn2S6, Na6Sn2S7. The Sn-S coordination shell was fitted first in a range from 1 to 2.6 Å 

without constraining the fitting parameters (amplitude reduced factor s0
2, energy shift E0, bond 

distances Δr, Debye-Waller factor σ2). The amplitude reduction factors were calibrated first for 

the free ligands (coordination number (CN) fixed at 4). Then, for the second shell, CN, E0, and 

Δr were fixed at their best value and the fit range was extended to 4 Å in order to determine 

the parameters for the second shell. Cd atoms were introduced into the existing paths by 

replacing the Na atoms. The scattering path of the second shell Sn-Cd was added to the fits 

with its own set of s0
2 and Δr. Fitting of both shells provided a single energy shift and a Debye-

Waller factor valid for both shells, as well as an amplitude reduced factor and bond distances 

for each shell. 

Inductively coupled plasma optical emission spectrometry. ICP-OES was carried out using 

a commercial ICP-OES spectrometer (Spectro Arcos, SPECTRO Analytical Instruments 

GmbH, Kleve, Germany).  Experimental conditions for all measurements were the same and 

are summarized in Table 3.1. Every sample was measured 3 or 5 times and the average result 

is reported. Samples were prepared by microwave-assisted digestion in a closed container of 

the dried materials in a mixture of 3 ml HNO3, 3 ml HCl and 0.5 ml H2O2. Mn was used to 

control the digestion recovery. Element quantification was carried out by external calibration. 

Table 3.1. Experimental details of ICP-OES analysis. 
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ICP RF Power 1400 W 

Plasma gas flow rate 12 l/min 

Auxiliary gas flow rate 1 l/min 

Nebulizer gas flow rate 0.8 l/min 

Pump Speed 30(rpm) 

Time per measurement 28 s 

Number of measurements per sample 3 or 5  

 

Other characterization. UV-Vis absorption spectra for colloidal solutions were collected 

using a Jasco V670 spectrometer in transmission mode. Attenuated total reflectance - Fourier-

transform infrared spectra (ATR-FTIR, in mid-IR and far-IR spectral regions) were recorded 

using a Thermo Scientific Nicolet 6700 FT-IR spectrometer. Powdered samples, were 

deposited onto Si substrates, turned upside down and pressed against the diamond ATR crystal. 

For quantifying the removal of initial organic ligands, FTIR spectra were calibrated with the 

internal standard KCN (CN stretches are well separated from CH). Liquid samples were 

measured by placing a small droplet directly onto the ATR crystal. Raman spectra were 

recorded with a Renishaw inVia Raman microscope. Samples were run with a 785 nm laser, 

with 64x2 s scans at 2mW power.  

DFT simulations. Calculations were carried out using the Quickstep module of the CP2K 

program suite.199 CP2K is freely available from http://www.cp2k.org/  and utilizes a dual basis 

of localized Gaussians and plane waves.200 The plane wave cutoff was 300Ry, appropriate for 

the Goedecker–Teter–Hutter pseudopotentials201 that was employed, and the localized basis set 

of double zeta plus polarization (DZVP) quality optimized to reduce the basis set superposition 

errors.202 Calculations were performed using the Perdew–Burke–Ernzerhof (PBE) exchange 

correlation functional.  Simulations were performed with non-periodic boundary conditions in 

a 50x50x50 Å3 unit cell for 2.5 nm and 3 nm NC sizes. The NC core was carved out of bulk 

zincblende CdSe. All single-bonded atoms were discarded, resulting in a faceted 

cuboctahedron shape. Cd-rich (100) facets with two dangling bonds per atom were passivated 

with ligands, whereas (111) facets with one dangling bond per atom were left intact and facet 

passivation was achieved by adding surface vacancies, as described previously.194 Chlorine 

was used for simplicity as a ligand electronically similar to oleate, except for calculation of 

oleate binding energy where it was taken explicitly. Care was taken to select the stoichiometry 

that preserves the charge neutrality of the particles, necessary to position the Fermi level in the 

http://www.cp2k.org/
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mid-gap.203 In case of MCC adsorption, the ligand was added together with potassium 

counterions in the amount required to maintain the charge-neutrality. All geometries were 

initially propagated through a molecular dynamics simulation of at least 1 ps and then relaxed 

until forces on atoms reduced below 40 meV/Å. Optimized geometries and full input files for 

simulations are provided in Supplementary Information. 

 

3.2.  Results and discussion  

 Carboxylate - metal chalcogenide complex ligand exchange. It is known that 

carboxylate ligands can be fully exchanged with MCC ligands,60,76,78,171 but details of this 

process are lacking. As shown by Owen et al.,63 carboxylate (oleate, myristate etc.) can be 

removed as an anionic (X-type) RCO2
- moiety or as a Cd(O2CR)2 molecule, depending upon 

the type of incoming ligands (anionic or neutral molecules). Furthermore, the atomic structure 

of inorganic MCC ligands in solution and their bonding motifs at the NC surface are poorly 

understood. The chosen NCs were 3.5 nm carboxylate-terminated zincblende (zb) CdSe as a 

model system for studying the LE reactions with MCC ligands. According to the detailed 

surface chemistry study by Owen and co-workers,63  the structure of carboxylate-capped CdSe 

NCs can be represented with the formula (CdSe)n[Cd(O2CR)2]m, where carboxylate surface 

coverage is 1.5-4 carboxylates/nm2, depending upon the purification procedure and nature and 

quantity of  solvents and surfactants used. Hence, the overall NC stoichiometry is Cd-rich. No 

other ligands such as neutral molecules of phosphines or amines (L-type ligands) were involved 

into the preparation of such CdSe NCs, thus providing a well-defined and simple starting 

material for LE reactions. This study began by addressing the initial key question about the 

actual mass-balance during the LE reaction with MCCs.  

 

Scheme 3.1. Schematics of the organic-to-inorganic ligand exchange on the surface of CdSe NCs, showing the 

formation of fully inorganic composition (1) that retains all Cd atoms. The second possible pathway corresponds 

to loss of molecular Cd-oleate and was not observed in this study.  

 

 The fate of oleate and the mass balance of the LE reaction. The organic-to-inorganic 

LE was carried out via a phase-transfer reaction (Scheme 3.1). The initially carboxylate capped 

CdSe NCs migrate from the nonpolar phase (hexane) to a polar phase (MFA or N2H4) upon LE 
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due to the change from a hydrophobic surface functionality (with steric stabilization) to a 

hydrophilic surface functionality (electrostatic stabilization). Note that several of these MCCs 

have been used for the first time as capping ligands (K6Sn2S7, K4GeS4, K3SbS4). For 

comparison, LE reactions were also performed with a metal-free S2- ligand and with Et3OBF4 

(Meerwein’s salt). The MFA has the highest known static dielectric constant (ε = 176) for 

solvents. Therefore, MFA enables the efficient dissociation of cations, leading to stable 

colloidal solutions. In order to remove all unbound ligands after LE, the NCs are precipitated 

from MFA phase by adding a minimal amount of nonsolvent (usually MeCN). The nonsolvent 

and its quantity are chosen such that the free ligands remain soluble in the solvent/nonsolvent 

mixture. The LE reaction mass-balance was estimated by quantitative elemental analysis (ICP-

OES, Tables 3.1 and 3.2), ATR-FTIR, 1H and 119Sn NMR spectroscopies of all phases: initial 

oleate-capped NCs, precipitated thiostannate-capped NCs, and hexane and MFA phases 

collected after phase-separation, including all supernatants. For ICP-OES analysis, all dried 

residues were acid digested using standard procedures. Results are detailed in the table 3.2. 

 

Table 3.2. ICP-OES results for 3.5 nm CdSe NCs (1st peak @566 nm for oleate-capped NCs), before and after 

ligand-exchange with inorganic capping ligands. The surface coverage (in nm-2) is calculated from CdSe:Sn ratio 

and surface area of a 3.5 nm NC. For hydrazine-based samples, only Cd:Se ratio was estimated. 

Sample Cd:Se Sn:S Cd:Se:Sn:S MCC/nm2 

K4SnS4  1:4.2   

K4Sn2S6  2:5.9   

CdSe/oleate 1.22:1    

CdSe/BF4
- 0.94:1    

CdSe/S2- 1.26:1  1:0.79:0.57 9.9 

CdSe/SnS4
4-/H2O 1.20:1 1:5.0 1:0.83:0.11:0.57 1.9 

CdSe/Sn2S6
4-/FA 1.15:1 1:5.6 1:0.86:0.091:0.51 0.8 

CdSe/Sn2S6
4-/N2H4 1.19:1    

CdSe/Sn2S7
6-/MFA  1.29:1 1:6.5 1:0.77:0.143:0.593 1.2 

  

 As expected from the formula (CdSe)n[Cd(O2CR)2]m, the initial oleate capped 3.5 nm 

spherical NCs are Cd-rich and a Cd:Se atomic ratio of 1.22 was determined by ICP-OES 

analysis. In all cases ATR-FTIR, and NMR spectra indicate removal of at least 99.9% of the 

initial oleate ligands from the NC surface following LE (Figures 3.1 and 3.2). Figure 3.1 shows 

the optical absorption spectra of the NCs capped with the initial oleate ligand and capped with 

various MCCs, sulphide ions or weakly bound BF4
- ions. The excitonic absorption peak of the 

MCC and sulphide capped CdSe NCs exhibit only small red shifts (1-11 nm). A blue shift of 
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~11 nm is observed when comparing with the excitonic absorption peak of the initial oleate 

capped NCs. This suggests that there are only small differences in the radius of the particles 

following LE with these inorganic ligands. On the other hand, LE with Et3OBF4 leads to a 

noticeable 25 nm blue shift of the excitonic absorption peak (Figure 3.3) and a Se-rich 

stoichiometry of the NCs (Table 3.2). This blue shift corresponds to decrease of NC diameter 

by ca. 0.5 nm (a Cd-Se bond is ca. 0.2-0.3 nm long, depending upon the crystallographic 

direction) or ca. 35% reduction in volume (from 22.4 nm3 to 14.2 nm3). Presumably, Et3OBF4 

removes not only the oleate capping ligands, but also a great part of the outest monolayer of 

Cd atoms as a highly soluble Cd(BF4)2 salt. Another characteristic effect of LE is the 

disappearance of the second absorption peak (2Sh2/3 -1Se) in all inorganic capped NC samples. 

A similar effect has also been observed by Owen et al.63 and by others in studies dealing with 

LE reactions with organic ligands.204  Non-discrete separation between the 1Sh2/3 and 2Sh2/3 

hole levels is most plausibly explained by heterogeneity of the surface hole states due to 

increased stoichiometric (e.g., incorporation of S) and structural surface irregularities.205  

 

Figure 3.1. ATR-FTIR spectra for oleate-capped CdSe NCs (red), and for K6Sn2S7-capped CdSe NCs (black). The 

peaks at 2954 cm-1, 2923 cm-1,  and 2852 cm-1 are assigned to anti-symmetric and symmetric methylene stretching 

modes (ν(as)CH2, ν(s)CH2) of oleate (Ref.206). The position and separation of ν(COO-) bands, Δ, in the 1700-1300 

cm-1 region can be used to assess the carboxylate coordination mode.206-211 For oleate-capped CdSe NCs it was 

observed that the separation between νas(COO-)=1531 cm-1 and νs(COO-)=1436 cm-1 is 95 cm-1 and it can be 

assign to a bidentate coordination.211,212 Internal standard KCN (with CN stretches at 2090 cm-1) was used for 

quantitative estimates of oleate ligand removal. 
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Figure 3.2. 1H NMR for oleate-capped CdSe NCs before ligands exchange (green) and after replacing the oleate 

capping ligands with K4Sn2S6 in formamide (red) and with K4SnS4 in D2O (blue). 

 

 

Figure 3.3. Absorption spectra of 3.5 nm CdSe NCs capped with initial oleate ligands and, after ligand 

exchange, with various chalcogenidometalate complexes, sulphide ions or weakly bound BF4 - ions.  

  

 ICP-OES elemental analysis indicates that all MCC capped NCs retain a Cd-rich 

stoichiometry, with Cd:Se ratios of 1.15-1.30 (Table 3.2). Increased Cd stoichiometries may 

be caused by partial anion exchange of Se-to-S at the NC surface. ICP-OES analysis of the 

hexane phase following LE shows that less than 1% of Cd remained in the hexane phase. Upon 

precipitation and separation of NCs, less than 0.1% of Cd can be found in MFA. Consequently, 

no more than 5% of the Cd from the initial Cd(O2CR)2 ligand shell is detached from the NC 
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surface during the LE reactions with MCCs and sulphide as ligands.  Somewhat contrary to the 

common notion that long-chain organic ligands should remain in the nonpolar phase, 1H 

solution NMR spectra indicate no residual oleate-anions in hexane phase after LE, but rather 

large amount of potassium oleate in the MFA phase following LE (Figure 3.4, vinylic 

hydrogens at =5.1-6.1 ppm were monitored). Quantitatively, the amount of potassium oleate 

corresponds to ca. 2 carboxylates/nm2 of the initial CdSe NCs, consistent with the density of 

1.5-4 carboxylates/nm2  reported by Owen et al.63 The amount of incoming MCC ligands varies 

from 0.65 to 2 MCC ligands/nm2. Taken together, ICP-OES and 1H NMR experiments on NCs 

and supernatant solutions provide strong evidence for the formation of the all-inorganic MCC-

capped CdSe NCs with the composition expressed with formula (1) in Scheme 3.1. This implies 

the purely X-type ligand-exchange and the formation of Cd-S bonds at the NC/MCCs interface.    

 

Figure 3.4. 1H NMR spectra in 5.1-6.1 ppm range (double bond from oleate) for (top to bottom): CdSe/oleate in 

C6D6, oleic acid in C6D6, Cd-oleate/ODE in C6D6, K-oleate in MFA (0.02 mmol/mL), K-oleate containing MFA 

solution collected after the LE, K-oleate containing MFA solution collected after the LE, dried and redispersed 

in pure MFA and for hexane phase after LE. DMSO-d6 was added to all MFA solutions in 1:1 v/v rations. The 

amount of oleate removed from the NC surface was estimated by comparing the signal intensities in MFA phase 

before and after the addition of standard solution of K-oleate in MFA. As an additional evidence that the signal 

in MFA phase after LE arises from K-oleate and not from free oleic acid, the signal intensities from MFA phase 

after LE (red line) were  identical to those obtained by drying the MFA phase under vacuum at 130 ºC (which 

would lead to evaporation of oleic acid).  
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 Solution phase behaviour of Sn-S MCCs and their adsorption onto NC surface. 

Sn2S6
4- and SnS4

4- anions were introduced by Krebs213-215 and later studied by Kanatzidis,216 

Dehnen217,218 and others. These ions are very convenient for solution NMR studies due to good 

sensitivity (at natural abundance) of 119Sn NMR, with spin of ½ leading to narrow NMR peaks. 

Thiostannate anions often inter-convert depending upon the solvent or pH, however their 

isotropic chemical shifts (δ(119Sn)) are  well-documented and rather weakly solvent or counter-

ion dependent.217 δ(119Sn) of all thiostannate anions fall in relatively narrow range of 49-74 

ppm indicating that the tetrahedral environment for 119Sn nuclei is maintained. Changing the 

coordination number by one would lead to ca. 150 ppm change in chemical shift. Neither SnS3
2- 

anions were observed in the solution NMR studies, 219 nor any other Sn species, such as tin-

oxosulfide ions, were detected by NMR spectroscopy (from -1000 to 1000 ppm). SnTe4
4- ions 

differ from thiostannate ions in the way that they contain more polarizable (namely Te) atoms 

and, therefore, their 119Sn chemical shifts are highly variable due to solvation or ion-pairing 

effects and is generally observed between -1675 and -1825 ppm.220-226 Furthermore, Se- and 

Te-based stannates are much more sensitive to oxygen. For these reasons, the solution NMR 

studies were concentrated exclusively on thiostannate ions.  

 

Figure 3.5. A general scheme for transformations of K4SnS4 and K4Sn2S6 upon dissolution in H2O, FA, MFA and 

N2H4. Solution 119Sn NMR spectra of K4SnS4 dissolved in H2O (a, 74 ppm), K4SnS4 dissolved in MFA (b, 68 ppm 

corresponding to K6Sn2S7, see main text), K4Sn2S6 in FA (c, 55 ppm, corresponding to K4Sn2S6), (N2H4)4Sn2S6 in 

hydrazine (d, 49 ppm). Two kinds of S-atoms are present in SnS4
4- (4 terminal, 0 bridging), Sn2S6

4- (4 terminal, 2 

bridging) and Sn2S7
6- (6 terminal, one bridging). 
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    Before studying the LE reaction with solution NMR spectroscopy, the study focused 

on the actual species existing in solutions of these thiostannate compounds in non-aqueous 

solvents commonly used in LE reactions.  K4SnS4 and K4Sn2S6 can be prepared in water by 

combining SnS2 with the correct molar proportions of K2S. Figure 3.5 shows the effect of the 

solvent, as observed by solution 119Sn NMR, upon dissolution of the pure substances K4SnS4 

and K4Sn2S6. The most interesting observation is the appearance of highly charged Sn2S7
6- ions 

as the predominant ion in MFA solutions upon dissolving K4SnS4. An analogous NMR 

spectrum is obtained by combining SnS2 and K2S directly in MFA. Na6Sn2S7 has been 

previously obtained by solid-state synthesis by Krebs213 and characterized with solid-state 

NMR spectra by Mundus et al.227 A clear spectroscopic signature that distinguishes Sn2S7
6- 

from Sn2S6
4- is the presence of weaker satellite peaks caused by hetero-nuclear two bond 119Sn-

S-117Sn spin-spin coupling. The relative intensity of the satellite peaks is in good agreement 

with the natural abundance of 117Sn nuclei. The 2J(119Sn, 117Sn) coupling constant in K6Sn2S7 

is 349.4 Hz which is in good agreement with literature.228  In the rigid Sn2S6
4- this coupling 

seems to be absent or much weaker, possibly due to poorer S-orbital overlap caused by the 

rigid conformation of Sn2S2 ring.219 A lack of coupling could also occur because of dynamic 

process such as equilibria between two kinds of thiostannate ions or if the Sn-S bridging bonds 

are labile. 
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Figure 3.6. (a) Raman spectra of solid K4SnS4 (green), K4Sn2S6 (blue) and K6Sn2S7 (red). (b) Solution-phase 

Raman spectra of K4Sn2S6 in FA (blue) and K6Sn2S7 in MFA (red). 

