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Abstract 

In the scientific literature colloidal nanocrystals are presented as promising materials 

for multiple applications, in areas covering optoelectronics, photovoltaics, spintronics, 

catalysis, and bio-medicine. On the marked are, however, only a very limited number of 

examples found, indeed implementing colloidal nanocrystals. Thus the scope of this thesis 

was to modify nanocrystals and to tune their properties to fulfill specific demands. While 

some modifications could be achieved by post synthetic treatments, one key problem of 

colloidal nanocrystals, hampering there widespread application is the toxicity of their 

constituents. To develop nanocrystals from non-toxic materials has been a major goal of this 

thesis as well. Roughly, the results in this thesis could be subdivided into three parts: (i) the 

development of ion exchange methods to tailor the properties of metallic and metal-oxide 

based nanocrystal heterostructures, (ii), the synthesis of semiconductor nanocrystals from 

non-toxic materials, and (iii) the characterization of the nanocrystals by measurements of their 

morphology, chemical composition, magnetic-, optical-, and electronic properties.  

In detail, the thesis is subdivided into an introductory chapter, 4 chapters reporting on 

scientific results, a chapter reporting the used methods, and the conclusions. The 4 chapters 

devoted to the scientific results correspond to manuscripts, which are either currently in 

preparation, or have been published in highly ranked scientific journals such as NanoLetters 

(chapter 2), ACS Nano (chapter 4), or JACS (chapter 5). Thus, these chapters provide also an 

extra introduction and conclusion section, as well as separate reference lists. 

Chapter 2 describes a cation exchange process which is used to tune and improve the 

magnetic properties of different iron-oxide based colloidal nanocrystal-heterostructures. The 

superparamagnetic blocking temperature, magnetic remanence, and coercivity is tuned by 

replacing Fe2+ by Co2+, which results in an enhancement of the magnetocrystalline anisotropy. 

As a result the complex ferri-magnetic properties of the nanocrystals become detectable at 

room temperature, whereas they were greatly restricted to cryogenic temperatures before the 

cation exchange. The improvements achieved by the cation exchange widens the applicability 

of the iron-oxide nanocrystals for spin based magneto-electronics applications.  

A related post synthetic treatment to the iron exchange is the galvanic exchange, 

applied in chapter 3 to transform Sn nanocrystals into Ag-Sn intermetallic alloys. These alloys 

are of high interest for catalytic applications and batteries. The special case of Sn nanocrystals 

 
vii 

 



appeared to be highly interesting due to the metal/metal-oxide core/shell nature of these 

nanocrystals. The naturally formed SnO2 shell, which spontaneously forms as soon the 

nanocrystals are exposed to air, plays a decisive role in the galvanic exchange process. While 

it appears to be permeable for Ag ions, enabling the desired galvanic transformation of the 

nanocrystal core to an AgSn alloy, it effectively protects the nanocrystals core from other 

metals, including nobel metals. These processes were evidenced in this work in detail by in-

situ experiments, performed by synchrotron X-ray diffraction and proven by transmission 

electron microscopy.  

That the ion exchange can be used also for direct synthesis of chalcogenide 

semiconductor nanocrystals is shown in chapter 4. In this case the cation exchange reaction 

has been used for the in-situ synthesis of highly reactive metal precursors, which subsequently 

react with chalcogenides to form 2-4 nm small nanocrystals. Encouraging results were 

obtained for silver chalcogenides, representing “green” alternatives to the commonly used 

infrared nanocrystals based on semiconductors containing toxic elements such as Pb and Hg. 

In this chapter only my own contribution to the work is described, namely the synthesis 

strategy, because further details of these developments were worked out by another PhD 

student. Thus the full story of the Ag-chalcogenide nanocrystals is presented in Appendix A.  

Chapter 5 of the thesis introduces another possibility to obtain non-toxic nanocrystals. 

It describes a procedure to transform powders of archetypical organic pigments into colloidal 

solutions of semiconductor nanocrystals. These nanocrystals are synthesized with controlled 

sizes and shapes. They are eventually covered with smart ligands, providing rapid charge 

separation, and exhibit emission in the visible and near-infrared spectral region. Based on 

them, photodetectors with responsivities up to 0.9 A/W, humidity sensors with a dynamic 

range of 7 orders of magnitude, and field effect transistors are demonstrated, fabricated by 

drop-casting or paint-brushing. These results show up an enormous potential of these colloidal 

pigment nanocrystals for the development of an environmentally-friendly, biocompatible, and 

low-cost electronics.  
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Chapter 1 
 

Nanocrystals and their Synthesis by Colloidal 
Chemistry 

 
Colloidal nanocrystals from metals, semiconductors, and magnetic materials are of high 

interest due to their facile and cheap fabrication and their potential applications in medicine, 

biosciences, and (opto-)electronic device fabrication. These applications benefit also from the 

possibility to control the physical properties of nanocrystals by their size. This chapter 

describes the basics of inorganic nanocrystals, including their physical properties, synthetic 

principles, and possible applications. 
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1.1 Colloidal nanocrystals 

 
Nanocrystals are essentially crystals whose dimensions are at least in one direction 

below 100 nm. In the nanocrystalline state materials can exhibit new properties that are not 

inherent to their macroscopical crystals. Reasons for these properties include quantum size 

effects and surface effects, due to changes of the relative contribution of the surface energy to 

the overall energy of the system. When nanocrystals are chemically synthesized, they can also 

form a colloid, in which the nanocrystals are separated from each other and homogeneously 

distributed within a solvent. Then the term “colloid” is used to express a state of the 

nanocrystals.1 The first scientific observation of colloidal nanocrystals was done by Michael 

Faraday in 1850s2 (Figure 1.1). He discovered that the color of a gold colloid is different from 

normal bulk gold and concluded that the reason for that is the size of gold particles. 

 

Figure 1.1. Colloidal gold prepared by Michael Faraday in 1850s. The gold colloidal solution is stable 

since its synthesis up to now.3 
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Size effects are even more significant for inorganic semiconductor materials. When 

the size of a semiconductor crystal is smaller than the exciton Bohr radius then the energy of 

the band gap is rising up due to so called quantum confinement effect. The first examination 

of size dependent properties of semiconductor materials was done by Alexey Ekimov4, 5 in 

glass matrix colloids and by Louis Brus6 in frozen liquid colloidal solutions. They have 

shown that the valence band to conduction band optical absorption of small semiconductor 

crystals is shifted toward higher energies relative to the absorption of bulk crystals, even 

though the nanocrystals reveal the same crystal structure and bond length. Louis Brus has 

used the “particle-in-a-box” model7-9 to explain absorption features of the spectra from small 

crystals (Figure 1.2).  

 

Figure 1.2. Optical absorbance spectra of differently sized colloidal ZnSe nanocrystals.9  

 

The energy of the excited electron in the semiconductor nanocrystal, at the bottom of 

the conduction band, can be expressed by the sum of band gap energy and an additional 

energy which appears because of quantum confinement of the electron wave function in the 

small crystal: 
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𝐸𝐸𝐿𝐿 ≅  𝐸𝐸𝑔𝑔 + 𝐸𝐸𝑐𝑐  ,  (1.1) 

where the energy level of a lowest unoccupied nanocrystal orbital (LUNO) of the excited 

electron is 𝐸𝐸𝐿𝐿. The band gap energy is 𝐸𝐸𝑔𝑔, and 𝐸𝐸𝑐𝑐 is the energy due to quantum confinement. 

𝐸𝐸𝑐𝑐 appears when the size of the box (which is the diameter of nanocrystal) is smaller than the 

De-Broglie wavelength of the electron wave function. It can by expressed by the particle-in-a-

box quantum localization energy: 

𝐸𝐸𝑐𝑐 ≅  𝜋𝜋
2ℏ2𝑛𝑛2

2𝑚𝑚𝑒𝑒𝑅𝑅2
 ,   (1.2) 

where ℏ is the Plank constant, 𝑛𝑛 is the quantum number of the excited electron state which is 

equal to 1 at the bottom of conduction band, 𝑚𝑚𝑒𝑒 is the effective mass of an electron in the 

given semiconductor, and R is the diameter of nanocrystal. In a similar way the energy of a 

hole in the highest occupied nanocrystal orbital (HONO) energy level has to be calculated, 

with the hole effective mass 𝑚𝑚ℎ. Than the band gap energy of a nanocrystal can be 

approximated for the lowest exited electronic state: 

𝐸𝐸𝑔𝑔(𝑁𝑁𝑁𝑁) ≅  𝐸𝐸𝑔𝑔 + 𝐸𝐸𝑐𝑐 + 𝐸𝐸𝑣𝑣 − 𝐸𝐸𝑒𝑒  , (1.3) 

with the quantum confinement energy for the hole, 𝐸𝐸𝑣𝑣, and an electrostatic potential energy of 

the electron-hole interaction 𝐸𝐸𝑒𝑒. Then the band gap energy for a given semiconductor 

nanocrystal can be calculated by:9   

𝐸𝐸𝑔𝑔(𝑁𝑁𝑁𝑁) ≅  𝐸𝐸𝑔𝑔 + 𝜋𝜋2ℏ2

2𝑅𝑅2
� 1
𝑚𝑚𝑒𝑒

+ 1
𝑚𝑚ℎ
� − 1.8𝑒𝑒2

𝜖𝜖𝑅𝑅
 , (1.4) 

where 𝜖𝜖 is the size dependent dielectric constant, and 𝑒𝑒 is the electron charge. The size of 

nanocrystal 𝑅𝑅 plays the dominant role for quantum confinement of the electron and hole in 
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three dimensions, which is responsible for the increase of the effective band gap. The latter is 

directly seen in the optical properties of the nanocrystals (Figure 1.2, 1.3). Both, the 

absorbance and photoluminescence of semiconductor nanocrystals can be controlled by 

tuning the final nanocrystal size (Figure 1.3). 

 

Figure 1.3. CdSe colloidal nanocrystals are affected by quantum confinement. Size dependent 

fluorescence (a) and absorbance spectra of CdSe nanocrystals (b).10 

The difference in properties between bulk materials and nanocrystals can be seen even 

by naked eye. Figure 1.4a shows an image of a CdSe ingot, exhibiting a dark and shiny 

surface typical for semiconductors with a band gap in the infrared, and in addition an image of 

variously sized CdSe nanocrystals, which have bright yellow and red colors. One of the main 

reasons for the pronounced quantum confinement effect in CdSe (Figure 1.4c) lies also in the 

effective mass of electron inside semiconductor, 𝑚𝑚𝑒𝑒, which is significantly smaller than the 

electron mass in vacuum. The value 𝑚𝑚𝑒𝑒 is dictated by an electron wave diffraction from the 

crystal lattice, and strong electron coupling to the lattice, and has different numbers for 

different semiconductors. For example 𝑚𝑚𝑒𝑒(𝑁𝑁𝐶𝐶𝐶𝐶𝑒𝑒) = 0.18𝑚𝑚0,𝑚𝑚𝑒𝑒(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) = 0.05𝑚𝑚0, where 

𝑚𝑚0 is the mass of a free electron. 
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Quantum confinement is affecting not only to the value of band gap energy but also 

the distribution and density of electron energy states (Figure 1.4 d,e). If a piece of 

semiconductor is small enough in all 3 directions, the electronic bands split up into discrete 

states (Figure 1.4c,d), which are numbered 1S, 1P, 2S, similar as in the hydrogen atom, even 

without considering excitonic effects. The absorbance peaks seen in Figures 1.2 and 1.3b 

represent optically induced transitions of electrons in between the discretized valence band 

states to conduction band states.  

 

Figure 1.4. Differences in the properties of a bulk semiconductor and of semiconductor quantum dots. 

(a) Foto of a CdSe ingot. (b) On the left side there are CdSe nanocrystal colloidal solutions, and on the 

right side an electron microscopic image of CdSe nanocrystals is shown. (c) Schematic representation 

of electronic bands in a bulk semiconductor (left) and of discrete nanocrystal states (right). The 

increase of the band gap energy due to quantum confinement is proportional to 𝑅𝑅−2,  𝑚𝑚𝑒𝑒
−1,𝑚𝑚ℎ

−1, 𝜀𝜀. (d) 

The density of states as a function of energy for bulk semiconductor and (e) for semiconductor 

nanocrystalls. 
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The bright luminescence of the nanocrystals (Figure 1.3a, Figure 1.4b) is obtained 

because of the high crystalline quality of the nanocrystals material and because organic ligand 

molecules are attached to their surface. They saturate all surface states. Furthermore, they are 

the reason why the nanocrystals form stable colloidal solutions in various liquids. The ligands 

also coordinate the surface atoms during growth and they even allow obtaining some control 

over the nanocrystals shape. Organic ligands or surfactants are chemical compounds that 

concentrate on the thermodynamic interface between two phases and cause a reduction of the 

surface energy. As a rule, the organic ligands are compounds which are of amphiphilic nature, 

and contain 2 parts, the polar hydrophilic moiety and nonpolar hydrophobic hydrocarbon 

chain. As an example for a ligand also soap can be taken, which is heavily used by people in 

daily life. The ligands attach via their polar groups to the nanocrystals surface during their 

growth (Figure1.5). There are a lot of different kinds of ligands, dependent on the nature of 

the polar group, including carboxylic acids (-COOH), phosphines (>P-), thiols (- SH), amines 

(-NH2), etc.   

 

Figure 1.5. Left: Schematic representation of a nanocrystal which is capped by ligands. Right: Sketch 

of a ligand with two different, polar and nonpolar parts.  
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1.2 Synthesis and growth 

 
The synthesis of monodisperse colloidal nanocrystal batches is a major goal in any 

colloidal nanocrystal chemistry. There are “top down” and “bottom up” methods. A top down 

method11, 12 is for instance mechanical milling of bulk materials to a fine powder which is 

than subsequently dispersed in a surfactant solution. This method works indeed on large 

scales and it provides nanoparticles with uncontrolled shapes and sizes (Figure 1.6a). A 

bottom up strategy is to build the nanomaterials13, 14 from molecular precursors in the 

presence of ligands which protect each nanocrystal from further growth and from coagulation. 

This method can indeed provide very monodisperse samples which are able to self-assemble 

into ordered superstructures (Figure 1.6b).15  

 

Figure 1.6. (a) Nanoparticles fabricated by mechanical milling. (b) Self-assembled colloidally 

synthesized nanocrystals. 
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One of the possibilities to grow nanocrystals with bottom up strategy is to use wet 

colloidal chemistry. The required equipment is pretty simple (Figure 1.7). It includes a supply 

for vacuum and inert gases and a reaction flask with a stirrer and a heating mantle (Figure 

1.7a). The setup includes some glass ware which is connected to a vacuum pump through a 

liquid nitrogen cooled trap (Figure 1.7b,c,d). A second tube is connected to a gas supply from 

one side and via an oil bubbler to the exhaust (Figure 1.7a,b). To these 5 tubes (Figure 1.7b) 

the reactors can be connected via a water cooler (Figure 1.7a.e). The usual reactor is a 3 neck 

flask where in addition a thermo couple is connected. The third neck is used for injection of 

the precursor solutions (Figure 1.7a.e). Colloidal wet chemistry can produce materials with 

good yield and on big scale, much larger then all epitaxial technologies. The investments to 

start the synthesis are much lower as for any epitaxial method, which is one of the reasons for 

the big success of this technology.  

The most successful wet colloidal chemistry strategy is called “hot-injection” method, 

which was first introduced by the Bawendi group13 to provide highly luminescent Cd-

chalcogenide nanocrystals (Figure 1.3). In an ideal case this method provides temporarily 

separate nanocrystal nucleation and growth stages, so that at the end each nanocrystal expired 

a very similar growth history. Important issues in respect to monodisperse nanocrystal batches 

are size focusing and Ostwald ripening, which are competing processes depending on 

supersaturation, growth time and growth temperature. Thus for each material system, growth 

parameters have to be optimized, as well as appropriate precursors, solvents and ligands have 

to be found. 
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Figure 1.7. Schlenk line. It consists of (a) a supply for vacuum and inert gases, water cooler, a three-

neck reaction flask, magnetic stirrer, thermo couple connected to the thermo controller together with a 

heating mantle, (b) glass ware with two glass tubes connected with valves between each other, where 

one tube is connected to a gas supply from one side and via an oil bubbler to the exhaust, and the 
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second glass tube is connected to (d), a vacuum pump through (c), a liquid nitrogen cooled trap. (e) 

General view of the Schlenk line set-up. 

 

To have the possibility to grow monodisperse nanocrystals one has to understand a 

few basic principles. The basic ideas goes back to the 1940th and they were developed by 

LaMer16, who studied the formation of aerosols in 1940. He proposed a so called “burst 

nucleation” concept (Figure 1.8)16 which says, that there should be a well-defined time stage 

in which a lot of nuclei are formed (Figure 1.8, stage II), followed by a stage, where all nuclei 

homogeneously grow (Figure 1.8, stage III), but no nucleation events take place any more. 

Because all particles nucleated almost simultaneously, at the end their growth history is 

almost the same. In the homogeneous nucleation process a high energy barrier to nucleation 

inhibits any nucleation below a certain critical supersaturation (Figure 1.8, stage I). Increasing 

the monomer concentration in solution, e. g., by fast injection of precursors, increases the 

monomer concentration in the solution, without any nucleation. Only when the 

supersaturation of monomers rises above a critical value (Figure 1.8, S=Sc), the formation of 

nuclei sets in, resulting in a fast consumption of monomers (Figure 1.8, stage II). Thus the 

supersaturation decreases fast and after it drops below the critical value, the nucleation stops. 

Below this level the system enters to the growth stage (Figure 1.8, stage III), in which 

particles grow until the under-saturation level is reached. 
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Figure 1.8. Schematic representation of the concentration of a dissolved monomer, before and after 

nucleation, as a function of time, showing three stages of the particles formation process (pre-

nucleation, nucleation, and growth).16 

 

The LaMer growth mechanism (Figure 1.8) is confirmed for hot-injection nanocrystal 

synthesis and can be monitored experimentally by studying the growth of CdSe 

nanocrystals.17, 18 The absorbance (𝐺𝐺) of the nanocrystals can be measured in situ (Figure 

1.9a) and from the amplitude of the first excitonic absorbance peak (Eexc) the number of 

nanocrystals (𝑁𝑁) can be calculated (Figure 1.9b) by making use of the well-known extinction 

coefficient of CdSe nanocrystals (𝜀𝜀𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒).19  

𝐺𝐺 = 𝜀𝜀𝑁𝑁 �𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚
� 𝐿𝐿(𝑐𝑐𝑚𝑚) ,  (1.5) 

𝜀𝜀𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 = 1600𝐸𝐸𝑒𝑒𝑒𝑒𝑐𝑐3 (𝑒𝑒𝑒𝑒) ,   (1.6) 
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On the other hand also the size of the nanocrystals can be obtained19, namely from the 

spectral position of this excitonic peak (Figure 1.9a). The experimental data show a very fast 

increase of the number of nanoparticles just after injection of precursors (Figure 1.9b), which 

is a direct consequence from the Lamer stage II nucleation process (Figure 1.8). Then a slow 

decrease of particles concentration (Figure 1.9b) during the growth stage III is observed due 

to the Ostwald ripening20 process. A fraction of particles is dissolved and the monomers 

gained by the dissolution are consumed by the growth process of other, bigger particles. This 

dependence can also be simulated, which was done by a Monte Carlo simulation (Figure 

1.9c).18, 20 The results of the Monte Carly simulation are in good agreement with the 

experiments (Figure 1.9b,c green field). Monte Carlo simulations also predict a high 

nucleation rate for high temperature and high supersaturation (S).18 This dependence can be 

understood by assuming a simple Arrhenius dependence, taking into account the Gibbs free 

energy (𝐺𝐺𝑐𝑐) which is required for nuclei formation.21  

𝐶𝐶𝑑𝑑
𝐶𝐶𝑑𝑑

= 𝐺𝐺 exp �− ∆𝐺𝐺𝑐𝑐
𝑘𝑘𝑘𝑘
� =𝐺𝐺 𝑒𝑒𝑒𝑒𝑒𝑒 � 16𝜋𝜋𝛾𝛾3𝑉𝑉𝑚𝑚2

3𝑘𝑘3𝑘𝑘3𝑑𝑑𝐴𝐴
3(𝑚𝑚𝑛𝑛𝐶𝐶)2

� ,  (1.7) 

where 𝛾𝛾 is the free surface energy, Vm is the molar volume of bulk crystal, 𝑇𝑇 – 

temperature, and S – supersaturation.  

Indeed this analytical expression also predicts a higher nucleation rate at high 

temperatures and high supersaturation (Figure 1.10a,b) which allows sufficient separation of 

the nucleation stage from growth stage. In addition the numerical simulation predicts the 

anticorrelation between number of nuclei and supersaturation, which is the basis of the LaMer 

plot (Figure 1.10c). 18 The nucleation process is completely quenched after a certain decrease 

of the supersaturation. The nanocrystal size distribution control can only be achieved by the 

time-separation of nucleation and growth processes. 
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Figure 1.9. CdSe nanocrystal growth. (a) Measuring absorbance spectra in-situ during CdSe 

nanocrystal synthesis allows monitoring the dynamics of nanocrystal nucleation and growth. (b) 

Experimental and (c) numerically simulated nuclei concentration of CdSe nanocrystals as a function of 

time. 

 

Figure 1.10. The numerical simulation of the time evolution of particle concentration dependents on 

various parameters such as (a) temperature, and (b) supersaturation. (c) The particle concentration and 

supersaturation are shown as a function of time. 
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The next requirement for monodisperse nanocrystal preparation is the growth of an 

nanocrystals ensemble without additional nucleation. The growth stage of the nanocrystals 

can be modeled, in the simplest case by a diffusion controlled growth.22. Here it is assumed 

that in a homogeneous medium each particle is surrounded by a concentration gradient of 

monomer (Figure 1.11a, Cs-Cbulk) and each monomer which reaches the surface of the 

nanocrystal by diffusion, contributes to the nanocrystal growth. This model predicts a growth 

rate which inversely depends on the nanocrystal radius. 

𝐶𝐶𝑑𝑑
𝐶𝐶𝑑𝑑

= 𝑉𝑉𝑚𝑚𝐷𝐷
𝑑𝑑

(𝑁𝑁𝑏𝑏𝑏𝑏𝑚𝑚𝑘𝑘 − 𝑁𝑁𝑠𝑠) , (1.8) 

Cs is the monomer concentration at the surface of nanocrystal, Cbulk is the monomer 

concentration in solution, D is the diffusion coefficient, and r is the radius of nanocrystal. 

That means that large particles grow slower than smaller ones. As a consequence a size 

focusing is obtained with increasing growth time. Indeed this model is oversimplified because 

it neglects the dissolution of monomers from the nanocrystal surface.23 If a 

precipitation/dissolution balance equation is added to the model, than not only size focusing is 

predicted but also an increase of size dispersion, dependent on some important parameters 

such as supersaturation and nanocrystal radius.24 Again the Monte Carlo simulations predict 

different regimes (Figure 1.11). For high supersaturation a size focusing is possible if the 

nanoparticles are larger than a critical radius (Figure 1.11b).24 Below this radius, larger 

particles grow faster than smaller ones resulting in an increase of size dispersion and for very 

small nanocrystals even a complete dissolution of them is predicted. For small values of the 

supersaturation, only weak focusing or no focusing can be achieved (Figure 1.11b). Indeed for 

appropriate values of supersaturation the Monte Carlo simulation predicts a drastic size 

focusing during the first stages of growth (Figure 1.11c) while at longer times only an 

increase of size dispersion is predicted. This scenario can be observed also in experiments 
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performed for CdSe nanocrystals, showing the decrease of size dispersion for short growth 

times (Figure 1.11d,e).25  

 

Figure 1.11. (a) Schematic representation of the diffusion controlled growth of a nanocrystal (NC), 

here the dark disk represents a nanocrystal with radius r, and the ring with thickness Cs-Cbulk 

represents a concentration gradient over x direction. (b) Growth rate vs. nanocrystal radius simulation 

for various supersaturations. (c) Temporal evolution of the nanocrystal radius and standard deviation 

of the nanocrystals ensemble, size distribution with high monomer supersaturation. (d) and (e) are the 

experimental average size and size distribution as a function of time, extracted from in-situ 

photoluminescence spectra measured during CdSe nanocrystal synthesis.  
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To find the right synthetic conditions is the art in colloidal chemistry. Indeed this is 

not always easy to obtain but using the “burst nucleation” and “size-focusing” during growth 

allow obtaining the monodisperse nanocrystals. The fast termination of nucleation process by 

burst nucleation is able to enhance size-focusing because of the widening of the time-space 

between the fast decrease of the nucleation rate and the decrease of the total monomer 

concentration. The main conditions for the burst nucleation are high temperature and high 

supersaturation value at the moment of nucleation. So the most convenient way to reach it, is 

to use the hot-injection technique. 
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1.3 Applications 

 
Colloidal nanocrystal materials are steadily applied in a broad range of different 

research fields like optoelectronics,26 photovoltaics,27 spintronics,28, 29 catalysis,30-32 and bio-

medicine.33, 34 For instance nanocrystals are successfully used to sensitize an infra-red camera, 

which is based on a blend of an organic semiconductor and a fullerene for the broadening of 

performance in the infrared spectral region.35 For this purpose simply PbS nanocrystals are 

mixed into an organic semiconductors blend, which is forming the photosensitive layer of a 

photodiode. Figure 1.12a shows a TEM image of such a blend which contains 67% in weight 

of nanocrystals, 16.5% of poly(3-hexylthiophene) (P2HT), and 16.5% of fullerene (PCBM) 

(Figure 1.12b). This blend is embedded into a photodiode structure (Figure 1.12c), with a 

metallic top contact on top of the photosensitive blend. Instead of a common bottom contact 

an amorphous silicon active matrix thin film transistor back plane is used, which consists of 

an array of ITO pixels (Figure 1.12c, inset). Each pixel is connected via a thin film transistor 

with the read out electronic of the camera. This device, which was developed with PbS 

nanocrystals by SIEMENS in Erlangen, is capable to make movies and photos under infrared 

illumination, such as Figure 1.12d which shows the shadow cast of a slide, showing a 

monarch butterfly. The nanocrystals are able to make the camera sensitive up to a wavelength 

of 1300 nm, whereas without the nanocrystals it is responding only to light in the visible 

spectral region.  
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Figure 1.12. (a) The TEM image shows colloidal PbS nanocrystals which are distributed in a 

P3HT/PCBM matrix. (b) The sketch of PbS nanocrystals together with structural chemical formulas of 

P3HT and PCBM. (c) Schematic of the camera CCD active matrix together with an optical micrograph 

of two active matrix pixels with a pixel pitch of 154 µm in the inset. (d) Infrared shadow cast of a slide 

with a monarch butterfly. The inset shows the original slide. 