 

 A clear distinction between all three thiostannate ions can be obtained also by Raman 

spectroscopy (Figure 3.6). The solid state Raman spectrum of K4Sn2S6 is characterized by two 

symmetric Sn-Sterminal vibrations at 386 cm-1 and  373 cm-1, vibration of Sn2S2 ring at 277 cm-1 

and Sn-Sbridiging vibration at 347 cm-1;159,182,215,229,230  K4SnS4 exhibits only two bands at 351 cm-

1 and 370 cm-1, characteristic of symmetric and asymmetric Sn-S modes.182,213 The spectrum 

of solid K6Sn2S7 isolated from MFA is characterized by the strong band at ca. 360 cm-1, 

presumably due to SnS3-S-SnS3 bridges, while the other two modes at 340 cm-1 and 380 cm-1 

are assigned to Sn-S vibrations (similar to SnS4
4-).  The solution phase Raman spectra of Sn2S6

4- 
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in FA and Sn2S7
6- in MFA resemble those of the solid-state samples. Further illustrating the 

effect of solvent, the pH value of the solution plays an important role as well. Sn2S7
6-/MFA 

converts into Sn2S6
4-/MFA upon addition of KOH and K2S (that reacts with residual moisture 

giving KOH and KHS). This can be explained by the importance of protonation for the stability 

of Sn2S7
6-. In N2H4, only Sn2S6

4- is stable and it does not convert into SnS4
4- or Sn2S7

6- upon 

addition of S2- (Figure 3.7). Based on the above solution 119Sn NMR and Raman spectroscopic 

data, the LE with the oleate capped NCs for four ligand/solvent combinations was further 

studied. Only those ligand/solvent combinations which clearly yield a single form of anion 

without altering the pH of the solution (Figure 3.5) were chosen: SnS4
4-/H2O, Sn2S6

4-/FA, 

Sn2S6
4-/N2H4 and Sn2S7

6-/MFA.  

 

 

Figure 3.7. Solution 119Sn NMR spectra for (N2H4)4Sn2S6 prepared with stoichiometric Sn:S ratio (black) and with 

an excess of sulfur, showing Sn2S6
4- to be the most stable thiostannate moiety in hydrazine.  

 

 Upon binding of the anions to the NC the isotropic molecular tumbling slows, leading 

to significant broadening and attenuation of NMR signals from bound ligands.231 The NMR 

signal broadening arises from large anisotropic dipolar couplings and anisotropies of the 

chemical shifts which are no longer averaged away.232 In the case of MCC ligands bound to 

the NC surface, the signal mostly vanishes (Figure 3.8), allowing quantitative estimation of the 

amount of surface-bound ligands by measuring intensity from the remaining unbound ligand. 

Thiostannate ligands can act as polydentate ligands due to multiple terminal S-atoms. Based 

on the LE reaction shown in Scheme 3.1, the following solution equilibrium between bound 

and unbound MCC ligand can be postulated assuming K6Sn2S7 to be a single thiostannate form 

in MFA: 
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(3.1) 

 

 

 The exchange of bound and unbound MCC ligand is rather slow, as the NMR spectra 

for unbound ligands do not show broadening or a change in the chemical shift which would 

indicate fast exchange of bound and unbound ligand.62 Composition 1b represents an extreme 

case, in which full denticity of Sn2S7
6- is used (κ6- Sn2S7

6- in the terminology of coordination 

chemistry), that is each Sn2S7
6- forms 6 bonds with surface Cd2+. An opposite extreme is the 

κ1- Sn2S7
6- bonding motif, that is monodenticity of the ligand at y = 2m. Thus, in principle the 

amount of surface-bound Sn2S7
6- ligand can adopt values of m/3 ≤ y ≤ 2m, due to facile 

rearrangement of Cd-MCC bonds with variable denticity of MCC ligand. Quantitatively, after 

first addition of oleate-capped CdSe NCs (12 mg, Figure 3.8b), the K6Sn2S7 ligand coverage 

was 4 ligands nm-2. Note that this coverage corresponds to y ≈ 2.5m, which exceeds the 2m 

limit discussed above, but may be explained by the additional weak non-specific binding of 

MCCs. After the number of CdSe particles in solution was doubled, the amount of ligands on 

the surface decreased to 2.2 ligands nm-2 for K6Sn2S7, which corresponds to y ≈ 1.4m. This 

shows that the initial binding of K6Sn2S7 is labile and K6Sn2S7 can detach and engage in a LE 

reaction with the oleate-capped CdSe, in agreement with postulated equilibrium reaction (3.1).  

After double precipitation with MeCN, the ICP-OES analysis shows 1.2 L nm-2, that is y≈0.7m. 

Note that single-washed NCs are still well-dispersible in MFA, whereas double-washed NCs 

show much lower solubility in MFA. This difference is best seen for larger NCs. When y 

eventually approaches m/3 (composition 1b) after further washing steps, colloidal solution 

should contain no K+ rendering the particles insoluble in polar solvents. Fully analogous 

observations are found for K4Sn2S6 and other MCC ligands. It is also important to note that the 

reverse exchange, e.g. displacement of MCCs by K-oleate and transfer of CdSe NCs back to 

the nonpolar phase requires 20-fold molar excess of oleate, and takes up to 1-2 weeks, 

compared to minutes for direct LE. This is again in agreement with strong multidentate binding 

of thoistannate ligands to the NCs surface. 
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Figure 3.8. Solution 119Sn NMR spectra for K4Sn2S6/FA (a) and K6Sn2S7/MFA (b) solutions before LE, and after 

LE with increasing amounts of CdSe NCs. Note that 24 mg of CdSe NCs corresponds to y/m ratio of ca. 2 to 2.2 

in the Eq. (1), i.e. the amount of thiostannate ligand is sufficiently high for monodentate binding to all surface Cd 

atoms. Inset shows NMR tubes before and after LE.  

 

 Concurrent MCC LE reactions. Convenient monitoring of thiostannate 

concentrations by 119Sn solution NMR also allows qualitative comparison of concurrent LE 

reactions with other MCC ligands.  For example, when a 1:1 molar mixture of K6Sn2S7 and 

K3SbS4 (Figure 3.9) or K6Sn2S7 and K3AsS4 (Figure 3.10) is let to react with oleate-capped 

CdSe NCs the solution 119Sn NMR signal in NMR spectra decreases at the same rate as for 

pure K6Sn2S7, pointing to preferential binding of Sn2S7
6- ions as compared to the other MCC.  

However, a K6Sn2S7:K4GeS4 mixture shows no signs of K6Sn2S7 binding to the NC surface 

during the phase transfer of CdSe NCs, suggesting that GeS4
4- has a stronger binding affinity. 

The comparison of metal-free S2- with MCCs is another important point, especially because S2- 

is expected in the solutions of most MCCs. Only when a tenfold excess of K2S with respect to 

K6Sn2S7 is added, a slower decrease in the Sn signal in comparison with pure K6Sn2S7-based 

LE was noticed (Figure 3.9c). Hence, a binding affinity sequence K4GeS4 > K6Sn2S7 > K3SbS4 

(K3AsS4) > K2S can be established for the organic-to-inorganic LE.  
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Figure 3.9. Concurrent LE reaction by adding oleate-capped CdSe NCs into solutions of (a) K6Sn2S7 and K3SbS4 

or (b) K6Sn2S7 and K4GeS4. (c) A graph illustrating the decrease of the integrals of the 119Sn NMR signal upon 

titration with oleate-capped CdSe NCs (6 mg = 32 µmol). The initial o K6Sn2S7 was 5 mg (7 µmol) in a 0.5 mL 

reaction volume. All ligand mixtures are equimolar, except where 10-fold access is indicated. 

 

Figure 3.10. Solution 119Sn NMR spectra of CdSe NCs subjected to LE reaction with the mixture of ligands: (left) 

K6Sn2S7 + K3AsS4 and (right) K6Sn2S7 + K2S. CdSe NCs were titrated into the ligand solution, leading to the 

decrease of the signal upon attachment of thiostannate ligand onto the NC surface. 

 

  Solid-state 119Sn NMR observation of thiostannate ligands bound to the NC 

surface. Having confirmed that thiostannate ions disappear from the solution and bind to the 

NC surface as a result of the LE reaction, this study was focused on the establishing bonding 

motifs at the NC/MCC surface. Solid state MAS 119Sn NMR spectroscopy was used to average 

the anisotropic NMR interactions and obtain solution-like NMR spectra of the MCC capped 

NCs.219,233,234 The 119Sn solid-state NMR spectra of the MCC capped NCs are compared to 

spectra of the pure solid unbound ligands and with the solution 119Sn NMR chemical shifts of 

the dissolved ligands (Figure 3.11). 
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Figure 3.11. (a) Solid state MAS 119Sn NMR for K4SnS4, K4Sn2S6 and K6Sn2S7 powders. (b) Solid state CPMG MAS 
119Sn NMR for CdSe/K4SnS4 (LE in H2O), CdSe/K4Sn2S6 (LE in FA), CdSe/K6Sn2S7 (LE in MFA) and CdSe/K4Sn2S6 

(LE in N2H4). Three dash lines correspond to 74 ppm, 55 ppm, and 50 ppm, respectively (expected peaks for 

unbound ligands). The (*) represents the spinning side bands.  

  

Similar to solution NMR spectra, δ(119Sn) in the MAS 119Sn NMR spectra of solid free 

ligands falls in the range of 50-74 ppm. While the spectrum of solid K4SnS4 is characterized 

by one narrow peak at 74 ppm (in good agreement with the corresponding chemical shift for 

K4SnS4 dissolved in water), the spectrum of K4Sn2S6 contains two peaks: one broad peak 

corresponds to K4Sn2S6 at 50 ppm227 and the narrow peak at 74 ppm from K4SnS4. The intensity 

of the isotropic K4SnS4 peak at 74 ppm appears to be more intense because the peaks from 

K4Sn2S6 are much broader and also dispersed over several spinning sidebands. Keeping in mind 

that the longitudinal relaxation rate of the K4Sn2S6 peak also appeared to be slower, the NMR 

spectra indicate that at most only 10 % of the K4Sn2S6 sample corresponds to K4SnS4. The 
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product isolated from K6Sn2S7/MFA solution by adding MeCN shows signals at 74 ppm (50% 

integrated intensity, K4SnS4) and at 55 ppm (50%, attributed to K6Sn2S7).  

In order to overcome the low concentration of Sn atoms in the MCC capped NC 

samples, a CPMG pulse sequence235,236 was applied to maximize the signal to noise of the 

spectra of the NC-ligand samples (Figure 3.11b). Overall, the chemical shifts fall in the same 

range as for the free ligands, indicating very similar tetrahedral SnS4 environment of Sn. 

However, the peaks are considerably broader than those observed for the pure ligand samples, 

which is suggestive of a spread of binding motifs - various denticity conformations of ligands 

and distribution of binding sites on the NC surface (different facets, edges of facets etc.). The 

downfield shifts of several ppm may arise due to binding of the thiostannate ions with the NC 

surface and from the formation of covalent Cd-S bonds. No unambiguous differentiation 

between SnS4
4-, Sn2S7

6- or Sn2S6
4- can be made due to signal broadening. Furthermore, 

formation of SnS2 on the NC surface can also be excluded, as it should manifest itself by a 

peak at -765 ppm in the solid state 119Sn NMR spectrum (for pure spectra of pure SnS2, Figure 

3.12). No other Sn-containing species could be detected with solid-state NMR spectroscopy. 

In the case of CdSe/K4Sn2S6/N2H4
 samples, a clear splitting of 119Sn NMR spectrum is 

observed, that may indicate, for instance, two distinct binding modes of a ligand or mixed 

Sn2S6
4-/ Sn2S7

6- surface coverage.  

 

Figure 3.12. Solid state MAS 119Sn NMR  for SnS2 (-765 ppm), consistent with literature.227 The shoulder at -732 

ppm correspond to Sn2S3.
237 

 77Se CPMG MAS NMR spectra of CdSe NCs capped with thiostannate ligands contain 

a main peak at -528.5 ppm with 50 ppm broadening and a shoulder at -557.4 ppm (Figure 

3.13). This line shape and more negative chemical shifts as compared to bulk CdSe (-472.3 
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ppm) is fully consistent with quantum-size effects and core-shell distribution of chemical shifts 

(more negative for near surface Se layer).238 

 

Figure 3.13. 77Se CPMG NMR spectrum for powdered CdSe-K4Sn2S7. The spectrum was recorded at 100 K, with 

10 kHz spinning rate and 7 ms relaxation delay.  

 

 Observation of thiostannate ligands on the NC surface with far-IR spectroscopy. 

Far-IR spectroscopy (100-600 cm-1) may serve as excellent tool for studying inorganic capping 

of colloidal NCs because this region corresponds to vibrational frequencies of bonds formed 

by heavier atoms such as Cd, Sn and chalcogens and because organic ligands and other light-

atom residues (solvents etc.) show virtually no absorption. Previously, far-IR spectra were 

seldom used for characterization of colloidal NCs.239 As expected, Raman spectra were not 

conclusive due to the fluorescence background from NCs and due to drastic difference in 

scattering intensity not only between solid NC cores (very weak signals) and molecular species 

(much greater signals), but between various molecules. Far-IR spectra of CdSe/oleate and 

“ligand-free” CdSe NCs (Figure 3.14) are very similar and contain relatively narrow peak at 

183 cm-1 characteristic of ν(Cd-Se) stretching frequencies,240 and consistent with Raman shifts 

of transverse optical (156 cm-1) and longitudinal optical (215 cm-1) phonons.241,242 The 
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spectrum of CdSe/BF4
- shows only peaks associated with CdSe.  This is consistent with only 

weak electrostatic interactions between BF4
- and the surface Cd2+ atoms.  

 

Figure 3.14. Far-IR ATR spectra for CdSe NCs with various surface chemistries. (a): CdSe/oleate (black), 

CdSeCdS/oleate (orange), CdSe/BF4
- (gray), CdSe/S2- (green). K2S (Dash green spectrum).  (b): CdSe/oleate 

(black), CdSe/S2- (green), CdSe/Sn2S6
4- (blue), CdSe/Sn2S7

6-(red). 

 

   Core-shell CdSe/CdS NCs (oleate capped, 4.5 nm core and 2 nm shell)243 were also 

measured as a reference material for all MCCs in order to observe the effect of Cd-S bonds on 

the far-IR spectra.  In CdSe/CdS NCs, a broad and intense peak at 242 cm-1 characteristic of 

CdS shell240 and considerable broadening in CdSe region (with a small shoulder at 142 cm-1, 

presumably due to the effects of strain and alloying at CdSe/CdS interface), were observed. In 

CdSe/S2- NCs, a broad shoulder at 260 cm-1 due to Cd-S bonds244,245 was slightly upshifted 

compared to pure CdS due to the formation of shorter Cd-S bonds at the NC surface than in 

pure CdS. Broadening of CdSe features was also observed. Figure 3.14b compares the far-IR 
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spectra of CdSe NCs capped with different thiostannate ligands. The major common feature is 

intense absorption in 240-300 cm-1 range due to the formation of Cd-S bonds. The broadening 

and downshift of CdSe band for CdSe/Sn2S6
4- and CdSe/Sn2S7

6- is very similar with CdSe/S2- 

and may be also the effect of the higher absorbance of ligands below 200 cm-1 (Figure 3.15). 

As expected, far-IR spectra of the pure K4SnS4, K4Sn2S6 and K4Sn2S7 compounds are distinctly 

different from each other, and from the surface-bound species, and agree well with the 

literature. 

 

Figure 3.15. ATR far-IR FTIR spectra of K4SnS4 (black), K2Sn2S6 (green), K6Sn2S7 (gray), K2S (red), K2S dissolved 

in H2O and dried (blue). The monomer K4SnS4 shows in Far-IR spectrum 391 cm-1 bands  and 376  cm-1 which 

correspond for ᴠas(SnS3)  and respectively for ᴠs(SnS3)213. The enhanced band at 285 cm-1  could be assigned to 

deformations and torsions modes213.  Furthermore, after solubilisation of monomer in MFA and precipitation with 

non-solvent, the K6Sn2S7 species was isolated and characterized. ᴠas(SnS3)213
  and  ᴠs(SnS3)213 vibrations were 

observed at 383 cm-1. The bands at 345 cm-1  , 322 cm-1  , 295 cm-1  announce the   presence of ᴠas(SnS3)213
  and  

ᴠs(SnS3)213 so confirm the formation of K6Sn2S7. The lower charged dimer K4Sn2S6 presents one broad band at 341 

cm-1 which corresponds with literature data.215,229 

  

 Thiostannate bonding motifs from X-ray absorption spectroscopy and DFT 

simulations. Qualitatively, both far-IR and NMR spectroscopy clearly indicate that 

thiostannate ions are covalently attached to the surface of CdSe and based upon the NMR 

spectra, the basic four-coordinate SnS4 coordination environment is preserved in all cases. 

Further insights into the binding modes and bond distances were gained with X-ray absorption 

spectroscopy (XAS). Sn K-edge XAS spectra allows the study of the local electronic and 

geometric structure (up to 6 Å) around Sn atoms, and is also applicable to disordered systems 

such as surface-bound ligands. In order to evaluate the data from the XAS measurements, a 

Fourier transform of the spectra into frequency space was elaborated, which results in a radial 

http://chemwiki.ucdavis.edu/Physical_Chemistry/Spectroscopy/Fundamentals/The_Power_of_the_Fourier_Transform_for_Spectroscopists
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structure function (RSF) where peaks correspond to the distances to the nearest-neighbors. 

Fitting of the EXAFS region was performed using theoretical Sn-S references generated from 

crystal structures of Na4SnS4, Na4Sn2S6, Na6Sn2S7. The value of the amplitude reduced factor 

(S0
2) was determined by fitting the first shell using the references (S0

2=4.6) and the 

coordination number (CN), Debye-Waller factor (DW), interatomic distance (R) and edge-shift 

(ΔE0). For the free ligands, two major peaks could be distinguished in the RSFs (Figure 3.16a-

c, Table 3.3) and they indicate close to expected interatomic distances (d) and coordination 

numbers (CN): only one type of Sn-S bond with d(Sn-S)=2.4 Å and CN=4 in K4SnS4, and two 

bonds in K4Sn2S6 and K4Sn2S7 - Sn-S1 (terminal, 2.35 Å) and Sn-S2 (bridging, 2.50 Å)- with 

CN close to the expected value (CN=1-2). The bond lengths are in good agreement with 

crystallographic data213-215 and with the DFT calculations.  

 

Figure 3.16. Fourier transform magnitude and imaginary part of the full XAS spectra of (a) K4SnS4, (b) K4Sn2S6, 

(c) K6Sn2S7 and  (d) CdSe/K4SnS4 (LE in H2O), (e) CdSe/K4Sn2S6 (LE in FA), (f) CdSe/K4Sn2S6 (LE in N2H4), (g) 

CdSe/K6Sn2S7 (LE in MFA).Solid lines represent the experimental data, dotted lines represent the best fit. R+ΔR 

scale represent distances with phase correction. 
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 Chemical binding of thiostannates to surface Cd atoms should modify the overall 

geometry of the ligand and its local coordination environment.  Further, the surface 

conformation of a ligand will depend on the surface coverage, facet to which ligand binds etc. 

It is therefore not possible to deduce the exact surface geometry, but rather to monitor the key 

differences to unbound ligands, primarily in the bond distances and coordination numbers. 

XAS studies on NCs after LE (Figure 3.16d-g) indicate important changes with respect to free 

crystalline ligands and unambiguously confirm chemical binding of thiostannate-ligands onto 

NC surface. One important feature that was not directly observed by other techniques and 

reported here for the first time is that there is strong evidence for Sn-O bonds in XAS spectra 

of CdSe NCs capped with K4SnS4 in H2O (d(Sn-O)=2.1 Å). Judging from CNs, a particularly 

high proportion of Sn-O bonds are found in K4SnS4/H2O (CN=2.8 for Sn-O bonding) system 

and only one type of Sn-S with d=2.4 Å and CN=1.3, suggesting an overall stoichiometry of 

[SnO3S]4- (which can also correspond to a mixture of SnS4
4- and SnO4

4- ions). This can be 

explained by well-known hydrolysis of chalcogenidometalates in water at high pH, and this 

may also occur in non-aqueous solutions handled in air (as in this study). Also, CdSe NCs can 

aid the formation of Sn-O bonds in aqueous environment and even in powdered solids through 

photocatalytic oxidation of Sn-S by photogenerated holes. On the contrary, for the non-aqueous 

LE systems, a much smaller proportion of Sn-O bonds was observed (CN=0.2-0.9, Table 3.3). 

Further, and very importantly, two types of Sn-S bonds are found for Sn2S6
4- and Sn2S7

6-, and 

all Sn-S distances are shorter, on average by 0.1 Å than to unbound ligands in reference, in 

agreement with DFT calculations (see below). The second coordination shell was fitted by 

introducing Cd (or Sn) atoms into the existing scattering paths by replacing the Na atoms and 

optimising the parameters (Figure 3.16d-g). The shortest Sn-Cd distance of 3.7-3.8 Å was 

found for Sn2S7
6- (CN1) and is attributed to Cd-S-Sn bridge which is in good agreement with 

the distances obtained by DFT modelling. For NC-ligand samples the distances in the second 

shell are precisely fitted, while CN are much less accurate. 
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Table 3.3.   Structural information of reference samples and capped NC from best fitting of the EXAFS spectra 

(Figure 3.16). (coordination number (CN), bond distance from XAFS (Rt), bond distance from DFT (Rt DFT), 

pseudo Debye Waller factor (DW), energy shift (E0), R of the fits). 

Sample  Path CN Rt (Å) Rt DFT(Å) DW (Å2) E0 (eV) R-factor 

(free) K4SnS4 Sn-S 4.1 + 0.6 2.41 + 0.017 2.4 0.0107 + 0.0025 2.03 + 1.74 0.0075 

(free) K4Sn2S6 Sn-Sdangl 

Sn-Sbridge 

1.8 + 0.4  

2.0 + 0.5 

2.34 + 0.018 

2.46 + 0.018 

2.35 

2.46 

0.0010 + 0.0019 6.68 + 1.37 0.0043 

(free) K6Sn2S7 Sn-Sdangl 

Sn-Sbridge 

2.4 + 0.9  

1.6 + 0.8 

2.37 + 0.003 

2.48 + 0.003 

2.37 

2.47 

0.0008 + 0.0009 8.17 + 1.17 0.0078 

CdSe/ 

Sn2S6
4-/FA 

Sn-Sdangl 

Sn-Sbridge,surf 

Sn-O 

Sn-Cd 

1.4 + 0.2 

2.6 + 0.7 

0.7 + 0.2 

0.6 + 0.2 

2.27 + 0.016 

2.42 + 0.012 

2.00 + 0.019 

3.77 + 0.020 

 0.0004 + 0.0015 

0.0004 + 0.0015 

0.0004 + 0.0015 

0.0024 + 0.0010 

0.83 + 0.29 0.0051 

CdSe/ 

Sn2S7
6-/MFA 

Sn-Sdangl 

Sn-Sbridge,surf 

Sn-Cd 

0.7 + 0.4 

3.8 + 0.7 

0.9 + 0.2 

2.24 + 0.057 

2.41 + 0.012 

3.37 + 0.012 

2.27 

2.44 

3.99 

0.0038 + 0.0018 

0.0038 + 0.0018 

0.0024 + 0.0010 

3.59 + 0.88 0.0089 

CdSe/ 

Sn2S6
4-/N2H4 

Sn-Sdangl 

Sn-Sbridge,surf 

Sn-O 

Sn-Cd  

1.1 + 0.1 

1.7 + 0.2 

0.2 + 0.1 

1.0 + 0.7 

2.30 + 0.009 

2.44 + 0.007 

1.97 + 0.033 

3.51 + 0.021 

2.25 

2.48 

 

3.5-4.1 

0.0002 + 0.0003 

0.0002 + 0.0003 

0.0002 + 0.0003 

0.0063 + 0.0063 

4.14 + 0.91 0.0078 

CdSe/ 

SnS4
4-/H2O 

Sn-S 

Sn-O 

Sn-Cd  

1.3 + 0.3 

2.8 + 0.2 

0.5 + 0.2 

2.42 + 0.020 

2.06 + 0.011 

3.51 + 0.015 

2.31-2.44 

 

3.86 

0.0037 + 0.0013 

0.0037 + 0.0013 

0.0002 + 0.0001 

7.64 + 0.93 0.0076 

 

 For DFT simulations, theoretical models were prepared based on the experimental 

findings: one terminal S atom from thiostannate ligand was coordinated to one adsorption site 

on the surface, displacing the original oleate (or halide) ligand, while each unbound terminal S 

was compensated by a potassium counterion. Calculations show that the thiostannate binding 

energy is 0.6 eV per site higher than for oleate, suggesting an energetically favored 

displacement. For a 3 nm model NC with exclusively K4Sn2S7
 capping ligand such a procedure 

leads to a stable configuration with no S2- or K2S desorption, as verified by molecular 

dynamics. Calculated energy required for desorption of K2S is 4.1 eV with explicit inclusion 

of coordinating MFA molecules. The relaxed structure with stoichiometry 

Cd1.18Se1Sn0.18S0.63K0.18 is shown in Figure 3.17a. A similarly stable configuration can be 

constructed with K4SnS4. 

 To study the binding geometries in details, a smaller trap-free 2.5 nm CdSe model NC 

with one thiostannate ligand per facet was used. The (100) facets provide a tetrahedral lattice 

scaffold, helping maintain the tetrahedral coordination of Sn. For a SnS4 complex it means two 
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S atoms bind to the surface with the other two S unbound (Figure 3.17b). However, such 

dangling S atoms are highly unfavorable and after relaxation one of them falls onto the surface 

by tilting the SnS4 tetrahedron, and forming a bond to Cd (dotted lines) that breaks the 

periodicity of the original lattice. The remaining S is unable to distort the SnS4 tetrahedron 

sufficiently in order to reach the surface and thus stays unbound, stabilized by the available 

potassium counterion. In the absence of potassium ions, this S atom tends to diffuse along the 

surface away from the SnS complex, exposing the Sn atom, or dimerizes with other available 

S from the same thiostannate complex or from complexes adsorbed nearby, thus stabilizing it 

against desorption. Similar behaviour is observed for Sn2S7
6- in which the bridging S makes the 

unit more rigid so that both dangling S cannot reach the surface (Figure 3.17c).  For Sn2S6
4-, 

the rigid Sn2S2 ring precludes compliance with the underlying lattice, however, the ligand still 

maximizes its denticity by distorting the SnS4 tetrahedra. Over the duration of the molecular 

dynamics runs, the fragmentation of Sn2S6
4- was not observed, however, it is expected to be 

quite possible. Overall, thiostannate complexes tend to maximize the amount of bonds to the 

surface, while counterions are found to be important for stabilization of Sn tetrahedral 

coordination. However, it is not uncommon for this tetrahedron to break. 

 Calculated distances in the relaxed geometries are presented in Table 3.3 and in general 

agree with EXAFS observations: the bond from Sn to dangling S is shorter, while Sn to surface-

bound S and bridging S are practically identical and longer. EXAFS findings of slightly lower 

coordination numbers to dangling S may be indicative of rare detachment of a dangling S from 

Sn tetrahedra, as observed in theoretical model, but most of them remain intact. The theoretical 

model provides a Sn and Cd coordination numbers of 4, drastically different from EXAFS 

values. This can be attributed to inaccurate fitting of the second shell in EXAFS spectra of 

surface bound ligands. The predicted Sn-Cd distance of 3.86-3.99 Å is comparable to and 

slightly higher than experimental values.  
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Figure 3.17. DFT modelling of thiostannate-capped CdSe NCs. (a) Relaxed gometry of a 3 nm CdSe NC capped 

with Sn2S7
6- ligands; (b) stable binding geometries of SnS4

4- and Sn2S7
6- ligands on (100) CdSe surface; (d) 

projected density of states for a free K4SnS4 ligand and for CdSe-K4SnS4 NC; (e) spatial distribution of the trap 

and electronic states in a 2.5 nm model. 

 

 The quality of surface passivation by thiostannate ions can be judged from the analysis 

of projected densities of states and HOMO and LUMO wavefunctions (Figure 3.17d, e). PDOS 

plots clearly show that thiostannate ligand creates hole traps on an initially trap-free NC which 

are localized mainly on dangling and bridging S atoms (Figure 3.17e). This is expected since 

the free ligand has HOMO levels deep in the bandgap of CdSe (Figure 3.17d). This is consistent 

with the low PL QY of the MCC-capped CdSe NCs (usually below 1%)78 and drastically 

shorter ON-state in single-particle blinking trajectories of MCC-capped CdSe/CdS NCs.246 

Surprisingly, despite all the disorder of the surface (Figure 3.17a), the conduction band remains 

clear of traps thanks to self-healing also observed previously on ligand-free CdSe NCs,247 

consistent with excellent n-type conductivity of the CdSe-MCC films.78,81 

 

3.3. Conclusions 

 In conclusion, in this study, detailed experimental and theoretical experiments of the 

inorganic surface functionalization of CdSe NCs by thiostannate and similar sulphur-based 

ligands were conducted. The combined analysis of solution 1H NMR, solution and solid-state 
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119Sn NMR, far-IR and XAS spectroscopies and DFT modelling is consistent with the X-type 

ligand exchange mechanism. During the ligand exchange reaction, CdSe NCs retain their Cd-

rich stoichiometry, where surface Cd adatoms serve as binding sites for terminal S atoms from 

chalcogenidometallate ligands leading to all-inorganic (CdSe)core[Cdm(Sn2S7)yK(6y-2m)]shell 

stoichiometry, taking Sn2S7
6- as inorganic ligands, and K-oleate as side product. DFT 

modelling combined with molecular dynamics, with or without inclusion of the polar solvent 

molecules into simulations (corresponding to colloidal or powdered state, respectively), 

confirms stable Cd-rich composition upon adsorption of Sn2S7
6- or SnS4

4- ligands. The NC 

compositions are very dynamic due to ligand adsorption-desorption equilibria and surface 

reconstruction. Furthermore, thiostannates SnS4
4- and Sn2S7

6- retain 4-coordinate Sn, despite 

the occurrence of significant distortions due to surface-binding. At the same time, experiments 

and simulations point to the instability of Sn2S6
4- (and SnS3

2-) in all studied solvents and its 

improbable occurrence on the NC surface due to much lower adaptability to the NC surface 

caused by rigid Sn2S2 rings. The main observations of this study, such as retention of metal-

rich surfaces and X-type ligand exchange should be generally true for all strongly-binding 

inorganic ligands such as chalcogenidometallates and metal-free chalcogenide ions. However, 

other inorganic ligand systems such as halometallates may exhibit different behaviours and 

should be studied in detail. 

Reproduced with modification from:  

L. Protesescu, M. Nachtegaal, O. Voznyy, O. Borovinskaya, A.J. Rossini, L. Emsley, C. 

Copéret, D. Günther, E.H. Sargent, and M.V. Kovalenko. Atomistic description of 

thiostannate-capped CdSe nanocrystals: retention of four-coordinate SnS4 motif and 

preservation of Cd-rich stoichiometry. J. Am. Chem. Soc., 2015, 137, 1862–1874 
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Chapter 4. Unraveling the core-shell structure 

of organic and inorganic passivated Sn/SnOx 

nanoparticles by Dynamic Nuclear 

Polarization Surface Enhanced NMR, 

Mössbauer and X-ray absorption 

spectroscopies 

 

 

4.1. Introduction 

 With the increasing maturity of synthetic methods there is a constantly growing demand 

for the reliable and accurate structural and compositional analysis of nanoscale inorganic 

materials. The major difficulties in characterization arise from broadening of the peaks in XRD 

patterns by reduced particle sizes, structural disorder or amorphization, stoichiometric 

variations and large surface areas, to mention just a few. For instance, the seemingly simple 

objects of this study, partially oxidized Sn NPs (Sn/SnOx), are inherently complex entities 

containing a crystalline metallic core, covered with native layer of amorphous oxide shell, 

which is subsequently capped with surface ligands. The interest in Sn-based nanomaterials 

arises from their use as high energy density anode materials for rechargeable Li-ion 

batteries.180,248 Monodisperse and size-tunable Sn/SnOx NPs, synthesized from Sn amide 

precursors represent an ideal system for both ex-situ and in-situ studies of size-dependent 

electrochemical lithiation.180,248 It was recently showed that these NPs with diameters down to 

10 nm exhibit near-theoretical charge storage capacities and improved cycling stability, 
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especially if compared to the larger (50-150 nm) and polydisperse Sn and SnO2 NPs. However, 

very little information could be obtained with regard to the chemical identity of the surface 

oxide shell using the standard toolbox for characterization of NPs such as TEM and XRD. 

Besides the impact that surface oxides have on the Li-ion storage properties of nanoscopic Sn-

electrodes, the problem of characterizing surface and/or outermost, often amorphous, layers of 

nanomaterials is of generally much broader importance and requires complementary methods. 

This study shows that the well-known and reliable XAS and 119Sn Mössbauer spectroscopies 

can identify and quantify amorphous SnO and SnO2, but cannot provide insight into the 

arrangement of these phases within the surface oxide shell. An additional, local and non-

destructive was employed, method that is a priori designed to yield surface-specific chemical 

information: a recently developed solid-state NMR technique known as dynamic nuclear 

polarization surface enhanced NMR spectroscopy (DNP SENS).154,249,250  

 Solid-state MAS NMR serves as a powerful tool for characterizing structure and 

dynamics in solids, ranging from conventional inorganic materials to proteins. Previous MAS 

NMR and solution NMR investigations of sub-10 nm colloidal NPs (primarily semiconductors 

such as CdSe, CdTe, PbSe, etc.) have provided information about the internal structure of the 

NP cores238,251,252 and about the organic ligand capping, including the ligand-NP equilibria in 

the liquid state.192,253-255 One dimensional MAS NMR spectra of semiconductor NPs are usually 

acquired with direct polarization NMR experiments. Such spectra primarily provide 

information about the bulk structure of the NPs and are usually inhomogeneously broadened 

by the distribution of atomic environments within the NPs. Surface selective cross-polarization 

(CP, i.e., 1HX magnetization transfers, where X= 77Se, 113Cd, 207Pb, etc.) experiments on NPs 

can provide additional insight into the structure of the surface and/or outer layers of NPs.  

However, CP experiments are generally challenging due to the low concentrations of surface 

sites and/or low specific surface areas, residual ligand dynamics that reduces hetero-nuclear 1H-

X dipolar couplings251 and, most importantly, the generally poor sensitivity of NMR 

spectroscopy. Additionally, broad peaks are usually observed in surface selective experiments 

because of surface disorder. The study of NPs by solid-state NMR would greatly benefit from 

signal enhancement techniques.     