 

Also medicine has a great interest to colloidal nanocrystals. Magnetic nanocrystals 

have promising properties for applications in cancer therapy36 and magnetic resonance 

imaging.34 In particular magnetic nanocrystals are applied for magnetic hyperthermia 

treatment, which is used to heal cancer.36 Figure 1.13a shows an experiment where a tumor of 

a mouse is treated by 3 different substances. First with special magnetic core shell 

nanocrystals (Figure 1.13b), second with a commercial medicine “Feridex”, based on 

magnetic nanoparticles, which is usually applied as an magnetic resonance image medium37, 

and third with a common drug Doxorubicin used in cancer chemotherapy. In magnetic 
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hyperthermia, the magnetic AC fields are applied to heat specifically the area of the tumor 

(Figure 1.13c), which is incubated by the different magnetic substances. As it is seen from 

Figure 1.13a, 18 days after the hyperthermia treatment, the tumor is almost vanished if it is 

treated with core shell nanocrystals whereas it is still clearly present when it was treated with 

the other two substances.  

 

 

Figure 1.13. (a) Photographs of tumors implanted in mice, before treatment (upper row, dotted circle) 

and 18 days after treatment (lower row). From the left to right: untreated control, CoFe2O4@MnFe2O4 

hyperthermia, Feridex hyperthermia, and doxorubicin chemotherapy. (b) Schematics of the core/shell 

magnetic nanocrystals (upper row) and TEM images of them (lower row). (c) The schema of a mouse 

during in vivo magnetic hyperthermia treatment.  
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Chapter 2 
 

Tuning the Magnetic Properties of Metal Oxide 

Nanocrystal Heterostructures by Cation 

Exchange 

 
For three types of colloidal magnetic nanocrystals, we demonstrate that post-synthetic cation 

exchange enables tuning of the nanocrystal’s magnetic properties and achieving 

characteristics not obtainable by conventional synthetic routes. While the cation exchange 

procedure, performed in solution phase approach, was restricted so far to chalcogenide based 

semiconductor nanocrystals, here ferrite-based nanocrystals were subjected to a Fe2+ to Co2+ 

cation exchange procedure. This allows tracing of the compositional modifications by 

systematic and detailed magnetic characterization. In homogeneous magnetite nanocrystals 

and in gold/magnetite core shell nanocrystals the cation exchange increases the coercivity 

field, the remanence magnetization, as well as the superparamagnetic blocking temperature. 

For core/shell nano-heterostructures a selective doping of either the shell or predominantly of 

the core with Co2+ is demonstrated. By applying the cation exchange to FeO/CoFe2O4 

core/shell nanocrystals the Neél temperature of the core material is increased and exchange-

bias effects are enhanced so that vertical shifts of the hysteresis loops are obtained which are 

superior to those in any other system.* 
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Heiss, W. Nano Letters 2013, 13, 586 
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2.1 Introduction 

 
Post-synthetic substitution reactions, including galvanic replacement and cation 

exchange, applied to colloidal nanocrystals, 1-14 represent a simple and versatile tool to achieve 

nano-architectures not readily accomplishable by other methods. The galvanic replacement is 

predominantly applied to form noble metal nanocrystals, such as Au nanocages and 

nanoboxes, by reacting solutions of appropriate salts with nanocrystals as “nanotemplates”. 1-7 

The cation exchange is a similar process, however, usually applied to compound 

semiconductors. 8-14 By cation exchange procedures, e. g, nanorod superlattices of regularly 

spaced Ag2S quantum dots in CdS colloidal quantum rods,9 nonepitaxial hybrid 

nanostructures with gold nanoparticle cores and CdS shells,15 or branched nanocrystals with 

either CdSe or Cu2-xSe central cores and Cu2S pods16  have been demonstrated. In contrast to 

the galvanic replacement where often substantial morphology changes are observed (e. g., 

hollow structures are obtained from solid nanoparticles) 3,4 during cation exchange the 

nanocrystal shape is nearly preserved.12,14, 16 The latter is caused by an anionic framework 

conservation, which might result from the larger ionic size of the anions in the lattice, causing 

their lower diffusion velocity as compared to that of the cations.17 As will be discussed below, 

also the coordinating solvent applied during cation exchange might contribute to the anionic 

framework conservation. Cation exchange reactions have been applied also to improve the 

properties of semiconductor nanocrystals. Treating PbX (X=S, Se, Te) with Cd2+ ions results, 

e. g., in the formation of protective CdX shells, causing a significant increase of the 

photoluminescence quantum yield of these materials.18,19  

While the high potential for tailoring of material properties by the cation exchange 

treatment has been demonstrated for ionic semiconductors (primarily chalcogenides),8-20 here 
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it is applied to ionic magnetic oxide materials. In particular, ferrite based single component 

nanocrystals and multi component core/shell nanocrystal hererostructures were chosen as 

starting materials for the cation exchange treatments (Figure 2.1), because of their high 

potential in biomedical sciences21-31 and their highly reproducible synthesis by facile solution-

phase thermolysis routes.32-35 Synthesizing them as nano-heterostructures allows obtaining 

physical properties which are unreachable in bulk materials.36 Two examples for such nano-

heterostructures with properties not reachable in bulk are presented in the following to 

demonstrate the cation exchange procedure. The first example are nano-heterostructures 

combining ferrites with coinage metals (Figure 2.1b), exhibiting combined plasmonic and 

magnetic properties.37-39 The second example are core/shell nanocrystals combining magnetic 

materials of different magnetic phases (Figure 2.1c), showing pronounced exchange bias 

effects.40-43 The latter can be used to overcome some fundamental limitations of nanomaterials 

such as the superparamagnetic limit for a given nanocrystal size41 and are essential for the 

operation of magneto-electronic devices such as spin valves and magnetic tunnel junctions.44 
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Figure 2.1. Three classes of magnetic nanocrystals are investigated: (a, e) homogeneous spherical 

magnetite (Fe3O4) nanocrystals, (b, f) gold/magnetite core/shell nanocrystals, and (c, g) Wüstite 

(FeO)/magnetite core/shell nanocrystals. (a) to (c) are TEM images of the starting materials. (d) 

Schema of the cation exchange procedure in the three different nanocrystal types with inverse spinel or 

rock-salt crystal structure, (blue balls represent oxygen atoms, red balls – Fe3+, orange – Fe2+, green – 

Co2+, gold – Au atoms). (e) to (f) are high-angle annular dark field STEM images of nanocrystals after 

the Fe2+ to Co2+ cation exchange procedure is performed. The ion concentration distributions for Fe 

(red) and Co (green) and Au (golden) across the nanocrystals, shown by the EDX line scans (obtained 

for transitions from the K or M shell respectively), evidence the Co doping after the cation exchange 

treatment. 
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2.2 Fe2+ to Co2+ cation exchange in Fe3O4 

nanocrystals 

 
The structural similarity between Fe3O4, more precisely written as FeIIFeIII

2O4, to 

metal-doped spinel-type ferrites, MIIFeIII
2O4 (M abbreviates the transition metals Co, Ni, or 

Mn), allows the magnetic engineering of iron oxide nanocrystals by replacing the Fe2+ by 

M2+.26,32,45 While uniform MIIFeIII
2O4 nanocrystals are usually synthesized from mixtures of 

appropriate precursors, 26,32,45 synthesizing core/shell structures with MIIFeIII
2O4  shells 

covering either noble metal seeds or cores of other magnetic metal oxides is hardly achievable 

by conventional seeded-growth methods. For such cases the cation exchange procedure offers 

an elegant way to obtain the desired morphologies and magnetic doping levels by a simple 

post synthetic treatment, as is shown below. Applied to Fe3O4, the cation exchange is 

especially attractive when it is performed with Co2+, because even though the mass 

magnetization of CoFe2O4 is almost identical to that of pure magnetite, several other 

important parameters such as the coercivity and the magnetic blocking temperature are 

significantly increased, due to the higher spin-orbit coupling.46 Thus even small compositional 

modifications due to the cation exchange can be sensitively traced by inspecting the magnetic 

properties of the nanocrystals. While here the Fe2+ is replaced by Co2+ the same procedure can 

be easily expanded to further transition metals, in order to fine tune the nanocrystals magnetic 

properties, and optimize them for different requirements of potential applications, including 

magnetic hyperthermia,27 or spin-electronic device developments, 44 or for the rapidly 

increasing research field of magnonics. 47 
The detailed cation exchange procedure is described in the experimental section. The 

proposed procedure results in a cation exchange reaction which greatly preserves the 
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nanocrystals core/shell structures, sizes and shapes (Figure 2.2-4 show examples of Fe3O4 

nanocrystals after the cation exchange process). Significant morphological changes are 

observed, however, when the reaction temperature increases above 220 °C, because the 

nanocrystals start to dissolve and to form aggregates of much smaller nanocrystals, or when 

the treatment time exceeds 80 min (Figures 2.3). Also the addition of TOP was found to be of 

crucial importance, because in its absence at the reaction temperature the nanocrystals 

undergo fast digestive ripening leading to amorphous and small polydisperse nanoparticles 

(Figure 2.4). Due to the high affinity of Co2+ and Fe2+ to oleylamine 48 not only the soluble 

salts are nicely dissolved but also insoluble compounds like iron oxide can be etched by 

solvation of Fe2+ with oleylamine at high temperature. In contrast, TOP has a significantly 

lower affinity to Fe2+ and Co2+. 48 Thus, addition of TOP ligands to the oleylamine dispersion 

influences the equilibrium between solvated Fe2+ or Co2+ ions and cobalt/iron in the lattice. 

As was shown before for the case of cation exchange in CdSe nanocrystals treated by 

Pd2+,and Pt4+ also in the present case by changing the solvent environment the 

thermodynamics of cation solvation is modified.49 Another plausible effect of TOP may be 

related to its strongly reductive power and the ability to scavenge the traces of oxygen, thus 

protecting the Fe2+ ions in the lattice. It should be noted that in contrast to the cations Co2+ 

and Fe2+ the anion O2- does not react with oleylamine, because both, the O2- and the olylamine 

represent bases according to the theory of Pearson. 50 This might be another important reason 

why the anion framework is preserved during the cation exchange process.  
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Figure 2.2. Wide angle mode bright field STEM image, (a), and high angle dark field STEM (Z-

contrast) images, (b-f), of the nanocrystals, after the Fe2+ to Co2+ cation exchange treatment was 

performed. (a,b) Homogeneous nanocrystals, (b-c) gold/Fe2O3 core shell nanocrystals, (e-f) 

FeO/CoFe2O4 core/shell nanocrystals. 
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Figure 2.3. Effect of Co2+ treatment on Fe3O4 nanocrystals with a mean size of 21 nm. (a) TEM 

images of the initial nanocrystals, (b), of the nanocrystals after a treatment time of 30 min, (c), and 

after 90 min. While after 30 min homogeneous spherical nanocrystals with a Co concentration of 8% 

are obtained, a too long treatment time (overtreatment) results in dissolution of a part of the 

nanocrystals and the formation of irregular aggregates of much smaller nanoparticles. 