 In situ high-field DNP is emerging as an extremely powerful method to enhance NMR 

signals via microwave (MW) induced polarization transfer from unpaired electrons to nuclear 

spins.256,257 While high-field DNP was initially applied for the studies of biomolecules, it has 

recently been shown by some of us that DNP could be used to enhance the NMR signals of 

surface species.154,249,250 Typically porous and non-porous solid materials are impregnated with 
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solutions containing stable organic biradical polarizing agents.258,259 MW irradiation then 

transfers the high polarization of the electrons to the protons of the solvent and other molecular 

species residing at the surface of the material. The enhanced proton polarization is transferred 

through CP to the desired hetero-nuclei (i.e., 13C, 15N, 27Al 29Si, etc.) located at/on the surface 

of the material.154,260-263 1H DNP signal enhancements (ƐH) of a factor of 658 are theoretically 

possible, and with the best biradical polarizing agents signal enhancements above 100 are now 

routinely obtained on 9.3 T spectrometers.151,153,264 These large enhancements translate into a 

tremendous reduction in experiment time since time savings are proportional to Ɛ2. It is well 

known in solid-state NMR that CP transfers from protons to hetero-nuclei are generally 

effective over distances less than ca. 1 nm and, therefore, the DNP enhanced CPMAS solid-

state NMR spectra would selectively provide information about chemical nature of the surface 

region of the NP.  

 Here this study demonstrates that DNP SENS154 enables the rapid acquisition of 

CPMAS NMR spectra of the natural oxide coating and capping ligands on colloidal Sn/SnOx 

NPs. In particular, the Sn/SnO/SnO2 core/shell1/shell2 structure of the NPs was determined by 

combining DNP SENS with Mössbauer and X-ray absorption spectroscopies. DNP SENS 

demonstrates that the outer shell of the NPs is made up exclusively of amorphous SnO2, XRD 

and TEM show a crystalline β-Sn core, and XAS and Mössbauer spectroscopies detect an 

interlayer of amorphous SnO and the atomic fraction of each of three phases. Furthermore, this 

study shows how the DNP SENS experiments can be carried out for hydrophilic (ion-capped 

surfaces) and hydrophobic (capping ligands with long hydrocarbon chains) surface 

functionalities in various solvents, thus opening the way for future studies on a broad range of 

uniform colloidal nanomaterials containing NMR-active nuclei. 

 

4.2. Experimental section 

Synthesis of Sn/SnOx NPs. Sn/SnOx NPs of 10 and 18 nm were synthesized, purified and 

surface-modified with oleate or with inorganic ligands according to the recently published 

methods.180 For the organic-to-inorganic ligand exchange, MFA/hexane phase-transfer solvent 

system was used and K2S as an inorganic capping agent as presented in Chapter 3 for CdSe 

NPs. 

Conventional ambient temperature MAS 119Sn solid-state NMR. The experiments were 

performed on a Bruker AMX400 Spectrometer using 2.5 mm zirconia rotors and a MAS 

frequency of 20 kHz. The spectral frequency was set at 149.25 MHz, and a 90° pulse length of 

0.3 μs was used. The relaxation delay was 2 s and the number of scans was 38231. For the 
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standard materials, the experiments used for SnO: 442 scans with 120 s recycle delay (14.7 h), 

20 kHz for the spinning rate and 90 ° pulse length of 0.3 μs at 700 MHz (at 1H frequency), and 

for SnO2: 32 scans with 60 s recycle delay (32 min), 7 kHz for the spinning rate and 90 ° pulse 

length of 0.3 μs at 500 MHz (at 1H frequency). All spectra were referenced to tetramethyltin 

(δiso = 0.0 ppm) via a secondary standard of tetracyclohexyltin (δiso = -93 ppm).   

DNP solid-state NMR. DNP solid-state NMR experiments were performed with a widebore 

400 MHz Bruker Avance III spectrometer equipped with a 263 GHz gyrotron microwave source 

and a 3.2 mm low temperature MAS probe. The sweep coil of the main magnetic field was set 

so that microwave irradiation occurred at the positive 1H enhancement maximum of the 

nitroxide biradicals. In order to prepare samples for DNP experiments the organic capped 

Sn/SnOx NPs were suspended in  tetrachloroethane (approximately 50 % of the suspension 

consisted of NPs by volume) to prevent aggregation. To this suspension an equivalent volume 

of 24 mM bCTbK150 solution of tetrachloroethane was then added so that the final radical 

concentration was ca. 12 mM. For inorganic capped NPs, the experiment was conducted using 

10 µl of Sn/SnOx NPs dispersed in DMSO-d6/H2O (60/40), and mixing them with AMUpol151 

solution (16 mM) in DMSO-d6/D2O/H2O (60/36/4) with the final concentration of protonated 

solvent of 22%. This suspension was then transferred to a 3.2 mm sapphire rotor. 

 For DNP experiments MAS frequencies of 10 or 12.5 kHz were employed and the sample 

temperature was ca. 105 K. DNP enhancements were determined by comparing the intensity of 

spectra acquired with and without microwave irradiation. MAS 1H solid-state NMR spectra 

were acquired with a spin echo pulse sequence in order to suppress probe background signals 

and typically 16 scans were acquired. A 2.8 µs π/2 pulses (89 kHz) was employed. For 1H-13C 

and 1H-119Sn CP/MAS experiments the 1H rf field was linearly ramped during the spin lock 

period.265,266 1H hetero-nuclear decoupling was performed with the SPINAL-64 pulse sequence 

with typical rf fields of 89 kHz.267 1H-13C CPMAS spectra were recorded with a recycle delay 

of 2 s (7 s for inorganic capped NPs) in between each of 1000 scans and 2.5 ms contact times. 

1H-119Sn CPMAS spectra were recorded with recycle delays of 3.5 s and 1.8 s in between each 

of 2000 and 4000 scans for 10 nm and 18 nm NPs, respectively and contact times of 4.0 ms. In 

all cases the proton T1 of the solvent was measured with a saturation recovery experiment and 

the recycle delays were set to 1.3*T1 for maximal sensitivity.  In order to further improve 

sensitivity, a rotor synchronized CP- Carr -Purcell Meiboom-Gill (CP-CPMG) pulse 

sequence236,268 was used with 8.0 µs 119Sn π pulses for refocusing. CP-CPMG spectra were 

typically acquired with 128 scans and the same polarization delays that were used for CPMAS 

experiments. For CP-CPMG experiments 25 spin echoes 480 µs in duration were acquired. 1H-
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13C and 1H-119Sn dipolar HETCOR experiments were performed with e-DUMBO22 
1H 

homonuclear dipolar decoupling during the t1 evolution period and the indirect dimension was 

scaled by a factor of 0.57 to correct chemical shifts.269  Between 24 and 40 t1 increments were 

acquired with a 64 µs t1 increment.  The States-TPPI procedure was used to obtain quadrature 

detection in the indirect dimension.270,271   

119Sn Mössbauer measurements. The 119Sn Mössbauer measurements were carried out using 

a constant-acceleration spectrometer in standard transmission geometry and a Ba119SnO3 source 

(~10 mCi) kept at room temperature. Spectra were recorded at 5 K in a liquid helium cryostat. 

A polycrystalline absorber with natural abundance of 119Sn isotope and thickness of ~15 mg 

cm-2 was used. A palladium foil of 0.5 mm thickness was used as a critical absorber for Sn X-

rays. The velocity scale was calibrated with a 57CoRh source (25 mCi) and a metallic iron foil 

at room temperature. The 119Sn isomer shifts are referenced to BaSnO3 at room temperature. 

The Mössbauer spectra were fitted with a least-squares method program assuming Lorentzian 

peaks. The error on all the 119Sn Mössbauer spectra is ± 0.1 mm s-1. 

X-Ray powder diffraction. Synchrotron x-ray powder diffraction measurements were 

performed at the powder diffraction beamline P02.1 at Petra III/Hasylab Hamburg, using 60 

keV X-ray photons. Data collection was done with a Perkin Elmer XRD1621 two dimensional 

detector at a distance of 1000 mm. The Sn/SnOx NPs and commercial Sn powders were 

transferred into Kapton capillaries and the measurements were performed in transmission 

geometry. The in-situ cooling was obtained by a stream of cryogenic N2, heated to the desired 

temperature. 

X-Ray absorption spectroscopy. X-ray absorption spectroscopy was carried out at the X10DA 

(Super XAS) beamline at the Swiss Light Source, Villigen, Switzerland. Spectra were collected 

on pressed pellets optimized to first absorption length at the Sn K-edge (29200.1 eV) in 

transmission mode. The beamline energy axis was calibrated with a Sn-reference foil. The 

spectra were background corrected and normalized at the height of the edge step using the 

iFeffit software package.272 Linear combination fits were performed over the range of 29150 

eV to 29500 eV using reference spectra of SnO, SnO2 and beta Sn.  

Attenuated total reflectance (ATR) FTIR. Attenuated total reflectance (ATR) FTIR spectra 

were recorded using Thermo Scientific Nicolet iS5 FT-IR spectrometer. Samples were 

deposited onto Si substrates, turned upside down and pressed against diamond ATR crystal. 

Liquid samples were measured by placing a small droplet directly onto the ATR crystal.  
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Scanning transmission electron microscopy investigations were performed on the aberration-

corrected HD-2700CS (Hitachi; cold-field emitter), operated at an acceleration potential of 200 

kV.  

 

4.3. Results and discussion 

 Monodisperse 10 and 18 nm colloidal Sn NPs with a standard size deviation below 10% 

(Figure 4.1) were synthesized according to a recently published method based on chemical 

reduction of Sn(II)-oleylamide in olelyamine as a solvent.180  Oleate capping is applied post-

synthetically to ensure long-term chemical and colloidal stability. The completeness of the 

amine-to-carboxylate exchange is confirmed by FTIR spectroscopy (Figure 4.2).  

 

 

Figure 4.1. (a) TEM and (b) SEM images of 18 nm Sn/SnOx NPs. 
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Figure 4.2. (left) Typical ATR-FTIR spectra for (left) Sn/SnOx NPs capped with oleate and oleylamine ligands and 

(right) reference spectra of oleic acid and oleylamine. Strong absorption from 1710 cm-1 represents a stretching 

vibrations of carboxylate from the free oleic acid and is absent in the NP sample. When metallic NPs are 

synthesized in long-chain alkylamines as solvents (such as oleylamine or hexadecylamine, neutral weakly binding 

L-type ligands), they are typically post-modified with carboxylic acids such as oleic acid and other strongly 

binding anionic X–type ligands to ensure solubility and long term colloidal stability. For instance, FTIR spectra 

of triply washed NPs indicate very little to no signal from oleylamine-capped NPs, and intense signals from oleate-

ligands for oleic acid-treated samples. From the distance between symmetric and asymmetric vibrations of bound 

carboxylate (Δ =177 cm-1, peaks at 1579 cm-1 and 1402 cm-1) can be concluded that oleate ligand is bound to the 

surface through bridging coordination mode. Since scissoring vibrations from methylene groups are overlapping 

the carboxylate bands, bidentate binding mode208 cannot be excluded.  

 

 For the samples purified and handled in air, the presence of the surface oxide layers is 

apparent from high resolution bright-field STEM and HAADF-STEM images (insets in Figure 

4.3a), while powder XRD detected only one crystalline phase, which is metallic β-Sn. This 

information raises several questions about the structure of the composite NP, the foremost 

concerning the composition of the native oxide capping. 

  NMR spectroscopy. Prior to attempting DNP enhanced experiments, standard direct 

excitation 119Sn MAS NMR spectra were recorded for 10 nm SnOx NPs. A weak, broad peak 

was observed at ca. -600 ppm, consistent with amorphous SnO2 (Figure 4.4, 38231 scans, 21 

hours). 
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Figure 4.3. (a) The schematic representation of the DNP SENS experiment used to enhance the signal of the Sn 

species on Sn/SnOx NP surface via microwave (MW) induced polarization transfer from electrons first to protons 

and then to Sn nuclei. Insets show a DNP enhanced 2D 1H-119Sn HETCOR spectra and high resolution bright-

field STEM and high-angle annular dark-field STEM (HAADF-STEM) images of oleate-capped 10 nm Sn/SnOx 

NPs. (b, c) 119Sn MAS DNP SENS spectra for oleate-capped 10 and 18 nm Sn/SnOx NPs suspended in TCE 

solutions of 12 mM  bCTbK; MW off CP-CPMG (black line, 512 scans, 2s recycle delay), MW on-CPMG (dark 

blue, 1000 scans, 3.5 s recycle delay) and MW on CP (green, 2000 scans, 3.5 s recycle delay). Inset show the MW 

off/MW on 1H echo solid-state NMR spectra. (d, e) Illustrate the lack of detectable signal in the region relevant to 

SnO. CP-CPMG spectra are shown in their echo reconstructed form. They were obtained by summing the whole 

echoes of the FIDs in the time domain, followed by Fourier transform and application of a first order phase 

correction.148,149 
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Figure 4.4. MAS 119Sn NMR spectra for 18 nm Sn/SnOx NPs capped with organic ligands (oleate, top spectra) and 

inorganic capping ligands (K2S, lower spectra). 

 

  No other signals were observed in the regions 300 ppm to -800 ppm, where signals 

from SnO would be expected (see the NMR spectrum of bulk SnO in Figure 4.5).  ß-Sn cannot 

likely be observed due to a very large Knight shift anisotropy (KSA) with principal components 

of the shift tensor:273 δ11=46500 ppm, δ22=-23250 ppm, δ33=-23250 ppm (compare to δ11=-560 

ppm, δ22=-560 ppm, δ33=-685 ppm for SnO2). The low signal-to-noise ratios for NMR signals 

arising from the SnO2 components, obtained with long acquisition times (21 hours, 38 231 

scans!) indicate that these resonances are close to the detection limits and/or that the content of 

the SnO2 phase is very low. However, TEM images indicate that 10-60% of the NP volume 

consists of the amorphous oxide shell. Furthermore, Mössbauer spectra and XAS measurements 

below indicate that ca. 60 atom% of the oxide overlayer is composed of SnO2, suggesting that 

the main issue preventing the observation of the 119Sn NMR signals is the low sensitivity of 

NMR spectroscopy.  
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Figure 4.5. MAS 119Sn NMR spectra of SnO2 and SnO acquired at 400 MHz 1H frequency with a 10 kHz MAS 

frequency (2048 scans for SnO2 and 10240 scans for SnO). 

 

 In contrast, with DNP SENS the NMR signals of the outer SnO2 layer were dramatically 

enhanced. In the case of oleate-capped Sn/SnOx NPs, a highly concentrated solution of NPs (ca. 

50 % NPs by volume) in 1,1,2,2-tetrachlorethane (TCE) is mixed with an equivalent volume of 

a 24 mM solution of the nitroxide-based organic biradical bCTbK (bis-cyclohexyl-

piperidinyloxy-bisketal)274 in TCE. The mixing reduces the concentration of NPs within the 

sample by about a factor of 2. However, this dilution is more than offset by the large DNP 

sensitivity enhancements. The NPs were dispersed in the present case to prevent aggregation. 

Similarly, several studies have demonstrated that it is straightforward to apply DNP to silica 

and clay nano-particles dispersed in or impregnated with aqueous biradical solutions.249,275,276 

bCTbK and TCE were chosen as the radical/solvent combination because of the hydrophobicity 

of oleate-capped Sn/SnOx NPs, and because this mixture routinely provides 1H DNP 
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enhancement factors (ƐH) on the order of 100 at 9.4 T with sample temperatures of ca. 100 K.150 

In order to transfer polarization from the electron spins to the proton spins of the solvent and 

oleate ligands the sample is subjected to continuous-wave 263 GHz microwaves (gyrotron 

source, ca. 5 W of MW power at the sample). The enhanced 1H polarization is then transferred 

through a CP step, to the X nuclei (119Sn and 13C in this study).  In order to maximize sensitivity 

of 119Sn MAS NMR signals, spectra were acquired with a Carr-Purcell-Meiboom-Gill 

(CPMG)277,278 acquisition scheme after the CP transfer step (Scheme 4.1). In CPMG, a train of 

refocusing pulses is applied to acquire a series of spin echoes. In the present case, the effective 

coherence lifetime (T2
’) of the 119Sn coherences is relatively long so that ca. 25 spin echoes can 

be acquired, resulting in a further ca. 5 fold gain in signal to noise in comparison to standard 

CP acquisition. With the combined effects of signal enhancement from DNP (here ƐH = ƐSn-CP 

= 30), Boltzmann polarization from the 105 K sample temperatures (factor of 2.7), CPMG 

acquistion of 119Sn signals (factor of ca. 5) and the reduction of the NMR signal by 

paramagnetic signal quenching (factor of 0.3) and by dilution of the sample (factor of 0.5) the 

overall gain in sensitivity279 with DNP SENS was estimated here to be on the order of a factor 

Ɛ = 60.  

 

Scheme 4.1. The CP-CPMG pulse sequence utilized to acquire DNP enhanced MAS 1H-119Sn CP-CPMG NMR 

spectra where τr is the rotor period and m and N are integers.32,33 

 

 For Sn/SnOx NPs capped with organic ligands, the DNP enhancement factor for protons 

(ƐH, defined as the intensity ratio of spectra acquired with and without microwave irradiation) 

was around 30. High quality DNP SENS CP-CPMG spectra of the 10 nm and 18 nm particles 

were recorded in less than 1 hour each (1000 scans, 3.5 s recycle delay). In the same experiment, 

but without microwaves, the signal was below the noise level even after 512 scans, which 

suggests that the DNP enhanced proton polarization was successfully transferred to the surface 
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119Sn nuclei. Importantly, the DNP SENS spectrum of the 18 nm particles possesses a high  

signal to noise ratio after 1 hour of signal averaging, while 21 hours of signal averaging are 

required to obtain a conventional 119Sn direct pulse-acquired solid-state NMR spectrum of 

similar quality (Figure 4.4).    

 The experiment highlight a single broad peak centered at -597.3 ppm for 10 nm NPs 

(Figure 4.3b) and at -603.4 ppm for 18 nm NPs (Figure 4.3c). This chemical shift is consistent 

with the reference measurement of crystalline SnO2 (Figure 4.5). With DNP SENS, no other 

signals were observed between 800 to -400 ppm (Figure 4.3d, e), thus indicating the absence of 

detectable SnO in the outer part of the NPs. The 1H-119Sn 2D HETCOR NMR spectra (Figure 

4.3a) indicate correlations between SnO2 from the surface of the particles and the protons of 

the oleic acid (methylene protons with 1H chemical shifts of 2.5 ppm) and the solvent (TCE, 1H 

chemical shift of 6.1 ppm), in agreement with the expected mechanism for proton-mediated 

polarization transfer. 1D 13C CPMAS DNP SENS experiments (Figure 4.6) reflect the chemical 

nature of the organic oleate capping and are in full agreement with the FTIR assignments, 

pointing to the absence of the free oleic acid. 

Figure 4.6. DNP enhanced 13C CPMAS spectra for Sn/SnOx 10 nm oleate capped NPs. On the right, schematic 

representation for Sn/SnO/SnO2 NPs capped with oleate ligands and a partial 13C resonance assignment are 

shown. 

  

 DNP SENS 119Sn CP-CPMG spectra show linewidths of ca. 65 ppm. It is interesting to 

note that the linewidth is similar for both 10 and 18 nm Sn/SnOx NPs and is broader than any 

previously reported value in the literature. For instance, crystalline 4 nm SnO2 NPs exhibit 

linewidths of ~25 ppm, while crystalline but hollow SnO2 nanospheres with a wall thickness of 

~3 nm exhibit linewidths of 54 ppm.280 For comparison, a much narrower linewidth (1.7 ppm) 

is measured for commercial, highly crystalline 50 nm SnO2 powders (Figure 4.6) and linewidths 

< 5 ppm are reported for bulk SnO2.
281 Thus, this study concludes that the line broadening of 

the NMR spectra arises from the amorphous nature of the SnO2 layer combined with 

inhomogeneities at the NP surface and at the SnO/SnO2 interfaces. This conclusion is supported 
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by XRD and TEM data, showing only one crystalline phase, the metallic Sn core, present in the 

particles. There are no published 119Sn NMR studies concerning nano-sized amorphous SnO2, 

possibly because phase-pure, unsupported SnO2 particles always tend to be crystalline.  

 DNP SENS can be also used to enhance the 119Sn signals for highly hydrophilic, 

inorganic-capped Sn/SnOx NPs obtained by replacing the oleate capping with sulfide ions.180 

For this experiment AMUpol151 was used, a water soluble biradical which was reported to 

enhance 1H NMR spectra by the factor of up to 235 in glycerol-d8/D2O/H2O mixture. In this 

experiment, an equivalent volume of a 16 mM solution of AMUpol in DMSO-d6/D2O/H2O 

(60:36:4) was mixed with inorganic-capped Sn/SnOx NPs dispersed in DMSO-d6/H2O (60:40) 

solvent mixture. The final mass fraction of the protonated solvent (H2O) was around 22%.  The 

ƐH was ca. 11 (Figure 4.7), and the 119Sn DNP SENS signals at -603 ppm, with a signal to noise 

ratio of ca. 18148,149 was able to clearly resolve. No signal could be detected in the region 

relevant to SnO (Figure 4.7b). This result on sulfide-capped colloids highlights the applicability 

of DNP SENS for both types of inorganic colloids: organic-capped NPs dispersed in nonpolar 

solvents, as well as for highly hydrophilic, inorganic-capped NPs dispersed in highly polar 

solvent media. 

 

Figure 4.7. (a) MAS 119Sn DNP SENS NMR spectra for inorganic-capped 18 nm Sn/SnOx NPs suspended in an 

AMUPol solution in DMSO-d6:D2O:H2O (ca. 60:18:22); MW off (black line, 336 scans, 7 s recycle delay) and 

MW on (dark blue, 512 scans, 7 s recycle delay) CP-CPMG echo reconstructed 119Sn solid-state NMR spectra. 

Inset represents the MWoff/MWon experiment for 1H. (b) Illustration of the absence of detectable signal in the 

region relevant to SnO. 
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 In the past, synchrotron radiation photoemission studies282 and electron energy loss 

spectroscopy283 elucidated that tin foil under ambient conditions or under 1 bar of O2 is covered 

with a 1.7-3 nm oxide shell (thicker after air-exposure), composed of SnO overlayered with 

SnO2. The deeper oxidation under air was attributed to the effect of moisture.283 Indeed, 

Chaudret et al. have synthesized deeply oxidized Sn/SnOx NPs by decomposing 

[{Sn(NMe2)2}2] in anisole/water mixtures, and could detect SnO phases from XRD 

measurements.284 This study hypothesizes that the Sn/SnOx NPs, synthesized in air- and 

moisture-free conditions and oxidized only by exposure to ambient atmosphere, should contain 

an amorphous SnO phase. However, SnO NMR signals are not observed by the DNP SENS 

experiments, suggesting that SnO might be sandwiched between Sn and SnO2 and, therefore, is 

inaccessible to DNP SENS NMR. Direct 119Sn DNP enhanced CPMG experiments were also 

attempted in order to enhance NMR signals from sub-surface SnO phases.285 However, no 

signal was observed, likely because of lengthy 119Sn longitudinal relaxation times and/or 

because signals from the SnO phase are very broad. Thus, Mössbauer and X-Ray absorption 

spectroscopies were employed to test this hypothesis about the presence of sub-surface SnO.  

 Mössbauer spectroscopy.119Sn Mössbauer spectroscopy traditionally serves as a 

highly sensitive tool for determining the oxidation state and chemical environment of Sn atoms 

in solid-state materials, including ultrathin and amorphous structures, as well as NPs.284,286,287 

Two experimentally measured parameters are characteristic: the isomer shift (IS) and the 

quadrupolar splitting (EQ). IS reflects the changes to the electronic density of s-electrons, 

caused by electron-donating or electron-withdrawing groups and, even more significantly, by 

the change in the oxidation state. EQ reflects the local spherical symmetry about the Sn center, 

with asymmetric environments possessing correspondingly large splitting of the nuclear energy 

levels. For 119Sn, two sub-states are generated by EQ. Usually, ß-Sn appears as a singlet with 

IS≈2.6 mm·s-1 (Figure 4.8a) with a relative transmission intensity that is strongly dependent on 

the measurement temperature according to the thermal variation of the Lamb-Mössbauer ƒ 

factor of 119Sn nuclei.288 The α-SnO component shows an asymmetric quadrupole doublet with 

a large EQ (1.4 mm·s-1).284 Finally, SnO2 gives a quadrupole doublet with IS around 0-0.31 

mm·s-1 (Figure 4.8b).  
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Figure 4.8. Mössbauer spectra recorded at 5K for (a) commercial β-Sn nanopowder and (b) commercial SnO2 

powder. Note that commercial Sn nanopowder contains 2 wt. % of oxide as SnO2. 

  

 The Mössbauer spectra for 10 and 18 nm Sn/SnOx NPs, capped with organic and 

inorganic ligands, are presented in Figure 4.9. The peak areas yield the relative amounts of each 

Sn species. As expected, smaller NPs exhibit a higher degree of oxidation with up to 62% of 

the total Mössbauer signal intensity arising from the oxide phases. Most importantly, a high 

content (38% of the total signal) of SnO with IS = 2.9 mm·s-1 is unambiguously detected, 

providing the first evidence for this phase which is not detected by electron microscopy or by 

NMR. The atomic proportion of oxides increases for NPs subjected to the ligand-exchange 

procedure. As expected, 18 nm NPs also exhibit both oxide phases but in much lower 

concentration for both organic and inorganic capped NPs: 2% (9%) for SnO and 5% (7%) for 

SnO2 for NPs with organic (and inorganic) surface capping. 
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Figure 4.9. 119Sn Mössbauer spectra recorded at 5 K, together with calculated phase 

composition for oleate-capped (a) 10 nm and (b) 18 nm Sn/SnOx NPs, and for inorganic capped 

counterparts (c,d). Solid lines represent the fitted spectra for 3 possible Sn species: β-Sn, α-

SnO and SnO2. 

  

 XAS spectroscopy analysis to elucidate the shell composition. X-ray absorption 

spectroscopy (XAS) allows the study of the local electronic and geometric structure (up to 6 Å) 

around Sn atoms. XAS is an element-specific technique that does not rely on long-range order 

and has been extensively used to study nanostructured Sn-oxide materials.289-293 The XANES 

spectrum (-50 eV to 100 eV around the absorption edge) corresponds to the empty density of p 

states and, therefore, provides information about the structure, the oxidation state, and the site 

symmetry. Background corrected and normalized Sn K-edge XANES spectra for 10 and 18 nm 

Sn/SnOX NPs are presented along with the references, commercially available powders of Sn, 

SnO and SnO2 (Figure 4.10). As expected, the shift of the absorption edge towards higher 

energies, corresponding to higher oxidation state (SnO2), is more pronounced for smaller NPs 

due to higher SnO and SnO2 contents. Quantitatively, the content of Sn, SnO and SnO2 can be 
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determined by linear combination fitting of the whole XAS spectrum using spectra of Sn, SnO 

and SnO2 as references (see an example of the fit in Figure 4.10c, and Table 4.1 for phase 

composition of each sample). Qualitatively, a strong correlation is observed between the 

Mössbauer and XAS results: the proportion of SnO and SnO2 oxides increases by several % 

upon ligand exchange, for both 10 nm and 18 nm oleate-capped NPs.  
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Figure 4.10. (a, b) Sn K-edge XANES spectra for 10 and 18 nm Sn/SnOx NPs along with spectra of Sn, SnO and 

SnO2 reference compounds. (c) A representative fit of the XANES spectrum for 18 nm Sn/SnOx NPs capped with 

inorganic (S2-) ligands (solid red trace) obtained with a combination of the reference Sn, SnO and SnO2 spectra 

(dotted traces). Table 4.1 provides the fitting results in the form of weight percent of each phase for 10 and 18 nm 

Sn/SnOx capped with organic and inorganic ligands. 
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Table 4.1. The phase composition of all phases obtained by fitting XANES spectra. 

Sample ß-Sn SnO SnO2 R-factor 

Sn/SnOx_10 nm_OA 49.4 ±1.2% 19.4±1.3% 31.4±0.5% 0.000092 

Sn/SnOx_10 nm_S2- 42.3±1.2% 23.4±1.3% 33.9±0.5% 0.000091 

Sn/SnOx_18 nm_OA 86.5±0.9% 11.7±1% 1.9±0.4% 0.000055 

Sn/SnOx_18 nm_S2- 72.8±0.7% 12±0.8% 14.9±0.3% 0.000037 

 

 Temperature-dependent XRD patterns. This section points the attention of the 

readers to the crystalline metallic (β-Sn) core of Sn/SnOx NPs. Using synchrotron X-ray 

diffraction patterns (60 keV X-ray photons) recorded at various temperatures, this study aimed 

to observe whether there is a transition from metallic β-Sn to semiconducting α-Sn, which 

normally occurs at less than 13 °C in bulk Sn.294-297 This question is also of high relevance for 

the potential use of nano-Sn in Li-ion batteries, which are required to operate reliably below 0 

°C. Diffraction experiments were performed upon cooling from room temperature to 233 K (-

40 °C, Figure 4.11, shown for 18 nm Sn/SnOx NPs). Temperature of 233 K was chosen since 

the fastest β-to-α conversion rates have previously been reported to occur at this temperature.28 

The observed Bragg peaks could be indexed by a β-Sn phase with lattice parameters in 

agreement with the bulk values.298  Simulation with the Rietveld method fully reproduces the 

experimental pattern if a crystalline β-Sn phase is used as the only component. 

 

Figure 4.11. Synchrotron X-ray powder diffraction patterns for 18 nm Sn/SnOx NPs recorded at 233-295 K. The 

plot shows the scattered intensity versus the momentum transfer Q measured with 60 keV X-ray photons. The inset 

illustrates the thermal shift of the {132} Bragg diffraction peak. 
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 The inset in Figure 4.11 shows the shift of the {132} Bragg peak due to thermal 

expansion, with a linear expansion coefficient identical to that of bulk β-Sn. The speed of the 

phase transformation can be very slow (sometimes years)295,297 and has been also reported to 

depend on the particle size.295,296 Hence this transition could have remained undetected by 

Mössbauer spectroscopy at the temperature of 5 K, for which the time-scale of the 

measurements falls in the sub-24 hour range. Therefore, the XRD patterns for the samples kept 

at 255 K for 24 hours were re-measured, showing no signs of phase transition. Moreover, the 

samples were stored in a freezer at ~255 K (-18 °C) for a period of 8 months and again observed 

identical XRD patterns. Finally, this experiment compared the NPs with larger, commercially 

available Sn particles with mean grain sizes of 100 nm and 10 μm, subjected to the same 8-

months of cold storage. In all samples the bulk β-Sn structure is retained (Figure 4.12). This 

section therefore concludes that sub-10 nm Sn crystallites and the bulk material do not exhibit 

any substantial difference in the phase diagram or re-crystallization kinetics. 

 

 

Figure 4.12. Synchrotron X-ray powder diffraction scans from Sn/SnOx and commercial Sn powders recorded at 

a temperature of 233 K after 8 months of storage at 255 K. The plot shows the scattered intensity versus the 

momentum transfer Q of a series of samples, measured using 60 keV X-ray photons. For 200 nm commercial Sn 

powder inclusions of crystalline SnO with lattice parameters equal to bulk 298 account for ~2% of the sample 

volume and explain the appearance of some additional peaks. By considering this oxide phase in the simulation 

the measured diffraction pattern can be reproduced extremely well (full black line). The spectra of the NP samples 

can be reproduced with the β-Sn phase alone, pointing to fully amorphous nature of surface oxides. The inset 

shows the normalized intensity of the {132} Bragg peak. The influence of the crystallite size of the powders on the 

peak width is also clearly seen. 

 

 

 



 

Chapter 4. Unraveling the Core-Shell Structure of Organic and Inorganic Passivated Sn/SnOx Nanoparticles by 

Dynamic Nuclear Polarization Surface Enhanced NMR, Mössbauer and X-ray Absorption Spectroscopies 

 | L. Protesescu 

 

83 

 

4.4. Conclusions 

 The combined analysis of DNP SENS with TEM, Mössbauer and XAS spectroscopies, 

and XRD is consistent with a core/shell1/shell2 model of Sn/SnO/SnO2 NPs capped with 

organic and inorganic ligands, where the only crystalline constituent is the metallic β-Sn core. 

Importantly, low-temperature XRD measurements after 8-months cooling at 255 K did not 

detect any phase transition to a brittle α-Sn phase. The utility of DNP SENS for analyzing the 

highly disordered, outermost layers of the NPs cores irrespective of the chosen ligand-capping 

(organic or inorganic) is demonstrated using naturally oxidized, highly monodisperse 10 and 

18 nm Sn/SnOx NPs as a case study. The broadening of the 119Sn NMR spectra is reflective of 

the degree of atomic disorder. For example, highly crystalline 50 nm SnO2 yields 119Sn NMR 

signals with linewidths of about 1-2 ppm, while linewidths of up to 70 ppm were found for the 

amorphous SnO2 layer at the surface of the 10 and 18 nm Sn/SnOx NPs. DNP SENS holds great 

promise to address various research problems in contemporary nanomaterials research: organic 

and inorganic surface chemistry, radially resolved chemical and phase composition of NPs (as 

shown exemplarily in this study), distribution of dopants and impurities, correlation between 

electronic effects (quantum-size effects, surface plasmons) with the chemical shift in NMR 

spectra, etc.  
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Chapter 5. Nanocrystals of cesium lead halide 

perovskites (CsPbX3, X=Cl, Br, and I): novel 

optoelectronic materials showing bright 

emission with wide color gamut 

 

 

5.1. Introduction 

 Colloidal semiconductor NCs (typically 2-20 nm large), also known as QDs, are being 

studied intensively as future optoelectronic materials.299-301 These QD materials feature a very 

favorable combination of quantum-size effects, enhancing their optical properties with respect 

to their bulk counterparts, versatile surface chemistry and a “free” colloidal state, allowing their 

dispersion into a variety of solvents and matrices and eventual incorporation into various 

devices. To date, the best developed optoelectronic NCs, in terms of size, shape and 

composition, are binary and multinary (ternary, quaternary) metal chalcogenide NCs.7,34,302-304 

In contrast, the potential of semiconducting metal halides in the form of colloidal NCs remains 

rather unexplored. In this regard, recent reports on highly efficient photovoltaic devices with 

certified power conversion efficiencies approaching 20% using hybrid organic-inorganic lead 

halides MAPbX3, (MA=CH3NH3, X=Cl, Br, and I) as semiconducting absorber layers are 

highly stimulating.93,94,96,97  

 This study turns readers’ attention to a closely related family of materials: all-inorganic 

cesium lead halide perovskites (CsPbX3, X=Cl, Br, I and mixed Cl/Br and Br/I systems; 

isostructural to perovskite CaTiO3 and related oxides). These ternary compounds are far less 

soluble in common solvents ( contrary to MAPbX3), which is a shortcoming for direct solution 
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processing but a necessary attribute for obtaining these compounds in the form of colloidal 

NCs. Although the synthesis, crystallography and photoconductivity of direct bandgap CsPbX3 

have been reported more than 50 years ago,305 they have never been explored in the form of 

colloidal nanomaterials.  

 This section reports a facile colloidal synthesis of monodisperse, 4-15 nm CsPbX3 NCs 

with cubic shape and cubic perovskite crystal structure. CsPbX3 NCs exhibit not only 

compositional bandgap engineering, but owing to the exciton Bohr diameter of up to 12 nm, 

also exhibit size- tunability of their bandgap energies through the entire visible spectral region 

of 410-700 nm. PL of CsPbX3 NCs is characterized by narrow emission linewidths of 12-42 

nm, high quantum yields of 50-90% and short radiative lifetimes of 4-29 ns. 

 

5.2. Experimental section 

Preparation of Cs-oleate: Cs2CO3 (0.814 g, Aldrich, 99.9%) was loaded into 100 mL 3-neck 

flask along with octadecene (40 mL, Sigma-Aldrich, 90%) and oleic acid (2.5 mL, OA, Sigma-

Aldrich, 90%), dried for 1 h at 120 °C, and then heated under N2 to 150 °C until all Cs2CO3 

reacted with OA. Since Cs-oleate precipitates out of ODE at room-temperature, it has to be pre-

heated to 100 °C before injection.  