 

 

Figure 2.4. Effect of Co2+ treatment on FeO/CoFesO4 core/shell nanocrystals with a mean size of 8 

nm. (a,b) After a treatment time of 40 min performed at a temperature of 200 °C the size and size 

distribution is almost preserved , (c) whereas too long treatment times result in a severe change of 

nanocrystal size. (d) If the Co treatment is performed at the same temperature but without the addition 
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of TOP, the nanocrystals are dissolved and only very small nanoparticles can be found by TEM 

imaging.  

The cation exchange is stopped by cooling down the nanocrystal solution. The 

nanocrystals were isolated by precipitation and washed 6 times additionally for removal of 

CoCl2 from the nanocrystal solution, to allow accurate determination of the Co content in the 

nanocrystals, probed by (i) EDX on relatively thick nanocrystal films, (ii) by Rutherford 

backsattering spectrometry (RBS) performed on nanocrystal (sub)monolayers, and (iii) by 

atomic absorption spectroscopy (AAS) performed from nanocrystals which are completely 

dissolved in acidic solutions. The Co concentrations are deduced from all three methods, and 

for the presented samples the scatter between the data is less than ± 1 %. 

To facilitate a comparison between the results of the three nanocrystal systems under 

investigation (Figure 2.1, 2.2), we have chosen in all cases spherically shaped nanocrystals 

with mean diameters close to 20 nm. The first system represents homogeneous magnetite 

nanocrystals with a mean diameter of 21 nm (Figure 2.1a, 2.2a, 2.3), synthesized by thermal 

decomposition of iron-oleate in the presence of oleic acid.33 In this case the cation exchange 

results in a rather homogeneous Co alloying of the nanocrystals, by replacing a part of the 

Fe2+, residing on the octahedral sites of the inverse spinel structure of magnetite, by Co2+ 

(sketched in Figure 2.1d). This scenario is confirmed by the energy dispersive X-ray (EDX) 

analysis, performed after cation exchange by scanning transmission electron microscopy 

(STEM). The EDX line profile in Figure 2.1e shows an almost as smooth Co distribution 

across the nanocrystal as is also found for Fe. After 30 min of reaction with CoCl2 at 220 °C 

in this sample a Co content of 8 % is detected, e. g., in the RBS spectrum in Figure 2.5a by 

the appearance of a distinct Co peak on the right hand side of the Fe peak. TEM images 

confirm that the size and shape of the nanocrystals is almost preserved (Figure 2.5b,c; the 

inset in Figure 2.5d shows the nanocrystals after Co exchange and a direct comparison of the 
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nanocrystals before and after treatment is given in Figure 2.6). While the Co alloying causes 

only subtle effects with respect to nanocrystal morphology, it is greatly affecting their 

magnetic properties. The magnetic response changes because of strong spin-orbit couplings at 

the Co2+ sites and the concomitant increase of the magnetic anisotropy. The latter has a direct 

effect on the temperature dependence of the zero-field-cooling magnetization, showing the 

typical behaviour of magnetic nanocrystals (Figure 2.5d). At low temperature the magnetic 

moments of the individual nanocrystals, resulting from the ferromagnetically coupled M2+ ion 

spins (the magnetic moments of the Fe3+ ions are antiferromagnetically coupled in ferrites and 

thus do not contribute to the magnetization), are blocked and are pointing randomly into all 

directions, so that the total magnetization of the sample is zero. With increasing temperature 

the sample magnetization, given here per weight of the magnetic ions (Fe and Co), increases 

and at high temperatures the thermal energy of the nanocrystals overcomes the magnetic 

anisotropic energy barrier between different magnetic easy axes and between the spin up and 

spin down direction within the same easy axis, respectively. As a consequence the 

magnetization typically shows a superparamagnetic behaviour with a 1/T dependence of the 

sample magnetization (Figure 2.7). For the present sample (Figure 2.5d) the 1/T dependence 

can be expected to occur well above 300K, whereas for the nanocrystals (Figure 2.1b) with 

the smallest amount of magnetite per nanocrystal it is clearly displayed in Figure 2.7. Thus the 

magnetization as function of temperature exhibits a maximum at the so defined blocking 

temperature TB. For the Fe3O4 nanocrystals with a size of 21 nm this blocking temperature is 

found at 250 K, whereas the Co treatment increases TB by 60 K to 310 K. This causes also an 

opening of the hysteresis loop close to room temperature, which is observed after cation 

exchange but is completely absent for the initial Fe3O4 nanocrystals (inset in Figure 2.5e). 

From the opening of the hysteresis loops the values of the coercivity field, HC, and remanent 

magnetization, MR, are measured at zero magnetization and zero external field, respectively 
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(indicated in the inset of Figure 2.5e). Both values are strongly temperature dependent, and at 

all temperatures HC is at least twice as high after the Co treatment (Figure 2.5e, the 

corresponding hysteresis data before and after Co2+ treatment are shown in Figure 2.8). Thus 

the Co treatment results in an overall increase of coercivity, remanence and blocking 

temperature, due to an increased magneto-crystalline anisotropy. The latter is directly probed 

by measuring the relaxation of the nanocrystals magnetic moment, after aligning them by an 

external magnetic field.51 If the nanoparticles are immobilized, magnetorelaxometry 

experiments provide a purely Neél relaxation time τN due to flipping of the magnetic 

moments within the nanocrystals caused by thermal activation. The flipping time is 

exponentially proportional to the magnetocrystalline anisotropy energy.51 After Co2+ 

treatment of the nanocrystals, room temperature flux gate magnetometry detects an increase in 

τN (Figure 2.9). An even more significant increase of τN due to the Co2+ treatment of 

magnetite nanocrystals is observed for smaller nanocrystal sizes (Figure 2.9b). In Figure 2.10 

the results for 9 nm large nanocrystals are summarized, showing also an increase of TB from 

150 K to 206 K and an increase of the coercivity by a factor of 5.7. It should be noted that 

these observed modifications of the magnetic properties are solely due to the exchange of the 

Fe2+ to the Co2+ ions and not due to different states of nanocrystal aggregation. The latter is 

ruled out by concentration dependent magnetization measurements, showing almost no 

dependence of the normalized magnetization versus temperature, at least when the dilution of 

nanocrystals is performed in a good solvent (Figure 2.11). 
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Figure 2.5. Co2+ treated magnetite (Fe3O4) nanocrystals. (a) Rutherford backscattering provides a 

Co/Fe ration of 8 % to 92 % after the Co2+ treatment is performed at 220°C for 30 min. The dashed 

line is a model calculation. The mean sizes and size distribution, extracted from TEM images (Figures 

2.6), before, (b), and after Co treatment, (c), are almost identical. (d) The zero field cooled 

magnetization data, measured at an applied field of 100 Oe, evidence an increase of the blocking 

temperature TB upon Co2+ treatment, as is indicated by the arrows. Inset: TEM image of the 

nanocrystals after Co2+ treatment. (e) Temperature dependent coercivity field, extracted from the data 

shown in Figure 2.8. The inset shows exemplarily the 260 K hysteresis loops, exhibiting an opening 

after Co2+ treatment while being absent before the treatment. MR and HC are indicated for the 

hysteresis loop obtained after Co treatment. 
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Figure 2.6. TEM images used to extract the size distributions shown in Figure 2.5(b) and (c). 

Approximately 200 nanocrystals are used for the size distributions before, (a-c), and after the Co2+ 

treatment (d-f). 

 

 

Figure 2.7. Superparamagnetic behaviour of gold/Fe3O4 core/shell nanocrystals with the smallest 

amount of magnetite per nanocrystal and the lowest blocking temperature. The zero-field cooled 

magnetization curve, measured at an applied field of 100 Oe, shows a clear 1/T decay above the 

blocking temperature of 70 K.  
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Figure 2.8. (a) Hysteresis loops of Fe3O4 nanocrystals with a size of 21 nm. (b) After Co2+ treatment, 

resulting in a Co concentration of 8 %, the opening of the hysteresis loops is increased at all 

temperatures. 

 

Figure 2.9. Magnetization relaxation of immobilized Fe3O4 nanocrystals before and after 

Co2+ treatment, measured by flux gate magnetometry, (a) for nanocrystals with a mean diameter of 21 

nm, and (b) of 9 nm.  
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Figure 2.10. Results for small Fe3O4 nanocrystals with a mean diameter of 9 nm. (a, b) The Co2+ 

treatment performed at 200 °C for 40 min preserves the size and size distribution. (c) The blocking 

temperature TB increases from 130 K to 210 K. (d) The opening of the hysteresis loop observed a 5 K 

increase from 836.6 Oe to 4 674.8 Oe. 
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Figure 2.11. Solvent dependent magnetization of Fe3O4 nanocrystals with a mean size of 14 nm. (a) 

In trichlorbenzene the nanocrystals give a stable colloidal solution and the magnetization curves 

exhibit the same shape as the power sample, independent of dilution. (b) Diluting in TOP gives a 

stable colloidal solution and causes a small decrease of the blocking temperature, because the 

nanocrystals surface is reacting with TOP. (c) Solving in hexatriacontane causes visible aggregates in 

solution, which does not have an effect on the superparamagnetic blocking temperature, but changes 

the shape of the magnetization curve.  
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2.3 The case of Fe3O4/Au hetero-structure 

nanocrystals  

 
The second system investigated here represents a nano-heterostructure, formed by a 

gold core and a relatively uniform magnetite shell (Figure 2.1b, 2.2b, 2.7, 2.12). Such 

magnetic-plasmonic core shell nanoparticles have attracted great interest because the 

localized surface plasmon of the gold cores provide an optical addressability for tracking or 

monitoring of the magnetic nanoparticles.38 The gold/ Fe3O4 core/shell nanocrystals are 

grown by decomposition of iron pentacarbonyl on gold seed nanocrystals, and subsequent in-

situ oxidation of the iron shell into Fe3O4.
39 The shortcoming of these core/shell nanocrystals 

is the relatively small magnetic moment observed at room temperature due to their limited 

shell thickness and their small magnetic blocking temperature.39 Applying the Fe2+ to Co2+ 

cation exchange to these nanocrystals improves both of these parameters, TB from 68 K to 

about 110 K and the room temperature magnetization from 0.62 emu/g to 1.08 emu/g (at a 

field of 100 Oe, Figure 2.13a). These improvements, together with an increase of the 

coercivity at low temperatures (inset in Figure 2.13a), is obtained here by doping of the 

nanocrystal shell by 11 % of Co, as is deduced also by RBS (Figure 2.12c). Due to the high 

chemical stability of the gold core, it is not affected by any treatments with Co2+ precursors 

(Figure 2.1d,f). Thus the optical properties of the nano-heterostrucures, dominated by the 

plasmonic feature of the gold nanocrystal core, are almost preserved. As shown in Figure 

2.13b, the plasmon resonance found at 553 nm before Co2+ treatment, shifts only by 33 nm 

due to a change of the dielectric function of the nanocrystal shells. While the inert gold core is 

unaffected by the Co treatment, the shell becomes more polycrystalline during the cation 

exchange process (Figure 2.12 and Figures 2.13c), which is important because defects in the 
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lattice structure facilitate cation diffusion from the nanocrystals surfaces to their interior.20,52 

That such a diffusion is indeed taking place is not only evidenced by the EDX line scans 

shown in Figure 2.1e,f but is confirmed also by the following experiments performed on 

FeO/CoFe2O4 core/shell nanocrystals.  

 

 

Figure 2.12. Au/Fe3O4 core/shell nanocrystals before, (a), and after, (b), Co2+ treatment. (c) The Co2+ 

concentration of 11 % is determined by fitting Rutherford backscattering spectrometry data. 
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Figure 2.13. Co2+ treated gold/Fe3O4 core/shell nanocrystals. (a) Zero field cooled magnetization 

curves, measured at an applied field of 100 Oe, evidence an increased blocking temperature after Co2+ 

treatment. The inset shows the effect of the Co2+ treatment on low temperature hysteresis loops. (b) 

Normalized optical absorbance spectra exhibit plasmon peaks close to 600 nm wavelength. (c) TEM 

overview (bright field) of the nanocrystals after Co2+ treatment. The inset shows a dark field image of 

an individual nanocrystal, highlighting the defect structure (polycrystallinity) of the shell.  
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2.4 Fe2+ to Co2+ cation exchange in 

Fe3O4/FeO core/shell nanocrystals 

 
The situation is completely different in the third system, which are magnetic 

heterostructure nanocrystals combining antiferromagnetic (AFM) and ferrimagnetic 

components This combination is of special interest because it provides a set of unique 

magnetic properties by exchange coupling via the heterostructures interface.40-43 These 

exchange bias effects are important for giant magnetoresistance devices or spin valves,53 

which are applied e. g., in magnetic-random access memories (MRAMS) or in the read heads 

of hard discs. The present samples are spherical core/shell nanocrystals with FeO (Wüstite) in 

the centre and CoFe2O4 shells (Figure 2.1c).43 These nanocrystals exhibit a cubic NaCl 

crystal structure in the core, while the shell is formed by an inverse spinel structure. 