Synthesis of CsPbX3 NCs: ODE (5 mL) and PbX2 (0.188 mmol) such as PbI2 (0.087 g, ABCR, 

99.999%),  PbBr2 (0.069 g, ABCR, 98%), PbCl2 (0.052 g, ABCR, 99.999%) or equimolar 

mixture  were loaded into 25 mL 3-neck flask  and dried under vacuum for 1 h at 120 °C. Dried 

oleylamine (0.5 mL, OLA, Acros 80-90%) and dried OA (0.5 mL) were injected at 120 °C 

under N2. After complete solubilisation of a PbX2 salt, the temperature was raised to 140-200 

°C (for tuning the NC size) and Cs-oleate solution (0.4 mL, 0.1 M in ODE, prepared as above) 

was quickly injected and, 5 s later, the reaction mixture was cooled by the ice-water bath. For 

CsPbCl3, higher temperature of 150 °C and 1 mL of trioctylphosphine (TOP, Strem, 97%) were 

required in order to solubilize PbCl2.   

Isolation and purification of CsPbX3 NCs. The crude solution was cooled down with water 

bath and aggregated NCs were separated by centrifuging. For smaller NCs synthesized below 

160 °C, centrifugation at 0 °C or addition of tert-butanol (tBuOH, Merck, 99%) to the crude 

solution (ODE:tBuOH=1:1 by volume) were found to be helpful for a complete precipitation. 

After centrifugation, the supernatant was discarded and the particles were redispersed in toluene 

or hexane.  

Photo-polymerization reaction: 1% wt. solution was prepared by mixing methyl methacrylate 

(1 mL, MMA, Aldrich, 99%) with photoinitiator (10 mg, Irgacure 819, BASF). NCs/hexane 
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solution (120 µL, concentration of 20 mg/mL) was added to MMA/photoinitiator mixture. After 

drying the hexane, the mixture was placed into an arbitrary shaped container (NMR tube, Petri 

dish etc.). The polymerization took place under UV irradiation for 1 h or under daylight for 12-

24 h (in glovebox, to avoid oxygen during the polymerization). 

Absorbance: UV-Vis absorption spectra for colloidal solutions were collected using a Jasco 

V670 spectrometer in transmission mode. 

Photoluminescence and absolute quantum yield (QY) measurements. Fluorolog iHR 320 

Horiba Jobin Yvon spectrofluorimeter equipped with a PMT detector was used to acquire 

steady- state PL spectra from solutions and films. QY was estimated according to standard 

procedure using appropriate dye molecules for blue, green and red spectral regions (coumarine 

343, fluorescein,  and rhodamine 6G).147  

In-situ photoluminescence measurements were performed with excitation light from CW 

laser (405 nm, 300 mW) delivered through one branch of Y-shaped fiber optic bundle to the 

flask during synthesis, and collecting the PL with the second branch. PL was dispersed with 

Acton Research SpectraPro MS2300i monochromator (600 groves/mm grating) and recorded 

with Thorlabs LC100/M CCD line array detector with a speed of 100 spectra/second. 

Time-resolved photoluminescence measurements. PL lifetime measurements were 

performed using a time-correlated single photon counting  setup (TCSPC) utilizing SPC-130-

EM counting module and BDL-488-SMN picosecond laser (Becker & Hickl), as an excitation 

source (Picoquant), with pulse duration of 50 ps and wavelength of 488 nm, CW power 

equivalent of about 0.5 mW, externally triggered with periods of 50-1000 ns by pulse generator 

HP 8116A. IDQ-ID-100-20-ULN avalanche photodiode (Quantique) was used to record the 

decay traces. 

Powder X-ray diffraction patterns (XRD) were collected with STOE STADI P powder 

diffractometer, operating in transmission mode. Germanium monochromator, Cu Kα1 

irradiation and silicon strip detector Dectris Mythen were used. 

Transmission electron microscopy (TEM) images were recorded using JEOL JEM-2200FS 

microscope operated at 200 kV. 

Energy dispersive X-ray (EDX) Elemental analysis was performed with two scanning electron 

microscopes (Zeiss Gemini 1530 and Hitachi, S-4800). 

Total energy calculations for polymorphs of CsPbX3 (X=Br, I). The cubic and the 

orthorhombic structures of CsPbBr3 and CsPbI3 were optimized using the CASTEP code, with 

the generalized gradient form (GGA) of the exchange-correlation functional (Perdew-Burke-

Ernzerhof96, PBE) and norm-conserving pseudo-potentials. The Brillouin zone were sampled 
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by using a fine mesh commensurate to the specific lattice dimensions, but with the actual 

spacing below 0.025 Å-1. The energy threshold, the maximum atomic displacement, the 

maximum atomic force and the lattice stress were set to 0.001 meV/atom, 0.0005 Å, 0.001 eV/ 

Å and 0.002 GPa, respectively. 

Electronic structure calculations for cubic CsPbX3 (X=Cl, Br, I). The electronic structure 

of the cubic phases of CsPbX3 (X = Cl, Br, I) were calculated using density functional theory, 

including scalar relativistic and spin-orbit interactions in the code VASP.306,307 Initial structure 

relaxation was performed at the level of the semi-local PBEsol functional,308 which was 

augmented with non-local PBE0 calculations including 35% Hartree-Fock exchange for a more 

quantitative description of the electronic structure. A plane-wave cutoff of 500 eV and a k-point 

grid density of 6×6×6 was employed throughout.  

 

5.3. Results and discussion 

 Synthesis of monodisperse CsPbX3 NCs. This solution-phase synthesis of 

monodisperse CsPbX3 NCs (Figure 5.1) takes advantage of the ionic nature of the chemical 

bonding in these compounds. Controlled arrested precipitation of Cs+, Pb2+ and X- ions into 

CsPbX3 NCs is obtained by reacting Cs-oleate with a Pb(II)-halide in a high boiling solvent 

(octadecene) at 140-200 °C (for details, see the experimental section). A 1:1 mixture of 

oleylamine and oleic acid are added into octadecene to solubilize PbX2 and to colloidally 

stabilize the NCs. As one would expect for an ionic metathesis reaction, the nucleation and 

growth kinetics are very fast. In-situ PL measurements with a CCD-array detector (Figure 5.2) 

indicate that the majority of growth occurs within the first 1-3 seconds (faster for heavier 

halides). Consequently, the size of CsPbX3 NCs can be most conveniently tuned in the range 

of 4-15 nm by the reaction temperature (140-200 °C) rather than by the growth time. Mixed-

halide perovskites, i.e. CsPb(Cl/Br)3 and CsPb(Br/I)3, can be readily produced by combining 

appropriate ratios of PbX2 salts. Note that Cl/I perovskites cannot be obtained due to the large 

difference in ionic radii, in good agreement with the phase diagram for bulk materials.309 

Elemental analysis by EDX spectroscopy confirms the 1:1:3 atomic ratio for all samples of 

CsPbX3 NCs, including mixed-halide systems. 
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Figure 5.1. Monodisperse CsPbX3 NCs and their structural characterization. (a) Schematic of the cubic perovskite 

lattice; (b,c) typical transmission electron microscopy (TEM) images of CsPbBr3 NCs; (d) X-ray diffraction 

patterns for typical ternary and mixed-halide NCs.  

 

   

 

Figure 5.2. In-situ PL study during the formation of CsPbBr3 and CsPbI3 NCs.  (a, c) Selected PL spectra showing 

the evolution of PL peak and spectral linewidth. (b, d) Detailed kinetics of the PL peak evolution. Data points were 

taken with 10 ms intervals. 
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 CsPbX3 are known to crystallize in orthorhombic, tetragonal and cubic polymorphs of 

the perovskite lattice, with the cubic phase being the high-temperature state for all 

compounds.309-311 Interestingly, during this study it was found that all CsPbX3 NCs crystallize 

in the cubic phase (Figure 5.1d), which can be attributed to the combined effect of the high 

synthesis temperature and contributions from the surface energy. For CsPbI3 NCs, this is very 

much a metastable state, because bulk material converts into cubic polymorph only above 

315 °C. At room temperature, an exclusively PL-inactive orthorhombic phase has been reported 

for bulk CsPbI3 (a yellow phase).309-312 The first-principles total energy calculations (DFT, 

Figure 5.3, Table 5.1) confirm the bulk cubic CsPbI3 phase to have 17 kJ/mol higher internal 

energy than the orthorhombic polymorph (7 kJ/mol for CsPbBr3).  

 

Figure 5.3. The orthorhombic and cubic structures of CsPbI3. The orthorhombic and cubic structures of CsPbI3. 

The perfect corner-sharing octahedra of [PbI6] in the cubic structure become distorted (distortion index of 0.0176 

in bond lengths) and edge-sharing in the orthorhombic structure. Representing colors: Cs (violet); Pb (grey), I 

(purple). 

 

Table 5.1. The structural data for the orthorhombic and cubic structures of CsPbI3 (GGA-DFT, CASTEP). 

Space group  species  x y z site symmetry 

Pnma (62) 

a = 10.028 Å   

b = 4.853 Å  

c = 18.164 Å 

Cs 0.4280   0.6739  0.25 4c .m. 

Pb 0.1637 0.25 0.4411   4c .m. 

I 0.1668     0.25 0.0029     4c .m. 

I 0.0214   0.25 0.6067 4c .m. 

I 0.2894 0.25 0.2888   4c .m. 

Pm-3m (221)  

a = 6.348 Å 

Cs 0.5 0.5 0.5 1b m-3m 

Pb 0 0 0 1a m-3m 

I 0.5 0.5 0.5 3d 4/mm.m 
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 Weak emission centered at  ~710 nm has been observed from melt-spun bulk CsPbI3, 

shortly before recrystallization into the yellow phase.311 Similarly, this solution synthesis of 

CsPbI3 at 305 °C yields cubic-phase 100-200 nm NCs with weak, short-lived emission at 714 

nm (1.74 eV), highlighting the importance of size reduction for stabilizing the cubic phase and 

indicating that all CsPbI3 NCs in Figure 5.4b (5-15 nm in size) exhibit quantum-size effects 

(i.e., higher band-gap energies due to quantum confinement, as discussed below). Cubic 4-15 

nm CsPbI3 NCs may recrystallize into the yellow phase only upon extended storage (months), 

whereas all other compositions of CsPbX3 NCs appear fully stable in a cubic phase. 

 

 

Figure 5.4. Colloidal perovskite CsPbX3 NCs (X=Cl, Br, I) exhibit size- and composition-tunable bandgap 

energies covering the entire visible spectral region, with narrow and bright emission: (a) colloidal solutions in 

toluene, under UV lamp (λ=365 nm); (b) representative PL spectra (λexc=400 nm for all, but 350 nm for CsPbCl3 

samples). 
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Figure 5.5. Colloidal perovskite CsPbX3 NCs (X=Cl, Br, I): (a) typical optical absorption and PL spectra; (b) 

time-resolved PL decays for all samples shown in (a), except CsPbCl3. 

 

  

 Optical properties of colloidal CsPbX3 NCs. Optical absorption and emission spectra 

of colloidal CsPbX3 NCs (Figure 5.4b and Figure 5.5a) can be tuned over the entire visible 

spectral region by adjusting their composition (ratio of halides in mixed halide NCs) and 

particle size (quantum-size effects). Remarkably bright PL of all NCs is characterized by high 

QY of 50-90% and narrow emission linewidths of 12-42 nm. The combination of these two 

characteristics had been previously achieved only for core-shell chalcogenide-based QDs such 

as CdSe/CdS, due to the narrow size distributions of the luminescent CdSe cores, combined 

with an epitaxially grown, electronically passivating CdS shell.302,313 Time-resolved PL decays 

of CsPbX3 NCs (Figure 5.5b) indicate radiative lifetimes in the range of 4-29 ns, with faster 

emission for wider-gap NCs. For comparison, decay times of several 100 ns are typically 

observed in MAPbI3 (PL peak at  765 nm, FWHM=50 nm)314 and 40-400 ns for MAPbBr3-xClx 

(x=0.6-2).315   

 The very bright emission of CsPbX3 NCs indicates that, contrary to uncoated 

chalcogenide NCs, surface dangling bonds do not impart severe mid-gap trap states.  This 

observation is also in good agreement with the high photo-physical quality of hybrid organic-

inorganic perovskites (MAPbX3), despite their low-temperature solution-processing, which is 
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generally considered to cause a high density of structural defects and trap states. In particular, 

thin-films of MAPbX3 exhibit relatively high PL QYs of 20-40% at room-temperature116,118 and 

afford inexpensive photovoltaic devices approaching 20% in power conversion efficiency93,94 

and also electrically-driven light-emitting devices.110 

 Ternary CsPbX3 NCs compare favorably to common multinary chalcogenide NCs: both 

ternary (CuInS2, CuInSe2, AgInS2, and AgInSe2) and quaternary (CuZnSnS2 and similar) 

compounds.  CsPbX3 materials are highly ionic and thus are rather stoichiometric and ordered 

due to the distinct size and charge of the Cs and Pb ions. This is different from multinary 

chalcogenide materials that exhibit significant disorder and inhomogeneity in the distribution 

of cations and anions owing to little difference between the different cationic and anionic sites 

(all are essentially tetrahedral). In addition, considerable stoichiometric deviations lead to a 

large density of donor-acceptor states due to various point defects (vacancies, interstitials, etc.) 

within the band gap, both shallow and deep. In all, these effects eventually lead to absent or 

weak and broad emission spectra and long multiexponent lifetimes.34,316-319  

 

 

Figure 5.6. (a) Quantum-size effects in the absorption and emission spectra of 5-12 nm CsPbBr3 NCs. (b) 

Experimental vs. theoretical (effective mass approximation, EMA) size dependence of the band-gap energy. 
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For a colloidal semiconductor NC to exhibit quantum-dot-like properties (shown in Figures 

5.4b and Figure 5.6), the NC diameter must be comparable or smaller than that of the natural 

delocalization lengths of an exciton in a bulk semiconductor (i.e., the exciton Bohr diameter, 

a0). The electronic structure of CsPbX3 (X = Cl, Br, and I), including scalar relativistic and spin-

orbit interactions, was calculated using VASP code,306 and confirms that the upper valence band 

is formed predominately by the halide p-orbitals and the lower conduction band is formed by 

the overlap of the Pb p-orbitals (Figures 5.7 and 5.8, Tables 5.2 and 5.3).  

 

 

Figure 5.7. The calculated electron density associated with the upper valence band and lower conduction band of 

cubic CsPbI3. Note both hole and electron states will be associated with the PbI3 framework, supporting carrier 

transport in three dimensions. Similar electron distributions are found for the chloride and bromide systems.   The 

frontier electronic structure is determined by the PbX3 framework, with both hole and electron density distributed 

on the corner-sharing octahedral framework, which is similar to the hybrid halide perovskite CH3NH3PbI3.320,321 

The changes in the band gap observed for each material are primarily driven by the valence orbitals of the halide 

ion, where the atomic orbitals increase in binding energy from I (5p) to Br (4p) to Cl (3p), while the Pb 6p orbitals 

that form the conduction band remain relatively unperturbed.  
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Figure 5.8. The calculated electronic band structures for the three cesium lead halide perovskites (cubic phase), 

including relativistic corrections, from density functional theory (VASP code). The top of the valence band is set 

to 0 eV in each case. Note the similar dispersion relations in the valence and conduction bands, which are plotted 

from G (0,0,0) to R (½,½,½) to M (½,½,0) in the first Brillouin zone. From the electronic band dispersion, the 

effective masses of the electrons and holes were determined (within kBT of the band edges). The high frequency 

dielectric constants were calculated using density functional perturbation theory.322 A range of electronic 

properties for each material is summarized in Table 5.2. 

 

Table 5.2. The calculated properties of the three ternary halides (cubic phase) from density functional theory 

(VASP code), including the effective carrier masses and the high-frequency optical dielectric constants. The values 

are predicted at the equilibrium lattice constant and temperature effects are not included. There is a constant 

offset in the band gaps of ~0.2 eV with respect to the room temperature experimental values. The average hole 

and electron effective are given in units of electron mass.  

  Eg (eV) mh* me* ε ∞ 

CsPbCl3 2.82 0.17 0.20 4.07 

CsPbBr3 2.00 0.14 0.15 4.96 

CsPbI3 1.44 0.13 0.11 6.32 

 

Within effective mass theory,323 the effective Bohr diameter of a Wannier-Mott exciton can 

be defined from:       

𝑎0 =
2ℏ2𝜀∞

𝑚∗𝑒2
 

where ε∞ represents the effective dielectric constant and 𝑚∗ is the reduced carrier mass.  The 

corresponding binding energy between electrons and holes is:  
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𝐸𝑏 =
2ℏ2

𝑚∗𝑎0
2 

The values for each material are summarised in Table 5.3. Furthermore, from these values the 

extend of quantum confinement in a spherical potential well of radius r can be estimated from   

 

∆𝐸 =
ℏ2𝜋2

2𝑚∗𝑟2, 

 

which has been used to calculate the size dependence of the quantum confinement of the 

CsPbBr3. 

 

Table 5.3. The calculated optical Mott-Wannier exciton properties (binding energy in meV and diameter in nm) 

of the three halide perovskites (cubic phase) from effective mass theory using the values reported in Table S1. 

Values are shown for the limit of the high frequency optical dielectric constant. 

 Eb (meV) a0 (nm)  

CsPbCl3 75 5 

CsPbBr3 40 7 

CsPbI3 20 12 

 

 Effective masses of the electrons and holes were estimated from the band dispersion, 

while the high-frequency dielectric constants were calculated by using density functional 

perturbation theory.322 Within the EMA,323 the effective Bohr diameter of a Wannier-Mott 

exciton and the binding energies were estimated for CsPbCl3 (5 nm, 75 meV), CsPbBr3 (7 nm, 

40 meV) and CsPbI3 (12 nm, 20 meV). Similarly, in closely-related hybrid perovskite MAPbI3, 

small exciton binding energies of ≤25 meV have been suggested computationally324,325 and 

found experimentally.326 For comparison, the typical exciton binding energies in organic 

semiconductors are above 100 meV. The confinement energy (∆𝐸 = ℏ2𝜋2/2𝑚∗𝑟2, where r is 

the particle radius and 𝑚∗ is the reduced mass of the exciton) provides an estimate for the blue 

shift of the emission peak and absorption edge, and is in good agreement with the experimental 

observations (Figure 5.6b).  
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Figure 5.9. (a) Emission from CsPbX3 NCs (black data points) plotted on CEI chromaticity coordinates and 

compared to most common color standards (LCD TV, dashed white triangle, and NTSC TV, solid white triangle). 

Radiant Imaging Color Calculator software from Radiant Zemax (http://www.radiantzemax.com) was used to map 

the colors. (b) Photograph (λexc=365 nm) of highly luminescent CsPbX3 NCs-PMMA polymer monoliths obtained 

with Irgacure 819 as photo-initiator for polymerization. 

  

 Recently, highly luminescent semiconductor NCs based on Cd-chalcogenides have 

inspired innovative optoelectronic applications such as color-conversion LEDs, color-

enhancers in backlight applications (e.g., Sony’s 2013 Triluminos LCD displays) and solid-

state lighting.301,327,328 Compared to conventional rare-earth phosphors or organic polymers and 

dyes, NCs often show superior quantum efficiency and narrower PL spectra with fine-size 
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tuning of the emission peaks, and hence can produce saturated colors. A CIE chromaticity 

diagram (introduced by the Commision Internationale de l’Eclairage)329 allows the comparison 

of the quality of colors by mapping colors visible to the human eye in terms of hue and 

saturation. For instance, well-optimized core-shell CdSe-based NCs cover ≥100% of the NTSC 

TV color standard (introduced in 1951 by the National Television System Committee).329 

Figure 5.9a shows that CsPbX3 NCs allow a wide gamut of pure colors as well. Namely, a 

selected triangle of red, green and blue emitting CsPbX3 NCs encompasses 140% of the NTSC 

standard, extending mainly into red and green regions. 

 Light-emission applications, discussed above, and also luminescent solar 

concentrators,41,330 require solution-processability and miscibility of NC-emitters with organic 

and inorganic matrix materials. To demonstrate such robustness for CsPbX3 NCs, they were 

embedded them into PMMA, yielding composites of excellent optical clarity and with bright 

emission (Figure 5.9b). To accomplish this, CsPbX3 NCs were first dispersed in a liquid 

monomer (methylmetacrylate, MMA) as a solvent. Besides using known heat-induced 

polymerization with radical initiators,41 polymerization  was also performed already at room-

temperature by adding a photo-initiator Irgacure 819 (Bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide),331 followed by 1h of UV-curing. The presence of CsPbX3 NCs 

increases the rate of photopolymerization, compared to a control experiment with pure MMA. 

This can be explained by the fact that the luminescence from CsPbX3 NCs may be reabsorbed 

by the photoinitiator that has a strong absorption band in the visible spectral region, increasing 

the rate of polymerization. 

 

5.4. Conclusions 

 In summary, this chapter had presented highly-luminescent colloidal CsPbX3 NCs 

(X=Cl, Br, I, and mixed Cl/Br and Br/I systems) with bright (QY=50-90%), stable, spectrally 

narrow and broadly tunable PL. Particularly appealing are highly-stable blue and green emitting 

CsPbX3 NCs (410-530 nm), since the corresponding metal-chalcogenide QDs show reduced 

chemical and photostability at these wavelengths.  In other ongoing experiments it was found 

that this simple synthesis methodology is also applicable to other metal halides with related 

crystal structures (e.g., CsGeI3, Cs3Bi2I9, and Cs2SnI6). Future studies with these novel QD-

materials will concentrate on optoelectronic applications such as lasing, light-emitting diodes, 

photovoltaics and photon detection.    
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Chapter 6. Air-stable, near-to-mid-infrared 

emitting solids of PbTe/CdTe core-shell 

colloidal quantum dots 

 

 

6.1. Introduction 

 Chemically synthesized, colloidal QDs, made of narrow gap semiconductors such as 

PbS,12 PbSe,13-16 PbTe,17-20  HgTe,51-54 and InSb9-11 are under active investigation for 

applications in IR devices such as photodetectors,45,332-339 and IR light-emitting devices,340 as 

well as for deep-tissue biological imaging,336 electronics,169,341 and thermoelectrics.342,343 There 

is an abundance of literature and comprehensive reviews of this topic.45,47,344,345 All 

optoelectronic applications of QDs of these compounds seek to benefit from quantum-size-

tuning of the bandgap energy, covering near- and mid-IR spectral regions, inexpensive solution 

synthesis, and facile solution processing, in addition to their relative ease in terms of device 

integration. Contrarily to the visible spectral region, there is a much greater demand for efficient 

and inexpensive absorber and emitter materials in the IR spectral region beyond 1 µm 

wavelengths where mature silicon-based technologies cannot operate, making colloidal QDs a 

highly competitive class of materials. Among IR-active QD optoelectronic materials, PbTe QDs 

have received the least attention, primarily due to their environmental instability. Even upon 

brief exposure of colloidal PbTe QDs to air or moist solvents, their PL is drastically quenched. 

Thus far, only a few publications report measurable PL from colloidal PbTe QDs and only in 

the spectral range of 1.2-1.6 µm.17,346 In striking contrast, however, bright and stable PL, lasing, 

and electroluminescence at mid-IR wavelengths of 2-3.5 µm have been reported for PbTe QDs 
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that were produced by annealing PbTe/CdTe quantum well structures grown by molecular beam 

epitaxy.347-354 Efficient PL arises from type-I band-alignment (i.e., substantial confinement of 

both electrons and holes) between the rock-salt PbTe and zinc-blende CdTe structures (Figure 

6.1a). It is important to note that PbS/CdS or PbSe/CdSe heterostructures exhibit much smaller 

conduction-band offsets.355,356 Both tellurides (PbTe and CdTe) are immiscible over most of 

the binary phase diagram, and both crystal structures have nearly identical cubic unit cell 

dimensions (a = 0.639 nm for PbTe and 0.642 nm for CdTe), sharing the same fcc sublattice of 

Te atoms.  This leads to coherent and atomically sharp interfaces in high-symmetry directions 

with some cationic re-arrangement at the interfaces (Figure 6.1b).357-359 Inspired by these 

advances in epitaxial PbTe/CdTe nanostructures, this study is reviewing the colloidal synthesis 

route to PbTe QDs, aiming to develop an all-solution-based strategy for obtaining thin-films 

comprising PbTe QDs coated by electronically- and chemically-passivating CdTe shells 

(Figure 6.1c) that does not require high-vacuum equipment. The colloidal synthesis of PbTe 

QDs was combined with post-synthetic cation-exchange to form PbTe/CdTe core-shell QDs. 

In combination with recent advances in ligand-engineering and solution processing of QDs, this 

has led to the long sought proof-of-principle result – air stable, IR-luminescent PbTe/CdTe 

films. Besides being inexpensive, colloidal QDs can potentially bring numerous other inherent 

advantages, such as nearly limitless size-, composition-, and shape-engineerability.  
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Figure 6.1. (a) Energy diagram showing type-I band alignment in PbTe/CdTe nano-heterostructures; (b) Stick-

and-ball model of a non-reconstructed interface between PbTe and CdTe;358 (c) Scheme describing the solution-

phase approach to solids of PbTe QDs embedded in a CdTe matrix that involves the synthesis of core-shell 

PbTe/CdTe QDs, deposition of the film, ligand-removal, activation with CdCl2, and sintering of CdTe shells. 

 

6.2. Experimental section 

Synthesis of 16 nm PbTe QDs. TOPTe (0.1 M) as a tellurium precursor was prepared by 

dissolving Te shots (1-2 mm, 99.999%, Aldrich) in trioctylphosphine (TOP, 97%, Strem) at 50 

C. Lead oleate precursor was prepared by mixing lead acetate trihydrate (Pb(OAc)2 · 3H2O, 

99.99%, from Aldrich, 3 mmol, 1.137 g) with ODE (20 mL, 90%, Aldrich) and OA (19 mmol, 

6 mL, 90%, from Sigma-Aldrich) and vacuum-drying at 120 C for 1 hour. TOPTe solution (6 

mL) was then injected into lead oleate solution pre-heated to 220 C. The solution was then 

kept for 12 hours at 200 C. A mixture of TCE (anhydrous Sigma Aldrich, 99.9%) and OA (5:1 

by volume) was added during cooling (at 80-100 C) to maintain colloidal stability. PbTe QDs 

were isolated by adding a minimal amount of acetone as a non-solvent to destabilize the 



 

 

Chapter 6. Air-stable, near-to-mid-infrared emitting solids of PbTe/CdTe core-shell colloidal quantum dots       | 

L. Protesescu 

 

102 

 

colloidal dispersion, centrifuged, and redispersed in pure TCE. All manipulations were carried 

out under air-less conditions using dried solvents. 

Synthesis of PbTeCdTe core/shell QDs. To prepare the Cd oleate precursor solution, CdO (1 

g, 7.8 mmol, 99.99+%, Aldrich) was mixed with ODE (20 mL) and OA (6 mL), heated to 250 

°C until fully dissolved, and then dried at 100 °C under vacuum for 1 hour. To this solution 

kept at 100 °C, injected was dispersion of PbTe QDs in TCE (3 mL, ~300 mg of PbTe). Shell 

thicknesses of 0.5-1.5 nm can be obtained by adjusting the reaction time in 1-20 h range. 

Isolation and purification was conducted analogously to PbTe QDs, but repeated up to 4 times 

to obtain highly pure colloids for subsequent deposition of the films. 

Preparation of thin-film solids of PbTe/CdTe QDs. All manipulations were conducted in air 

using a spin-coater from Chemat Technology (model KW-4A). The glass substrate (1 cm2) was 

washed with acetone and ethanol and hydrophobized by spin-coated with 25 µl of 

hexamethyldisilazane (Sigma Aldrich, ≥99%) for 30 s at 1200 rpm. A 100 nm layer of 

PbTe/CdTe QDs was obtained by spin-coating 25 µL of QD dispersion (50-80 mg/ml in TCE) 

for 30 s at 1200 rpm. To remove oleate ligands, the film was dried for 1 min at 80 °C on a hot 

plate and immediately dipped for 30 s into a 4 M solution of hydrazine (from Gerling Holz + 

Co) in acetonitrile (Sigma Aldrich, 99.5%).  The film was then rinsed with isopropanol (Sigma 

Aldrich 99.5%) and dried with compressed air and with a hot plate (1 min, 80 °C). The film 

was then dipped for 30 s in a saturated solution of CdCl2 in methanol (anhydrous, 99.8%, Sigma 

Aldrich), followed by washing with isopropanol and air-drying. The necking of CdTe shells is 

then induced by annealing on a heating plate for 30 s at 300 °C. 

Transmission electron microscopy (TEM). TEM images were recorded using a JEOL JEM-

2200FS microscope operated at 200 kV. 

X-ray diffraction pattern (XRD). XRD diffractograms were collected with Bruker D8 powder 

diffractometer, operating in diffraction mode with M. Braun 50m position sensitive detector, 

Bragg-Brentano geometry, Cu Kα1 radiation (1.54 Å) and Ge-monochromator. 

Optical characterization. UV/vis/IR absorption spectra were collected using a Jasco V670 

spectrometer. PL spectra were acquired at room temperature with a Fluorolog-3 spectrometer 

(Horiba Jobin-Yvon) equipped with an 808 nm laser diode as an excitation source and liquid-

nitrogen-cooled InGaAs and InSb photodetectors. 

 

6.3. Results and discussion 

 Colloidal PbTe QDs. In the first stage of this work, the colloidal synthesis of PbTe 

QDs, previously reported by others,17,18,360-362 was optimized to enable the wavelength-tuning 
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of the PL maxima in the range from 1.5 to 3.2 µm (Figure 6.2). This is the first documented 

example of mid-IR luminescent colloidal PbTe QDs. 

 

Figure 6.2. (a) Absorption and (b) PL spectra for PbTe QDs dispersed in TCE. Colloids were prepared and 

measured under airless conditions. (c) Typical TEM images of PbTe QDs.  

  

 Trioctylphosphine telluride (TOPTe) as the tellurium source was injected into a hot 

solution of lead oleate in a mixture of  octadecene/oleic acid (ODE/OA, the latter acting as a 

capping ligand) at 170-220 C, and allowed to react for a period of 3 min to 12 hours. Higher 

temperatures, higher OA:Pb ratios, and longer reaction times led to larger NCs. A particular 

challenge in growing large PbTe QDs (d  14 nm for PLmax  2.5 µm) is to maintain their 

colloidal stability during growth – reactions with observable turbidity usually lead to irregularly 

shaped, polydisperse QDs. To prevent the irreversible aggregation of NCs after the reaction is 

quenched, a mixture of TCE and OA (5:1 by volume) is added during cooling (at 80-100 C). 

PbTe QDs were isolated by adding a minimal amount of acetone as a non-solvent to destabilize 

the colloidal dispersion, followed by centrifuging and redispersal in pure TCE. The largest QDs 

(~16 nm) were obtained with an OA:Pb molar ratio of 6, an injection temperature of 220 C, 

and a growth time of 12 h at 200 C. The size of 15-16 nm is already reached after 20 min, but 

further heating improves the monodispersity. The Pb:Te molar ratio was found to be rather 

insignificant and was held at 5 in most reactions in this work.  Attempts to further increase the 

size by increasing the reaction temperature were unsuccessful, leading to polydisperse QDs 
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(e.g., diameters of 18-80 nm at temperatures of 230-260 C, Figure 6.3). Well-structured optical 

absorption spectra of these PbTe QDs can be readily obtained owing to their highly 

monodisperse size distribution (Figures 6.2a and 6.2c). The QD shape evolves from near-

spherical (at d < 5 nm) to octahedral (at d = 5-10 nm) and then to cubic (at d > 10 nm), reflecting 

the known tendency of Pb chalcogenide QDs to expose lower surface energy {100} facets. The 

higher surface energy of {111} planes causes faster growth in the <111> direction and the 

eventual disappearance of these planes.  

 

 

Figure 6.3. PL spectra of colloidal PbTeCdTe QDs showing a broad emission at 3200 nm. Inset show TEM image 

showing broad size distribution from 18 nm to 80 nm.  

  

 Importantly, all PL spectra presented in Figure 6.2b were acquired for samples 

synthesized and purified under the rigorous exclusion of air and moisture, using dried solvents, 

Schlenk line and glovebox environments for chemical manipulations, and air-tight cuvettes for 

spectroscopy.  Even the brief opening of a cuvette for 30 min causes a quenching of the PL by 

at least an order of magnitude, especially for long-wavelength-emitting samples (Figure 6.4). 

This quenching was attributed to oxidation. The recent study by surface-selective NMR 

spectroscopy also shed light on this phenomenon; the surface layers of PbTe QDs were found 

to be fully dominated by Te4+ species (e.g., TeO2, PbTeO3), often also for samples which had  

not been exposed to air. These results show that even trace amounts of oxygen and water are 

sufficient to deteriorate the electronic passivation of PbTe QDs.363 On the contrary, CdTe QDs 

stored for months in air exhibit exclusively CdTe-related (nominally Te2-) NMR features. Thus, 

two tellurides that both exhibit much more covalent bonding character than, for instance, alkali 

tellurides (e.g., K2Te) may still exhibit drastically different air-stabilities, with the higher 

covalency of CdTe causing much higher stability. This observation further motivates the need 
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for the matrix-encapsulation of PbTe QDs and that CdTe may be an ideal material as a 

protective layer.  

   

 

Figure 6.4. PL spectra sowing the low stability of PbTe QDs solution after exposure to air. 

  

 Colloidal PbTeCdTe core/shell QDs. To obtain PbTe/CdTe core-shell QDs with ~1.5 

nm shell thicknesses, the cation-exchange method of Hens at al18  has been adapted. A detailed 

analysis of the morphology and interfaces of 5 nm PbTe QDs has been previously reported via 

high-resolution TEM18, but the effects of cation-exchange on the PL properties were not 

investigated. Cation-exchange occurs upon the addition of a many-fold excess of Cd oleate at 

100 C. The replacement of Pb by Cd shrinks the PbTe core, as can be seen from the 200-300 

nm shifts of the PL maxima to shorter wavelengths (Figure 6.5a).  The PL stability with respect 

to air significantly increased, requiring 10 times longer exposures for the same magnitude of 

quenching as for bare PbTe QDs. Clearly, the formation of a CdTe shell does not fully protect 

the PbTe core, likely due to expected structural imperfections of the shell. Deeper cation-

exchange would move the PL maxima further away, to the near-IR region of  2 µm, in which 

other materials such as PbS QDs exhibit high chemical robustness and are therefore more 

competitive. This study, thus, attempted to enlarge the CdTe shell by overcoating with CdTe 

using the SILAR method (successive ionic layer adsorption and reaction), commonly used for 

preparing Cd chalcogenide core-thick shell QDs such as CdSe/CdS.243 All attempts to deposit 

CdTe onto PbTe or onto PbTe/CdTe cores using SILAR (with TOPTe as the Te source) were 

unsuccessful, yielding irregularly shaped NCs with degraded PL properties. This negative result 

was attributed to the high propensity of surface amorphization of PbTe and CdTe; similar results 

have also been reported, for instance,  for SILAR-grown CdTe films364 and in PbTe/PbS 

QDs.342 The SILAR method appears to be best suited for more ionic sulfides, such as CdS.   
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Figure 6.5. Cation-exchange-based synthesis of core-shell PbTe/CdTe QDs and their characterization. (a) Typical 

PL spectra showing the shift of PL maxima to higher energies upon cation-exchange. (b) Low- and high-resolution 

TEM images of PbTe/CdTe QDs. 