Interestingly, these nanocrystals are grown by thermolysis of a mixture of iron- and cobalt 

oleate, which initially was expected to result in homogeneously Co doped magnetite 

nanocrystals as those shown above, obtained by the cation exchange treatment of Fe3O4 

nanocrystals. The hysteresis loops of these FeO/CoFe2O4 exhibit in particular very 

pronounced effects due to the exchange coupling, primarily anomalously large vertical shifts, 

VS, but dependent on temperature also increased coercivity (Figure 2.14a). These VSs are 

observed, when prior to the measurements all magnetic moments in the samples are aligned at 

high temperatures by an applied external field, which is maintained during cooling down. 

After cooling the samples, the hysteresis loops are measured by varying and reversing the 

external magnetic field. The vertical shifts of the hysteresis loops observed after field cooling 

indicate that a part of the ferromagnetic spins, which are present in our samples in the 

CoFe2O4 shell, are pinned by exchange interactions via the interface to the spins of the 
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antiferromagnetic FeO core, which does not reverse under reversal of the external magnetic 

field.43 VSs are observed when the effective Zeeman energy (difference between Zeemen 

energy and anisotropy energy) of the ferro- or ferrimagnetic material is smaller than the 

anisotropy energy of the antiferromagnetic material as well as smaller than the interface 

exchange energy.54 In the present nanocrystals this condition is fulfilled because of the large 

magnetic anisotropy present in CoFe2O4, which reduces the effective Zeeman energy in this 

material. In the present sample at 5K the VS is very pronounced and it amounts to 60% of the 

maximum magnetization, Mmax, measured at an applied field of 1 T. This value is as high as 

the highest value reported for specially designed layered heterostructure systems.55  

 

 

Figure 2.14. Hysteresis loops of FeO/CoFe3O4 core/shell nanocrystals before, (a), and after, (b), Co2+ 

treatment, measured after field cooling. The averaged Co content is 18% in a) and 27% in (b). The 

vertical loop shift VS, the maximum Magnetization Mmax and the opening of the hysteresis Ho are 

exemplarily indicated. 
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While the exchange bias effects are very pronounced at low temperatures, they are 

unfortunately limited to temperatures below 200 K, which is the Neél temperature of the FeO 

core (TN(FeO)), at which the AF to paramagnetic phase transition occurs. To increase the 

maximum temperature where exchange bias effects can be found, which is mandatory because 

any application of these materials in devices such as spin valves requires this effect to be 

present at room temperature, the core material has to be modified. One possibility is given by 

changing the core from FeO towards Fe1-xCoxO, because CoO has a Neél temperature close 

to room temperature.56 This modification of the core is again performed by the cation 

exchange procedure. In this case it hardly affects the CoFe2O4 shell, because it is already free 

of Fe2+ but predominantly affects the FeO core material. Indeed, after the cation-exchange 

treatment a rather uniform distribution of Co across the nanocrystal diameter is found (Figure 

2.1g). This indicates that in this case the Co2+ cation exchange converts the FeO to CoxFe1-xO 

(sketched in Figure 2.1d).  

The Co doping of the Wüstite cores is confirmed by the magnetic properties of the 

nanocrystals after the Co 2+ treatment. The hysteresis loops still show the characteristic 

features of exchange bias in the form of vertical loop shifts (Figure 2.14b). At 5 K the VS 

even increased to 78% of Mmax, which is the to the best of our knowledge the highest value 

ever reported for any system.55 The value of the magnetization also increased, and the 

characteristic exchange bias effects are observed even above the Neél temperature of FeO 

(TN(FeO)). For the starting material, the latter can be clearly identified by an abrupt increase 

of the temperature dependent magnetization, measured after sample cooling in zero field and 

applying during the measurement a small field of 100 Oe (Figure 2.15a). This abrupt 

magnetization increase close to 190 K is caused by the AF to paramagnetic phase transition of 

the core material, since in the AF phase all magnetic moments are cancelling each other, 

whereas in the paramagnetic phase they contribute to the magnetization, because the small 
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external field aligns them into field direction. The maximum of this curve, found close to 240 

K corresponds to the superparamagnetic blocking temperature of the CoFe2O4 shell 

TB(CoFe2O4). While TN of the core and TB of the shell are well resolved in the magnetization 

data of the initial material, the Co2+ treatment results in a shift of both parameters to higher 

temperatures. While TN cannot be clearly identified, (green and blue lines in Figure 2.15a) TB 

still corresponds to the magnetisation maximum. For the sample with the highest averaged 

Co2+ content of 27% it is found at 323 K, well above room temperature. Thus, the hysteresis 

loop of this sample shows a finite opening at 300 K, whereas initial nanocrystals show only a 

superparamagnetic behaviour (inset in Figure 2.14b).  

To obtain an estimate for the Neél temperature of the core after Co2+ treatment, a 

closer inspection of the exchange bias effects is required. In the present sample, the exchange 

bias across the interface affects two parameters, the opening of the hysteresis loop (Ho, 

indicated in Figure 2.14b) measured at the centre of the loop (which is eventually shifted in 

vertical direction), and the vertical shift of the loop (indicated in Figure 2.14a). Also the 

hysteresis opening Ho shows a characteristic feature close to the Neél temperature. For the 

initial material a peak is observed in Ho versus T close to TN indicating an enhancement of 

the coercivity. This enhancement is again caused by the exchange interaction via the interface, 

because close to TN the anisotropy energy of the antiferromagnet becomes strongly reduced. 

As soon as it is smaller than the exchange interaction across the interface, the 

antiferromagnetically aligned spins of the cores rotate coherently with the ferromagnetically 

aligned spins of the shells under field reversal,54 thus enhancing the coercivity of the whole 

particles. Above TN the core is in the paramagnetic state and the hysteresis opening is solely 

caused by the anisotropy energy of the ferromagnetic shell. After Co2+ treatment the opening 

of the hysteresis loop is increased at all temperatures, at the maximum of Ho versus 

temperature the opening amounts 5143 Oe, which is 18.8 times larger than for the initial 
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material. Similarly, the VS of the hysteresis loop increased by the Co2+ treatment at all 

temperatures. At low temperature it increases from 6.97 to 43.51 emu/g (Figure 2.15c) and a 

finite vertical shift of the hysteresis loop is observed even up to room temperature (inset in 

Figure 2.15c). Since the VS is a results solely from the exchange interaction between core and 

shell of different magnetic phases, its observation at room temperature confirms the presence 

of an antiferromagnetic phase at least for a part of the nanocrystal batch. Thus the Co2+ 

treatment shifted the AF phase transition temperature from 200 K, as observed for the initial 

material, to room temperature, which is only possible if the FeO cores of the nanocrystals 

have been changed to be rich of CoO. This fact evidences that the Fe2+ to Co2+ exchange can 

act quite efficiently even through a protective nanocrystal shell. This result is also of interest, 

because the observation of exchange bias effects is also the precondition for any application 

of these materials in spin valve based devices.52 
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Figure 2.15. Effect of the Co2+ treatment on the exchange bias features of FeO/CoFe2O4 nanocrystals. 

(a) The magnetization after zero field cooling, measured with an applied field of 100 Oe, shows a 

disappearance of the antiferromagnetic to paramagnetic phase transition upon Co2+ treatment (note that 

the data for the initial material is magnified by a factor of 10). (b) The opening of the hysteresis loop, 

measured at their vertically shifted centre, is greatly enhanced. The inset shows an open hysteresis 

loop at 300 K for the Co treated nanocrystals (blue line) whereas the initial material (red line) exhibits 

a completely closed hysteresis. (c) Vertical loop shifts before (red line) and after (blue line) 

Co2+ treatment. The inset shows the high temperature region on magnified scale. 
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Overall, by the Co2+ treatment the Co content in the FeO/CoFe2O4 nanocrystals 

increased from 18 % to 27 %, as is evidenced by AAS and RBS (Figure 2.16). It changed, 

however, also the morphology of the nanocrystals. From inspections of TEM images (Figure 

2.17) the morphological changes are hardly seen, because of the polydispersity of the 

core/shell dimensions. However, the changes are clearly revealed by synchrotron X-ray 

diffraction, performed at beamline P02/Hasylab Hamburg with 60 keV X-ray photons. The 

diffraction patterns shown in Figure 2.18a can be well fitted by assuming separate phases of 

CoFe2O4 and of Fe1-xCoxO4, by allowing the lattice parameters to vary with respect to that of 

bulk. By zooming out the region around a momentum transfer of 2.5Å-1 the effect of the Co2+ 

treatment can be monitored (Figure 2.18b). Here the narrow peak at 2.53 Å-1 corresponds to 

the FeO core and that at 2.46 5Å-1 to the CoFe2O4 shell. For the core peak the Co2+ treatment 

results in a shift to larger diffraction angles, corresponding to a decrease of the lattice 

parameter, indicating the incorporation of Co into the cubic lattice of FeO (bulk FeO has a 

lattice parameter of 0.4332 nm while that of CoO is 0.4214 nm)57,58. The second peak shows a 

much smaller peak shift, but a rather pronounced narrowing of its width, and an increase of its 

intensity, both indicating an increase of the dimensions of the CoFe2O4 shell. From a fit of the 

data in Figure 2.18a the initial nanocrystals exhibit a core volume which is 41 % of the 

nanocrystals total volume, whereas after the Co2+ treatment for 80 min the core volume 

shrinks to an average value of 8 % (aliquots taken for shorter treatment times indicate that this 

shrink of the core and growth of shell is a continuous process). This increase of the CoFe2O4 

phase during Co exchange explains also the observed increase of the magnetic moment of the 

nanocrystals (Figure 2.14 and 2.15) because the antiferromagnetic core does not contribute to 

the magnetization. All these observations, however, confirm that the Co is able to diffuse into 

the nanocrystals sufficiently far to change the core composition from FeO towards Fe1-xCoxO, 

with increased Neél temperature. The growth of the CoFe2O4 shell in expense of the core we 

 
51 

 



attribute to a partial oxidation of the Fe2+ to Fe3+ present in the Fe1-xCoxO core after cation 

exchange. This process requires oxygen to diffuse through the shell to the core, which is 

facilitated by the cation exchange, producing defects in the shell acting as diffusion 

channels.20,52 Thus the oxidation takes place after the samples are exposed to the ambient after 

the cation exchange is finished. Before the cation exchange process, these defect related 

diffusion channels were obviously absent, because the Fe3O4/FeO core/shell nanocrystals we 

found to have a stable morphology and composition for several years. 

 

 

Figures 2.16. Rutherford backscattering data of the FeO/CoFe2O4 core/shell nanocrystals with a size 

of 21 nm, shown in Figures 2.14, 2.15, 2.17, 2.18.  
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Figures 2.17. TEM images of the FeO/CoFe2O4 nanocrystals before (top panels) and after (bottom 

panels) cation exchange. The shrinking of the core and growth of shell, which can be seen here by 

comparing the two images on the right side, is evidenced by X-ray diffraction experiments, performed 

on a nanocrystal assemble. 
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Figure 2.18. Change of the core and shell morphology during Co2+ treatment. (a) Synchrotron X-ray 

powder diffraction data from FeO/CoFe2O4 nanocrystals. The fit of the data (red line) is used to 

extract the ratio of core to shell volume. The green and blue dashes on the bottom indicate the peak 

positions of bulk CoFe2O4 and FeO, respectively. (b) The enlarged scale allows the observation of 

peak shifts and intensity changes upon Co2+ treatment. 
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2.5 Conclusion  

 
In conclusion the cation exchange process is demonstrated here to be a valuable tool 

for tuning and improving the magnetic properties of different metal oxide based colloidal 

nanocrystals. Demonstrated is an increase of the superparamagnetic blocking temperature, of 

magnetic remanence and coercivity as well as of various exchange bias effects, by replacing 

Fe2+ by Co2+, due to an enhancement of the magnetocrystalline anisotropy. Outstanding are 

the demonstrated vertical shifts of the hysteresis loops in Co2+ treated core/shell nanocrystals, 

which amounts up to 78% of the saturation magnetization at low temperature, representing a 

substantially higher value than in any other system. The sizes and shapes of the nanocrystals 

are almost preserved. In homogeneous ferrite nanocrystals a rather homogeneous Co doping is 

achieved, whereas in nanocrystal heterostructures specific compounds of the nanocrystals can 

be selectively manipulated. In gold/iron-oxide core/shell nanocrystals exclusively the shell is 

modified by the cation exchange, whereas in FeO/CoFe2O4 nanocrystals the core undergoes 

severe changes. Thus the cation exchange process enables to obtain novel nano-

heterostructures with tunable magnetic properties, which are not achievable by direct 

synthesis. While nanocrystal materials with exchange bias effects at room temperature are of 

primary interest for applications in spin-valves and magneto-ectronic nanodevices based on 

them, the Fe2+ to Co2+ cation exchange process demonstrated here for metal-oxides can be 

easily expanded to further transition metal ions, for designing optimized materials for a large 

range of applications.  
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Chapter 3 
 

Galvanic Exchange in Colloidal Metal/Metal-
Oxide Core/Shell Nanocrystals 

 
While galvanic exchange is commonly applied to metallic nanoparticles, recently its 

applicability was expanded to metal-oxides. Here the galvanic exchange is studied in 

metal/metal-oxide core/shell nanocrystals. In particular Sn/SnO2 is treated by Ag+ and Pt2+. 