 

 Thin-film solids of PbTe/CdTe QDs. Here the main objective is to remove the organic 

ligands and to sinter the CdTe shells, yielding a fully inorganic QD solid, in analogy to 

epitaxially grown PbTe/CdTe nanoheterostructures.347-354 The necessity for the removal of 

organic capping ligands was already discussed in previous studies, showing the ability of 

organic molecules to quench the mid-IR emission of PbSe NCs through the energy transfer of 

mid-IR electronic excitation to the vibrations of the organic ligands.28,365 PbTe/CdTe QDs 

dispersed in TCE (50 mg/mL) were spin-coated onto a glass substrate (step 1, Figure 6.6a), 

followed by drying on a hot plate (step 2). The sample was dipped into a 4 M hydrazine solution 

in acetonitrile to remove the organic ligands (step 3), as is commonly done for other colloidal 

QDs.366 After drying at 80 C (step 4), the film was kept for 30 s in a saturated solution of CdCl2 

in methanol (step 5) in order to introduce a minor surface coverage by CdCl2, an impurity that 

is commonly used to promote the low-temperature sintering and recrystallization of CdTe.367  

Sintering (i.e., local fusion) of the CdTe shells was then achieved by annealing at 300 C (step 

6). Steps 1-6 can be repeated up to seven times to reach a thickness of up to 1 µm (Figure 6.7). 
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Figure 6.6. (a) Schematic of the all-solution-based preparation of thin-film solids comprising PbTe QDs 

encapsulated with a protective CdTe layer. All manipulations were carried out in air. Steps 1 and 2: deposition of 

PbTe/CdTe QD layer by spin-coating from a concentrated dispersion. Steps 3 and 4: removal of organic capping 

ligands. Steps 5 and 6:  CdCl2-promoted sintering and necking of CdTe shells upon annealing at 300 C. Steps 1-

6 can be repeated up to 7 times to grow up to 1000 nm thick films. Inset shows a photograph of a 5-layer film. (b) 

Near- to mid-IR PL spectra of several typical 5-layer films. Dashed spectra are those from the corresponding 

initial colloids of PbTe/CdTe QDs. 

 

  

 

Figure 6.7. PL spectra of PbTe QDs in CdTe matrix showing the evolution of the peak with increasing the number 

of the steps and therefore the thickness of the film. 
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Figure 6.8. XRD pattern for PbTeCdTe colloidal QDs (black) and PbTe QDs encapsulated in CdTe matrix 

 The PL of the resulting films, covering the near-to-mid-IR spectral region, is presented 

in Figure 6.6b. The FWHM of each peak varies between 216 nm and 450 nm, slightly larger 

than for PbTe and PbTe/CdTe QDs in colloidal dispersion (FWHM = 175-300 nm). The 

formation of the CdTe matrix after the film preparation is proven by the XRD diffraction pattern 

(Figure 6.8) were the PbTe is no longer visible and characteristic diffraction peaks for CdTe 

are present. Importantly, the films were re-measured after one year of storage under ambient 

conditions and the spectra were identical to those of the fresh samples.   

 

6.4. Conclusions 

 In conclusion, this study showcases an all-solution based strategy for obtaining all-

inorganic solids consisting of PbTe QDs embedded into a CdTe matrix. Such “total synthesis” 

of PbTe/CdTe composites involves the colloidal preparation of organic-ligand capped PbTe 

QDs from molecular precursors, cation-exchange for obtaining PbTe/CdTe QDs, deposition of 

QDs by spin-coating, chemical removal of organic ligands, and partial fusion of CdTe shells. 

Near- and mid-IR PL was monitored throughout the study and the overall conclusion is that the 

effective embedding of PbTe QDs into a CdTe matrix results in an air-stable material with 

stable near-to-mid-IR emission. Future work should expand the versatility of this method by 

tuning the compositions of QDs and of the matrix. For instance, ZnTe and CdZnTe crystalline 

matrices may be devised from the known solution phase depositions of ZnTe from its hydrazine 

or ethylenediamine solutions.368 Various ternary alloys - Pb1-xEuxTe and Pb1-xSnxTe – in the 

form of QDs may provide narrow bandgap energies to cover the broad infrared region of 2.5-

30 µm. 
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Chapter 7. Conclusions and outlook 

 

7.1. Conclusions 

 This dissertation encompassed four projects, each achieving the initial target. Two of 

them contributed to the understanding of the surface chemistry of colloidal NCs. Two other 

projects developed novel, air-stable QD emitters for the visible and infrared spectral regions. 

The specific scientific findings of these four projects can be summarised as follows: 

 (1) Thiostannate-capped CdSe NCs, as a typical example of MCC-capped NCs, have 

been subjected to all known characterization techniques that can probe the coordination of 

molecules at the surfaces. For the first time, the mass-balance of the organic-to-inorganic 

ligand-exchange has been examined quantitatively and the behaviour of the unbound and 

surface-bound MCC has been revealed. Purely X-type ligand-exchange mechanism has been 

found, meaning that Cd adatoms remain at the NC surface. The combined analysis of solution 

1H NMR, solution and solid-state 119Sn NMR, far-IR and XAS spectroscopies and DFT 

modelling pointed to the retention of the four-coordinate Sn-S environment. The retention of 

metal-rich surfaces and X-type ligand exchange should be generally true for all strongly-

binding inorganic ligands such as chalcogenidometallates and metal-free chalcogenide ions (S2-

, Se2-, Te2-, SCN-).  

 (2)  The utility of DNP SENS for analyzing highly disordered, outermost layers of the 

NPs irrespective of the chosen ligand-capping (organic or inorganic) is demonstrated using 

naturally oxidized, highly monodisperse 10 and 18 nm Sn/SnOx NPs. The combined analysis 

of DNP SENS with TEM, Mössbauer and XAS spectroscopies, and XRD is consistent with a 
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core/shell1/shell2 model of Sn/SnO/SnO2 NPs capped with organic and inorganic ligands, 

where the only crystalline constituent is the metallic β-Sn core.  

 (3)  The advent of perovskite lead halide semiconductors has been, in opinion of many 

experts, the most disruptive development in materials research in the last 5 years. Methyl 

ammonium lead halides have been shown to exhibit outstanding potential as inexpensive 

absorber for solar cells, with over 20% power conversion efficiency, which is unprecedented 

for solution-processed photovoltaics. Despite structural imperfections and impurities, the 

photophysical quality of these materials is inherently high, with defects not acting as traps for 

carriers. This defect-tolerance of perovskites can be potentially harnessed for important 

applications going beyond photovoltaics. This study, for the first time, has brought perovskite 

research to nanoscale. Monodisperse colloidal NCs of fully inorganic cesium lead halide 

perovskites (CsPbX3, X=Cl, Br, and I or mixed halide systems Cl/Br and Br/I) were synthesized 

using inexpensive commercial precursors. The PL of CsPbX3 NPs is characterized by narrow 

emission line-widths of 12-42 nm over the entire visible spectral region of 410-700 nm, wide 

color gamut covering up to 140% of the NTSC color standard, high quantum yields of up to 

90% (owing to defect-tolerance) and radiative lifetimes in the range of 4-29 ns. Also, these NCs 

were embedded into poly(methylmetacrylate) using photopolymerization at room temperature, 

yielding composites of  excellent optical clarity and with bright emission. These are the first 

NC materials with same or better photophysical quality as best commercial core-shell 

CdSe/CdS QDs. Yet CsPbX3 NCs are up to 100 times less expensive and their synthesis can be 

easily up-scaled.  Not shown in this dissertation are the latest results showing unconventional 

reactivities found in CsPbX3 NCs, such as first example of deliberately partial or complete 

anion-exchange.  

 (4) Light emitters and detectors operating in the near- and mid-infrared spectral regions 

are important to many applications such as telecommunications, high-resolution gas analysis, 

atmospheric pollution monitoring, medical diagnostics, and night vision. Traditionally, it is 

very difficult to access IR region with QD materials due to limited number of suitable narrow-

gap semiconductors as well as because of difficulties with characterization and obtaining of 

evironmetally-stable near-IR emission. Various lead chalcogenides (binary, ternary, and 

quaternary alloys) in the form of QDs or quantum wells provide narrow bandgap energies that 

cover the broad infrared region corresponding to wavelengths of 1-30 µm. An inexpensive, all-

solution-based synthesis strategy to thin-film solids consisting of 5-16 nm PbTe QDs 

encapsulated by CdTe shells has been developed in this project. Colloidally synthesized PbTe 

QDs were first converted into core-shell PbTe/CdTe QDs, and then deposited as thin films. The 
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subsequent fusion of the CdTe shells is achieved by ligand-removal and annealing in the 

presence of CdCl2. Contrarily to highly unstable bare PbTe QDs, PbTe/CdTe QD solids exhibit 

bright and stable near-to-mid-infrared emission at wavelengths of 1-3 µm, which is also 

retained upon prolonged storage at ambient conditions for one year. 

 

7.2. Outlook 

 Within this thesis, the first attempts to use DNP-SENS for colloidal QDs were 

unsuccessful, but worked well for Sn/SnOx NPs. At the same time, the major reasons for the 

lack of signal enhancement were identified. In short, DNP-SENS on QDs is difficult due to 

agglomeration of QDs upon cooling of their colloids. Because of small QD size of just 3-6 nm, 

the voids within the aggregates are too small for efficient diffusion of the biradical polarizing 

agents, unlike to large voids in-between 10-20 nm Sn/SnOx NPs. This has been taken into 

account in the work of the more recent PhD student in the Kovalenko Group (Laura Piveteau), 

where mesoporous silica matrix was introduced as a host for QD colloids. Such matrix prevents 

aggregation of QDs. Finally, the problem had been resolved with such matrix-assisted DNP in 

QD colloids and high enhancement factors of 10-90 were observed for a variety of QDs 

(Piveteau et al.).363 This opens a plethora of further possibilities for colloidal nanomaterials, 

such as studies on nanoplatelets, carbon dots, etc. 

 With regard to infrared-active QDs, two major directions for future studies are (i) mid-

IR dots for photodetectors and lasers and (ii) near-IR dots for photovoltaics. Future prospects 

of QDs for photovoltaics remain highly debatable and there are major challenges to be 

addressed369.  In particular, a 3 nm QD contains half of its atoms at the surface and therefore 

QD devices are highly sensitive to the environment. Although encapsulation of devices may 

solve this problem, an even greater issue remains open - an inherent thermodynamic instability. 

NCs tend to reduce their surface by sintering. Thus a “conflict-of-interests” problem appears: 

this sintering on a time scale of minutes-to-weeks is greatly promoted by the removal of long-

chain capping ligands that is needed to enable charge transport in QD arrays. For photovoltaics, 

this is a major risk of continuous deterioration of electronic characteristics and reduction of the 

bandgap of the device. Such difficulties may eventually be found to be unresolvable.  In this 

regard, one can draw analogies to other devices and materials of increasing complexity such as 

dye-sensitized solar cells or organic photovoltaics, all suffering from the long-term instability 

under continuous operation. Perhaps sufficient durability for over decades can be indeed 

accomplished only with ultrasimple materials such as elemental silicon.  Future work on QD 

photovoltaics will clarify these considerations. One possible strategy can be outlined – 
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replacement of densely packed QD solids with fully inorganic QD-in-semiconductor 

composites with high volume fraction of QDs. This will require development of a solution 

phase strategy that involves one solution containing QDs capped with inorganic ligands and 

molecular precursors for the matrix. Upon solution-processing, for instance, by spraying and 

mild thermal treatment (25-200 C), it should be possible to generate such QD-in-semiconduct 

composite. The rational selection of QDs and matrix semiconductor may lead to bulk p-n 

heterojunctions with a balanced transport of electrons and holes and can prevent sintering. 

Appropriate inorganic ligand-exchange chemistries, studied in this work and by others, have 

led to the realization of electronic devices exhibiting impressive performance such as electron 

and hole mobilities of 20-30 cm2/Vs and 1-2 cm2/Vs, respectively.  Common inorganic capping 

ions such as halides (I-, Br-), chalcogenides (S2-, Se2-), chalcogenidometalates (Sn2S6
4-), 

halometalates (PbI3
-), etc. can serve the purpose. The inorganic matrix can be devised either 

from the same molecular compound as that used for ligand-capping, as in the case of 

(N2H5)4Sn2S6  SnS2(crystalline) + H2S(gas) + N2H4(gas), occurring at 180 C, or from a 

different compound added to the QD colloid after ligand-exchange. Clearly, such inorganic 

chemistries fully eliminate carbon and oxygen, common “poissons” for electronic devices. 

Further work must be undertaken to extend such all-inorganic approaches to the realm of 

applications, foremost in QD photovoltaics. Thus far, such structures also lack the long-range 

order of QDs. One should still learn how to build superlattices from electrostatically stabilized 

small-inorganic-ligand-capped QDs.  

 Another critical future concern comes from environmental risks, calling for 

development of heavy-metal-free QD materials. There is a danger that toxic materials will be 

increasingly marginalized. Worldwide major impact comes from the European Union's 

Restriction of Hazardous Substances Directive (RoHS, Directive 2011/65/EU of the European 

Parliament), which restricts the use of certain hazardous materials, including heavy metals such 

as Cd, Hg and Pb, in electrical and electronic equipment, with a few exemptions such as for PV 

and lead-acid batteries. Further, the European RoHS is to some extent being implemented on 

other continents and has major impact on respective technologies. Here comes potential 

advantage of Pb over Cd. As of now, the RoHS limit for Cd in any device is 0.01% by weight 

in any homogeneous layer (defined as “one material of uniform composition throughout or a 

material, consisting of a combination of materials, that cannot be disjointed or separated into 

different materials by mechanical actions such as unscrewing, cutting, crushing, grinding and 

abrasive processes”).145 For Pb, however, this limit is less restrictive – 0.1%. PV applications 

are at the moment exempted from the RoHS. This lifting of regulation has been a direct result 
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of life-cycle analysis showing that professionally installed and maintained CdTe solar cells are 

very unlikely to release Cd into the environment, even in the case of fire.370 RoHS exemptions 

are considered fixed-term, reviewed every 4 years, until a suitable non-heavy metal technology 

is developed. For example, members of the European Parliament (MEPs) recently voted against 

a proposed extension of the exemption for Cd-containing QDs for television display 

applications. The MEPs’ rejection of the proposal does not immediately ban Cd-containing QDs 

in displays, but will trigger a new assessment. This more stringent policy has largely come from 

the commercialization of non-heavy-metal QDs (InP-based) and their recent advent on the 

consumer television market, foremost from Samsung. One can, however, argue that InP-based 

non-heavy-metal QDs still lack well behind the performance of Cd-chalcogenides or CsPbX3 

perovskites. The size-tuning of InP is way more limited than for CdSe due to smaller exciton 

size in InP and less mature synthesis of III-V compound NCs. Overall, CsPbX3 NCs may 

become the most balanced choice – better performance than InP and Cd-chalcogenides, with 

better compliance to RoHS as compared to cadmium compounds, and may be eventually 

commercialized. Concerted efforts to perform full life-cycle analysis are therefore required to 

assess the environmental benignity of CsPbX3 NCs.  Future work must also concern the key 

remaining challenge for lead halide NCs - their small but finite solubility in water and polar 

solvents, which currently fully precludes biological applications and restricts the list of solvents 

and non-solvents that can be used for isolation and dispersion of such NCs. Possible way out 

may include either of: passivation with polydentate ligands, with metal less soluble inorganic 

salts such as some phosphates and fluorides, or with silica. As of January 2016, Kovalenko 

group had received a CTI project joinly with the Swiss company Nanograde AG in order to 

develop CsPbX3 color conversion films for LCD displays.  

 The work of the candidate published early in Feberuary 2015 in Nano Letters, 

pioneering the first synthesis of CsPbX3, had attracted enormous attention and caused numerous 

follow-up publications by others, including demonstration of CsPbX3 NC LEDs,371 lasing372 

and single-dot spectroscopy.131 Apparently, the focus of the relevant research community had 

largely shifted from Cd-chalcogenides to these novel materials.
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Appendix A. Abbreviation list 

Abbreviation Full name 

  

  

bcTbK Bis-cyclohexyl-piperidinyloxy-bisketal 

CN Coordination number 

DFT Density functional theory 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

DNP Dynamic nuclear polarization 

DOA Dioctylamine 

EA Ethyleneamine 

EDX Energy-disperse X-Ray spectroscopy 

EELS Electron energy loss spectroscopy 

EMA Electronic mass approximation 

EQ Quadrupolar splitting 

EXAFS Extended X-ray absorption fine structure 

ɛH 
1H DNP enhancement factors 

FA Formamide 

FTIR Fourier transformed infrared spectroscopy 

FWHM Full width at half maximum 

HAADF Wide-angle annular dark - field 

HMPA Hexamethylphosphoramide  

HOMO Highest occupied molecular orbital 

HRTEM High-resolution TEM 

IR Infrared 

IS Isomer shift 

LE Ligand echange 

LED Light emitting diode 

LUMO Lowest unoccupied molecular orbital 

MCC Metal chalcogenide complexes 

MeCN Acetonitrile 

MFA Methylformamide 

MMA Methylmethacrylate 

MW Microwaves 

NC Nanocrystal 

NMR Nuclear magnetic resonance 

NP Nanoparticle 

OA Oleic acid 

ODE 1-octadecene 

OLA Oleylamine 

PL Photoluminescence 

PMMA Polymethylmethacrylate 

pXRD Powder  X-ray diffraction 

QD Quantum dot 

QY Quantum yield 

SEM Scanning electron mycroscopy 
tBuOH Tert-buthanol 

TCE 1,1,2,2-tetrachlorethylene 

TEM Transmission electron microscopy 

TOP Trioctylphosphine 

XANES X-ray absorption near edge structure 

XAS X-ray absorption spectroscopy 

XRD X-ray diffraction spectroscopy 

http://en.wikipedia.org/wiki/Hexamethylphosphoramide
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