The Ag+ treatment converts the Sn cores to the intermetallic AgxSn (x ~ 4) phase, by 

changing the cores crystal structure. The conversion dynamics is monitored by in-situ 

synchrotron X-ray diffraction.   For the analogous treatment by Pt2+ such a galvanic exchange 

is not observed. This different behaviour is caused by the semi-permeability of the SnO2 shell 

observed by electron microscopy, which allows diffusion of Ag+ but protects the nanocrystal 

cores from oxidation by Pt2+.* 
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3.1 Introduction 

 
Galvanic replacement1–10  and similar to it cation exchange reactions11–16 represent 

simple and versatile tools to achieve nanoarchitectures and compositions of colloidal 

nanocrystals not readily accomplishable by other methods.8,17 Galvanic replacement has been 

applied to metal nanoparticles1–9 and recently also to metal oxide nanocrystals.10 The former 

attracted a lot of attention due to their high potential for biomedical4 as well as for surface 

enhanced Raman scattering applications,5 whereas the latter have been demonstrated to 

exhibit good performance as anode materials for lithium ion batteries.10  Since only certain 

intermetallic compounds can be produced by direct synthesis, often exploiting non-

equilibrium processes,18–21 the post growth treatment is an elegant alternative to produce 

intermetallic compound nanostructures. 

Here the galvanic replacement method is expanded to metal/metal-oxide core/shell 

nanostructures. In particular, spherical Sn/SnO2 nanocrystals, recently also applied in lithium 

ion batteries,22 are exposed either to (i) Ag+ or, to (ii) Pt2+ ions. In both cases rather surprising 

results are obtained: In (i) only the core material is affected by the galvanic exchange, 

whereas the shell is fully retained.   In case (ii) no indications for any galvanic exchange 

reactions are observed.  (i) is further a special case because:  (a) The nanocrystal shape is 

preserved, which is commonly only the case in cation exchange reactions due to anion 

framework conservation,13 whereas galvanic exchange usually results in hollow 

morphologies;2–10 (b) the galvanic exchange is performed in organic solvents, whereas in 

literature it is done predominantly in aqueous solutions; and (c) the galvanic exchange results 

in a change of the core’s crystal structure and forms an intermetallic AgxSn phase with x ~ 4. 
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The latter enables the in-situ monitoring of the exchange reaction by synchrotron X-

ray diffraction (XRD), revealing the exchange dynamics taking place on time scales of a 

couple of minutes. 

Sn-nanocrystals have been converted to intermetallic M-Sn nanocrystals before, by 

solution based ”conversion chemistry”, due to their relevance as catalysts or their 

antiferromagnetic properties.17 In these cases for instance Fe, Ni, and Co were used as M. 

Galvanic exchange, however, was ruled out to be the reason for the observed conversion of 

the Sn to intermetallic nanocrystals. Instead it was attributed rather to a diffusion-based 

process, which was obtained by treating Sn template nanocrystals with appropriate metal salts 

under highly reducing conditions.17 In contrast to this previous conversion chemistry with Sn 

nanocrystals, in this work no reducing agents are added and much lower reaction temperatures 

are applied. Furthermore, instead of transition metals, noble metals are applied for the 

conversion, having higher reduction potentials of the redox couples. This makes galvanic 

exchange reactions more favorable and as a result the chemical conversion of the Sn 

nanocrystals is obtained on time scales, which are much shorter than those applied in the 

previous conversion processes obtained by reduction of metal salts and subsequent diffusion. 
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3.2 Synthesis of metal/metal-oxide core/shell 

Sn/SnOx nanocrystals 

 

To obtain metal/metal-oxide core/shell nanocrystals we use Sn nanocrystals, on which 

a natural oxide shell is formed as soon as the as synthesized nanocrystals are exposed to air.23 

For the synthesis of Sn nanocrystals, we have adopted our previous synthesis of highly mono-

disperse and size controlled InSn nanocrystals,24 simply by omitting the precursor for In and 

by optimizing the growth temperature. In particular, Bis[bis(trimethylsilyl)amino]tin(II), also 

called Sn-Hexamethyldisilazide (Sn-HMDS), is dissolved together with Li-HMDS in 

anhydrous octadecene, and subsequently this solution is injected into 170oC hot oleylamine. 

The nanocrystal growth is initialized by a second injection, containing a solution of the 

strongly reducing agent Li[Et3BH] also called Li-superhydride, which is diluted in 

tetrahydrofuran (THF). The second injection resulted in a rapid color change from bright 

yellow-orange to dark-brown.  After 10 seconds of growth, the reaction flask was cooled 

down to room temperature and the nanocrystals were collected after a standard washing 

procedure described in the experimental section. As is described in Ref. 22, the important role 

of the Li-HMDS in this synthesis is to deprotonate the oleylamine (Figure 3.1). The resulting 

Li-oleylamide can form together with the Sn-HMDS Sn-oleylamide complexes or Sn-HMDS 

can react directly with oleylamine generating Sn-oleylamide, which is the actual precursor for 

the final reduction step. The nucleation and growth of the Sn nanocrystals is therefore 

analogous to the mechanism described in detail in Ref.25. More experimental details of the 

synthesis can be found in the experimental section. 
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Figure 3.1. Scheme of the Sn-nanocrystal synthesis. All reaction steps are shown, including the 

intermediate oleylamine compounds. 

 

A rough inspection by transmission electron microscopy (TEM) provides the mean 

size of the spherically shaped nanocrystals of 13 nm, and evidences their core/shell structure 

(Figure 3.2a,b).  By X-ray diffraction (XRD), in contrast, only peaks corresponding to the Sn 

cores are recorded, while no signals from any oxide shells are observed (Figure 3.2c). The 

XRD pattern corresponds to that of metallic β-Sn with lattice parameters, in agreement with 

the values in bulk.26,27 The Rietveld simulations of the XRD signal also provide an average 

crystallite size of 12 nm, which is in agreement with the TEM data. 
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Figure 3.2. (a) Transmission electron microscopy images of the spherical particles after the synthesis. 

(b) High angle annular dark field image of the core/shell nanocrystals. (c) X-ray diffraction patterns 

from Sn nanocrystals after synthesis, the green line is the experimental data and black line is the 

Rietveld simulations. The spectra shows the crystal structure from the β-Sn (I41/amd(141):  a = 5.837 

Å and c = 3.187 Å). Bragg peak positions of the respective structure is shown as vertical green lines. 
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3.3 Silver galvanic exchange of metal/metal-
oxide core/shell Sn/SnOx nanocrystals 

 
The driving force for a galvanic replacement reaction comes from the difference in 

reduction potentials of the two involved metals.9 For the exchange the reducing potential of 

the metal to be deposited has to be higher than the one which is corroded. Therefore, under 

standard conditions Sn (reduction potential -0.13 V in respect to a standard hydrogen 

electrode) should for example be replaced by Ag (Ag++e=>Ag0 reduction potential 0.8 V) and 

even more efficient by Pt (Pt2++2e=>Pt0 reduction potential 1.18 V). The as synthesized Sn 

nanocrystals are, however, not soluble in aqueous solutions due to their hydrophobic ligand 

shell, so that the galvanic exchange has to be performed under non-standard conditions, for 

which predictions based on reduction potentials under standard conditions are not applicable. 

In our first series of experiments the galvanic exchange was performed by injecting a 

chloroform solution of Sn nanocrystals into a heated solution (90oC) of silver trifluoroacetate 

(Ag-TFA) solved in oleylamine. Aliquots were taken for various treatment times tt and the 

galvanic exchange was stopped by cooling the solution to room temperature. The nanocrystals 

were precipitated with ethanol and separated from the remaining precursor by centrifugation. 

The washing step was repeated a few times to carefully remove all residuals of the silver 

precursors. The galvanic exchange process hardly changed the size and shape of the 

nanocrystals, even for tt > 1 h (Figure 3.3a), but completely changed their crystal structure 

and chemical compositions. The XRD pattern taken after the treatment (Figure 3.3b) is 

obviously totally different than before the treatment. There are not any Bragg peaks remaining 

from the initial Sn spectrum, and also no peaks indicating the presence of pure Ag are 

detected. The diffraction peaks could be indexed by a hexagonal structure of a silver rich 
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intermetallic AgxSn, with lattice parameters a = 2.973 Å, c = 4.785 Å. If this new phase is 

either the ζ-phase (Ag4Sn crystal structure with space group P63/mmc(194)27,28) or the ε-

phase (Ag3Sn with orthorhombic unit cell29), which is commonly used as a lead free solder,30 

cannot be exactly determined within the accuracy of the XRD data. While the ε-phase has a 

distinct composition with Sn content of 24-25 at.% the ζ-phase exists within the range of 

compositions between 12 and 22% and both phases co-exist in a certain range of 

compositions. Due to the similarity of these two crystal structures and the observed line 

broadening resulting from the finite size of the nanocrystals the measurements could be 

equally well indexed by an orthorhombic unit cell of the ε-phase. However, the Sn to Ag 

conversion, performed for nanorods by interdiffusion, evidenced also the appearance of the 

Ag4Sn/ζ phase.31 The observed intermetallic AgxSn phase is stable and does not undergo any 

changes at longer treatment times tt or at higher temperature (up to 150◦C, Figure 3.4).   
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Figure 3.3. (a) Transmission electron microscopy images of the spherical particles before and after the 

exchange reaction (15 min at 100◦C). b) X-ray diffraction patterns from Sn nanocrystals after 

synthesis and Ag-Sn nanocrystals after galvanic exchange reaction with silver for 33 min at 90oC. 

Shown are the experimental data (blue and red line) together with Rietveld simulations (black line). 

The spectra show the change of the crystal structure from the β-Sn to the AgxSn (P63/mmc(194) a = 

2.973 Å, and c = 4.785 Å) structure upon the reaction. Bragg peak positions of the respective 

structures are shown as vertical lines. 
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Figure 3.4. Powder diffraction patterns of Sn nanocrystals subject to the described galvanic exchange 

reaction for the listed times and temperatures. After the initial change of the Sn nanocrystals to the 

AgxSn phase extended treatment times and treatment at higher temperatures do not change the 

nanocrystals composition. The curves are vertically shifted for clarity. 
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3.4 In-situ x-ray diffraction study of galvanic 

exchange in metal/metal-oxide core/shell 

Sn/SnOx nanocrystals 

 
Recently, it was concluded from in-situ monitoring the cation exchange reaction 

between CdSe and Cu2Se that the Cd to Cu exchange process is not diffusion limited, as 

might be intuitively expected, but it is rather a co-operative process.32,33  Any initial Cu+  

doping of a CdSe nanocrystal enhances the likelihood for further Cu+ doping. This co-

operativity caused the CdSe exciton luminescence to quench on a 100 ms time range, after a 

certain waiting time of several seconds, which was required to initiate the cation exchange.  

Since the galvanic exchange in the present metallic nanocrystals does not affect any easy 

accessible optical properties, here in-situ synchrotron X-ray diffraction experiments at 

beamline P02.1 (Petra III/DESY in Hamburg) were performed, to study the dynamics of the 

exchange reaction. For this purpose the galvanic replacement is performed within small 

Kapton capillaries by placing the X-ray beam close to the interface between two inter-

diffusing liquids. One contains the nanocrystals and the other one contains the Ag-THF, the 

starting material for the galvanic exchange. As solvent for both hexadecylamine is used, 

which is solid at room temperature (melting point 44oC), so that the galvanic exchange 

reaction is started simply by heating, performed by a nitrogen stream with controlled 

temperature.  

A photograph of the X-ray powder diffraction setup is shown in Figure 3.5. It shows 

the nanocrystalline samples placed in a Kapton capillary and indicates the X-ray beam as well 

as the hot nitrogen stream used for the heating of the samples. For the in-situ experiments a 
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thermocouple mounted close to the sample was used to monitor its temperature which was 

heated by a gas stream. Detector images showing the raw 2D X-ray powder diffraction signal 

of the nanocrystals during the galvanic exchange reaction are displayed in Figure 3.6. The 

primary beam was blocked by a beam-stop, whose absorption shadow can be seen in the 

center of the detector images. For a sample temperature of 60oC the evolution of the 

nanocrystal Bragg peaks is shown on Figure 3.7. As long as the nanocrystals and the Ag-THF 

are immobilized in the frozen hexadecylamine, the Bragg peaks correspond to pure β-Sn. As 

soon as the two initially separate starting solutions melt and inter-diffuse, the intensity of the 

peaks corresponding to the Sn-phase decreases and at the same time the reflections of the Ag-

Sn intermetallic phase arise. Since the area under the Bragg peaks corresponds to the 

scattering volume and the peak width is related to the size of crystalline domains, from the 

diffraction data the growth dynamics of the intermetallic Ag-Sn phase can be followed 

(Figure 3.7b). 
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Figure 3.5. Photograph of the X-ray diffraction setup used to monitor the galvanic exchange reaction 

in the nanocrystals. Shown is the Kapton capillary including the nanocrystals and precursor material 

for the galvanic exchange as well as the nitrogen stream used to heat the sample. 

 

Figure 3.6. Two dimensional X-ray powder diffraction patterns of Sn nanocrystals in (a) and AgxSn 

compound crystals in (b) recorded at beamline P02 in a single shot (1 sec acquisition time). From the 

2D images a 1D powder pattern is generated by radial integration. In the center of the image a beam-

stop blocks the primary beam and its absorption shadow can be seen. 
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Figure 3.7. (a) X-ray diffraction spectra of Sn and Ag-Sn nanocrystals recorded in-situ during the 

galvanic exchange reaction. Shown is a subset of Bragg peaks, which visualize the transition from the 

Sn-phase to the Ag-Sn compound phase. (b) Scattering volume and nanocrystal size of the Sn and Ag-

Sn phase during the galvanic exchange reaction extracted from the X-ray diffraction spectra. The time 

evolution of the scattering volume can be fit by exponential decay and increase functions plotted as 

solid black lines. The time evolution of the crystallite size of the Ag-Sn phase is described by an 

exponential growth together with ripening. These two contributions are shown as separate green lines. 

The reaction proceeds in different phases which are illustrated. 
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In bulk material the transformation of one phase into another one at constant 

temperature and as function of time is described by the JMAK (Johnson-Mehl-Avrami-

Kolmogorov) equation. 34 It proposes an exponential decrease of the amount V of the initial 

phase, in our case the Sn, and a corresponding increase of the new phase by time t, following 

V (t) =1 − exp(−t/τ)n. The relative scattering volume V of the Sn and Ag-Sn phase during the 

exchange can be fitted by 

𝑉𝑉𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑒𝑒𝑒𝑒𝑒𝑒−( 𝑡𝑡
𝜏𝜏𝑆𝑆𝑆𝑆

)𝑆𝑆
     (1) 

𝑉𝑉𝐴𝐴𝐴𝐴−𝑆𝑆𝑆𝑆(𝑡𝑡) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒
−( 𝑡𝑡

𝜏𝜏𝐴𝐴𝐴𝐴−𝑆𝑆𝑆𝑆
)𝑆𝑆

  (2) 

with the parameters τ and n.   

Indeed the time evolution of the scattering volumes of both, the Sn and the AgxSn 

phase provide consistently the same time constant τ of ∼10 min for a reaction temperature of 

60oC which is obvious since the growth of the Ag-Sn phase occurs by transforming the 

existing Sn phase. An Avrami exponent close to n = 1 is found to best describe our data and 

we therefore fixed the value during the fitting. While the evolution of the scattering volume is 

well described by this single time constant over the whole time span of the experiment, the 

evolution of particle size is more complex. Only within the first few minutes the reaction fits 

well to the JMAK-type of equation (green line in Figure 3.7b), however, with a distinct time 

constant τ ~ 3 min representing the nucleation and initial growth of the Ag-Sn phase. In 

contrast at longer treatment times a different expression provides favorable agreement with 

the experimental data, namely (K • t + S0
3)1/3, derived within the Lifshitz-Slyozov-Wagner 

theory35–37 to describe Ostwald ripening (yellow line in Figure 3.7b).  
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𝑆𝑆(𝑡𝑡) = −𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒−
𝑡𝑡
𝜏𝜏𝑆𝑆 + (𝐾𝐾 ∗ 𝑡𝑡 + 𝑆𝑆03)1/3   (3) 

The parameters G and τS account for the initial growth of the particles and the parameters S0 

(initial size) and K (ripening coefficient) describes the ripening. 

Thus in total, the phase transformation during galvanic exchange from Sn to AgxSn 

can be roughly divided into three stages, within which either nucleation, growth, or ripening 

(Figure 3.7b) is the dominant process. Important is also that the time scale on which the whole 

transformation takes place, is significantly longer than that observed for the co-operative 

cation exchange.32 A reason for this might be that in the present case also the diffusion of 

precursors within the liquid medium and of the Ag+ ions through the protecting oxide shell of 

the Sn nanocrystals significantly contributes to the dynamics of the observed galvanic 

exchange process. 
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3.5 Energy-dispersive X-ray spectroscopy and 

STEM investigations of Sn and Ag4Sn 

nanocrystal 

 
Besides the appearance of new crystallographic phases during cation exchange it is 

also important to prove the chemical composition within the core/shell nanocrystals. For that 

purpose energy dispersive X-ray spectroscopy (EDXS) in a scanning transmission electron 

microscope (STEM) was performed. The EDXS sum-spectrum shown in Figure 3.8a was 

calculated from the line-profile along the dashed line in Figure 3.8b. The sum-spectrum 

clearly evidences the presence of both, Ag and Sn in the nanocrystal after galvanic exchange, 

as well as traces of O, Cu, and Si. The Cu is ascribed to the sample support whereas the Si is 

an indication for the presence of residuals of HMDS. The high-angle annular dark-field 

(HAADF) STEM image of the investigated nanocrystal (Figure 3.8b) unambiguously shows 

the core/shell structure with a core diameter of 19 nm and a shell thickness of 3 nm. The 

chemical composition profile of Figure 3.8c was calculated by using the Ag-L, Sn-L and the 

O-K peaks of the EDXS line-profile indicated in Figure 3.8b. Within the shell concentration 

gradients of all three elements are found. While at the surface the shell is oxygen rich and free 

of Ag, the Ag-concentration increases to more than 20% at the core/shell interface. The Sn 

concentration increases within the shell from 22%, measured at the shell surface up to 32% at 

the interface to the core. To determine the core’s composition (from -9 nm to +9 nm, 

indicated by dashed lines in Figure 3.8c), the EDXS line scan was corrected by subtracting the 

shell signal proportionately to the shell/core electron path fraction. The line-scan contains a 

measuring point every nanometer (Figure 3.9a), thus three spectra were taken across the shell 
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without core contribution. Quantification of these spectra shows a change of the Ag-content 

from 0% at the surface to more than 20% at the shell/core interface. The O-content decreases 

in the opposite way, whereas the Sn-content changes only slightly. The average composition 

from these six spectra taken in the shell gives an average shell composition of 12% Ag 22% 

Sn and 66% O. This composition of the shell has to be taken into account if the composition 

of the core is determined. The shell signal can be subtracted because of the linear relation of 

composition and peak intensity. The average shell contribution was than subtracted weighted 

(ratio of the electron-beam path-length through the shell/core) for the inner part of the dot 

between ±9 nm.  This leads to a fat composition profile, which indicates a homogeneous core 

composition, which is shown in Figure 3.8c and Figure 3.9b between the two dashed lines. As 

a result the core composition is found to be homogeneous (with O-content set to zero) and to 

consist of 68% Ag and 32% Sn, with an estimated uncertainty of 5%. In a second, somewhat 

smaller, analyzed nanocrystal from the same batch a different core composition of 81% Ag 

and 19% Sn was detected (Figure 3.9c,d). This particle has a diameter of 9 nm and a shell 

thickness of ~ 3 nm. Thus as from the XRD data, the Ag to Sn ratio could correspond to either 

Ag4Sn/ζ or Ag3Sn/ε intermetallic phases. The most important insight from this analysis is, 

however, that the Ag concentration obviously increases within the SnOx shell. From the 

nanocrystal surface towards the core the Ag signal rises from 0% to more than 60%, even 

though during the galvanic exchange treatment the Ag+ ions have to penetrate through the 

SnO2 shell. This observation indicates the decisive role of the oxide shell in the galvanic 

exchange process. 
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Figure 3.8. (a) Summed EDXS spectra of an Ag-Sn core/shell nanocrystal after the exchange reaction. 

The indicated red, blue and green lines are the characteristic X-ray lines of Ag, Sn and O. (b) HAADF 

STEM image of the investigated nanocrystals. A dashed line shows the position of the taken EDXS 

line scan. (c) Atomic concentrations extracted from the EDXS line scan of the nanocrystal shown in 

panel (b). In the core region (between the dashed lines) the contribution from the shell was subtracted 

as described in the text. Two representative error bars for the Ag- and Sn-concentrations define the 2σ-

confidence levels of the analyzed peaks. 
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Figure 3.9. (a) Atomic concentration calculated from the EDXS-line scans of a 24 nm dot. The 

concentrations are the average compositions along the electron path, which penetrates into the center 

of the dot (between the indicated shell/core interface) the shell and core. (b) Separated profiles, which 

were calculated by weighted subtraction of the shell signal part. The homogenous core composition 

can be seen. The representative error bars for the Ag- and Sn- concentrations define the 2σ confidence 

levels of the analyzed peaks. (c) and (d) show similar panels for a measurement at a smaller dot with 

an diameter of  

19 nm. 
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3.6 Galvanic exchange theory 
 

While the XRD data and the elemental analysis confirm undoubtedly the galvanic ex- 

change from Sn towards an Ag-Sn intermetallic phase, this exchange is also in reasonable 

agreement with predictions based on Pearsons hard and soft acids and bases (HSAB) theory. 

This theory is frequently applied to systems for which parameters like chemical activity or 

reduction potentials are not determined, and it provides empirical principles38–40(Figure 3.10 

and Table 3.1) to propose basic interactions between solvent and solute or between ions and 

ligands. Since Sn2+ and the used solvent oleylamine in the term of HSAB represent a hard 

acid-base couple, these compounds tend to bind strongly, and to form ionic complexes, 

resulting in a good solvation of Sn2+ by oleylamine. In contrast, Ag+ is a soft acid, which has 

weak interactions with the hard base solvent and therefore tends to phase separate for example 

by precipitation on the surface of the nanocrystals.38–40 The same arguments can be applied to 

the soft acid Pt2+, which according to HSAB argumentation would even more likely perform 

the galvanic exchange in oleylamine to Sn (Figure 3.10). The galvanic exchange treatment 

performed with Pt-acetylacetonate instead of the Ag-precursor, however, did not result in any 

change of the nanocrystal composition at all. The EDXS data in Figure 3.11 taken before and 

after the Pt2+ treatment are almost identical and do not show any Pt related signals. This 

behavior apparently is due to a different effect not explained by the HSAB theory, resulting 

from the nanocrystal’s oxide shell. 
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Figure 3.10. Level of acidity of the common Lewis acids (metal cations) calculated by using elec- 

tronegativity, ionization potential and ionic radius of the ions.41,42 

 

Lewis Base β Ligands 

Hard <5 Ac-, ACAC-, OH-, NH2
-, NH3, NO3

-, Cl-, H2O, RNH2, OA 

Borderline 5~6 Br-
,C6H5NH2, N3

-
, NO2

-
, SO2 

Soft >6 I-, S2O3
2-, R2S(Se,Te),  RS(Se,Te)H,  R3P, R3As, (RO)3P, 

TOP 
Table 3.1. Basicity (β) of common Lewis bases (ligands) evaluated from the instability constantsof the 

metal ion complexes.41,42 Abbreviations Ac- and ACAC- are acetat and acetylacetonate, respectively. 
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Figure 3.11. Energy dispersive X-ray spectroscopy data of Sn nanocrystals treated with Pt2+. Shown is 

the spectrum of both, the as grown (orange) and treated Sn nanocrystals sample. We could not find any 

significant trace of Pt-L lines, whereas the Sn-L lines are observed very clearly in both samples. The 

shown measurements were performed in a scanning electron microscope with an electron energy of 30 

keV. 
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3.7 Role of the shell for galvanic exchange in 

metal/metal-oxide core/shell Sn/SnOx 

nanocrystals 

 
It should be noted, that oxidation of Sn by Ag+ ions, as it takes place during the 

galvanic exchange reaction (Sn0 + 2Ag+ → Sn2+ + 2Ag0), will not affect the SnO2 shell 

significantly, because there the Sn is already in the fully oxidized 4+ state. Ag+ ions only 

diffuse through the shell towards the metallic Sn core, where the galvanic exchange will take 

place (Figure 3.12a). A closer analysis of the shell structure was performed by high-resolution 

TEM imaging, by using an aberration-corrected transmission electron microscope. The 

images in Figure 3.12b,c reveal the mono-crystalline nature of the nanocrystal cores, which 

are covered by either an amorphous or a polycrystalline shell. In both types of shells the 

diffusivity is much higher as compared to that in mono-crystalline materials, because it is 

either mediated by dangling bonds,43 or facilitated by pipe diffusion.44 Both ions, Ag+ and Pt2+ 

are too large to allow sufficient diffusion via interstitials, even in the lower density of the 

amorphous shell. The most probable material transport through the shell is therefore given by 

diffusive jumps occurring via an exchange of positions with an adjacent vacancy.44 This 

diffusion of cationic Frenkel pairs45 can account for both, the transport of Sn2+ from the 

nanocrystal core towards its surface as well as for the diffusion from Ag+ from the surface 

towards the core (Figure 3.12a). In both cases, the diffusion is also related to the formation 

and diffusion of dangling bonds, since the Sn4+ cations in the SnO2 crystal structure have 

higher coordination than Sn2+ and Ag+ in SnO and Ag2O, respectively. Such a diffusion 

pathway is, however, inhibited for Pt2+ at the given process temperature, due to its inert 
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properties in respect to oxygen binding. Thus the amorphous SnO2 shell is semi-permeable, 

and protects the nanocrystal cores from galvanic exchange, depending on the oxidative 

properties of the exchanging cations. 

 

 

Figure 3.12. (a) Schematic presentation of the galvanic exchange reaction through the oxide shell of 

the Sn/SnO2 core-shell nanocrystals. (b) High-resolution transmission electron microscope image of a 

Sn/SnO2 core/shell nanocrystal with amorphous and (c) polycrystalline shell. In both cases the core is 

single crystalline. 

 

Since the galvanic exchange is driven by differences in reduction potentials, the fact 

that the conversion from Sn towards Ag stopped at the intermetallic Ag4Sn, indicates that the 
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difference of reduction potential between Sn and Ag is not beneficial any more. This might be 

caused by changes of the Sn and Ag reduction potentials due to their altered environment 

within the Ag4Sn phase, where the Sn ions are highly, 12-times, coordinated (Figure 3.13). 

Furthermore it is worth considering that galvanic exchange often results in the formation of 

hollow structures, since the location of reduction of the exchanging ions is usually not the 

same as the location of the oxidation of the sacrificing ions. The nanocrystal growth and 

dissolution on different locations changes their morphology.8 In the present case, however, the 

sites of reduction and oxidation on the nanocrystal core material are restricted by cation 

diffusion channels through the oxide shell. This makes a one to one replacement of ions at the 

same site much more probable, which does then not result in any morphology transformation. 

 

Figure 3.13. Sketch showing the 12-fold coordination of the Sn atoms (central ball) in the Ag4Sn 

structure. 
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3.8 Conclusion 

 
The galvanic exchange method was applied to metallic nanocrystals covered by a 

protective metal-oxide shell, which affects the exchange in several aspects. In particular, 

Sn/SnO2 nanocrystals were treated by Ag+ and by Pt2+ ions in organic colloidal solutions, 

providing completely different results. In the first case, the core composition is changed 

during galvanic exchange from pure Sn towards an intermetallic Ag-Sn phase, whereas the 

shells composition is hardly changed. The galvanic exchange, converting the cores 

composition on time-scales of several minutes, requires vacancy assisted diffusion of Ag+ 

through the oxide shell. The latter is apparently inhibited for Pt2+ ions, and thus the core 

composition remains unaffected by the treatment. This shows that the semi-permeability of 

the metal-oxide shell in respect to the diffusion of metals ions has to be taken into account 

when galvanic exchange treatments are performed.  This is not only relevant for Sn 

nanocrystals, but also for a series of base metals, forming natural oxide shells and can open 

the way for further investigation and development of metallic nanomaterials via galvanic 

exchange. 
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Chapter 4 
 

Synthesis of Metal Chalcogenide Quantum Dots 

via Sequential In-Situ Cation Exchange 

Reactions 

 
Here we present a general route for the synthesis of metal chalcogenide nanocrystals by a one-

pot colloidal synthesis, based on three sub-reaction steps. The first and second cation 

exchange sub-reactions generate in-situ highly reactive transient metal oleylamides which are 

immediately consumed by the third sub-reaction. The third reaction takes place between the 

chalcogenide precursor and the metal amides which results in the metal chalcogenide 

monomers. The transient metal amides are formed by an in-situ cation exchange reaction 

between a d-metal salt and lithium oleylamide. The latter is generated in-situ in the first sub-

reaction step between the oleylamine, which is used as a solvent, and lithium 

trimethylsilylamide. The nanocrystal materials which are produced by this route exhibit 

narrow size distributions, good photoluminescence, and high photoconductive response. 

Generally the synthesis is based on a hot injection technique and it can be applied for the 

synthesis of various d-metal-chalcogenides. In this thesis we present the synthesis of silver 

and manganese chalcogenide colloidal nanocrystals, which are hardly achievable by any other 

methods and represent harmless alternatives to highly toxic semiconductors based on Cd, Pb 

and Hg. The presented strategy can be used also to synthesize quantum dots from standard 
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materials like CdSe. In these cases the presented synthesis benefits from the lower price of the 

used chemicals and the simplicity of the procedure.* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* The essential parts of these developments are published in a paper by M.Yarema et 

al. (paper is given in Appendix A), so that here only synthetic strategy is described in full, 

because this has been suggested and developed by me. 
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4.1 The synthesis route 

 
The common way to synthesize monodisperse colloidal quantum dots makes use of 

the so-called hot injection technique1, where highly reactive precursors are injected at certain 

high temperature2 into a mixture of coordinative solvent and ligands. To facilitate nucleation 

and growth of colloidal quantum dots in a controlled way, highly reactive metal precursors 

have to be applied1, 2. The reactivity of metal complex precursors mainly depends on the 

leaving groups which define the nature of bond between the metal and the leaving group. An 

example of such a leaving group is amide which forms highly basic nitrogen to metal3 bonds 

and promotes high reactivity of metal precursor. Different metal amides are successfully used 

for the synthesis of colloidal quantum dots.4-7 Not all of them can be isolated into a crystalline 

stable compound for further usage. Even if the metal amide would be stable, an easier route is 

to generate metal amides in-situ as intermediate compound, which subsequently react with the 

anion precursor. Here we introduce a double step cation exchange reaction between 

oleylamine, lithium bis(trimethylsilyl)amide, and metal salts for the in-situ generation of a 

highly reactive metal oleylamides, which are then converted to metal chalcogenide quantum 

dots by reacting them with trioctylphosphine chalcogenide (Schema 1a). When a mixture of 

lithium trimethylsilylamide and a metal salt is injected to oleylamine, first the lithium 

trimethylsilylamide deprotonates oleylamine8 by formation of lithium oleylamide (Schema 

4.1a, step 1). A cation reaction between lithium trimethylsilylamide and oleylamine is 

promoted by the much higher basicity of the trimethylsilylamide moiety than that of the 

oleylamide moiety3. The lithium oleylamide reacts with the metal salt (Schema 4.1a, step 2) 

and by this metal amide is formed. In the last step the highly reactive metal amide reacts with 
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the trioctylphosphine chalcogenide precursor (Schema 4.1a, step 3) producing metal 

chalcogenide for nanocrystal growth. 

 

 

Scheme 4.1.  The mechanism of metal chalcogenide nanocrystals formation by the proposed strategy. 

(a) General chemical reaction sequence. (b) The case for Ag2Se nanocrystal synthesis. 
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4.2 Ag2Se nanocrystal properties 

 
The described strategy was successfully used for the synthesis of colloidal silver 

selenide nanocrystals (Schema 4.1b) which represents an environmentally benign 

semiconductor. The nanocrystal size can be controlled between 2-4 nm by changing the 

concentration ratio between Ag trifluoroacetate and trioctylphospine selenide (Schema 4.1b). 

Figure 4.1a shows a TEM image from the smallest β-phase Ag2Se NCs. The literature lattice 

constants9 of β-phase Ag2Se are in agreement with those presented in the high-resolution 

TEM image for Ag2Se NCs (Figure 4 . 1b). Silver selenide nanocrystals exhibit 

semiconductor properties like size-tunable band gap energies within the near-infrared 

spectrum between 750 nm and 1300 nm (Figure 4.1c). Luminescence can also be observed, 

with quantum yields above 1.7% (Figure 4.1c). 

 

 

Figure 4.1. (a) TEM overview image of Ag2Se nanocrystals. (b) High-resolution TEM image of a 

single Ag2Se nanocrystal viewed in the [012] direction. (c) Absorbance and emission spectra for 

Ag2Se nanocrystals for two sizes: 2.0 nm (black lines) and 3.4 nm in size (gray lines). 
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Blending the Ag2Se NCs with soluble C60 fullerene (PCBM) allows the observation 

of photoconductivity. The current increase through a blend of Ag2Se and PCBM is up to 7.3 

times under illumination, when an electric bias is applied (Figure 4.2a). The responsivity 

spectrum in Figure 4.2b, starts at a wavelength of 900 nm, and at which the responsivity 

amounts to 0.2 A/W, corresponding to a quantum efficiency of 27%. 

 

 

Figure 4.2. (a) I-V on/off characteristics of a Ag2Se nanocrystal/PCBM blend under illumination 

(black line) and in dark (gray line). (b) Photoresponsivity spectrum of the same blend. 
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The described synthesis route (Schema 4.1) is also applicable for the synthesis of 

Ag2S and Ag2Te, which are obtained by replacing TOPSe with the corresponding TOP-

Chalcogenide. The absorption and PL spectrum of 3 nm large Ag2S and Ag2Te are shown in 

Figure 4.3a. We have also obtained good results for CdSe and CdTe NCs, as shown in 

Figure 4.3b. Furthermore, we performed a successful synthesis with the same scheme for 

MnSe (Figure 4.3c) proving that the in situ cation exchange for the synthesis of metal amides 

is a powerful strategy for the one-pot synthesis of a large class of small sized chalcogenide 

NCs. 
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Figure 4.3. Absorption and emission spectra for: (a) Ag2S and Ag2Te nanocrystals, (b) CdSe and 

CdTe nanocrystals, and (c) MnSe nanocrystals. 
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Chapter 5 
 

Hydrogen-Bonded Organic Semiconductor 

Micro- And Nanocrystals: From Colloidal 

Syntheses to (Opto-)Electronic Devices 

 
Organic pigments such as indigos, quinacridones, and phthalocyanines are widely produced 

industrially as colorants for everyday products as various as cosmetics and printing inks. 

Herein we introduce a general procedure to transform commercially available insoluble 

microcrystalline pigment powders into colloidal solutions of variously sized and shaped 

semiconductor micro- and nanocrystals. The synthesis is based on the transformation of the 

pigments into soluble dyes by introducing transient protecting groups on the secondary amine 

moieties, followed by controlled deprotection in solution. Three deprotection methods are 

demonstrated: thermal cleavage, acid-catalyzed deprotection, and amine-induced 

deprotection. During these processes, ligands are introduced to afford colloidal stability and to 

provide dedicated surface functionality and for size and shape control. The resulting micro- 

and nanocrystals exhibit a wide range of optical absorption and photoluminescence over 

spectral regions from the visible to the near-infrared. Due to the excellent colloidal solubility 

offered by the ligands, the achieved organic nanocrystals are suitable for solution processing 

of (opto)electronic devices. As examples, phthalocyanine nanowire transistors as well as 

quinacridone nanocrystal photodetectors, with photoresponsivity values by far outperforming 

those of vacuum deposited reference samples, are demonstrated. The high responsivity is 

enabled by photoinduced charge transfer between the nanocrystals and the directly attached 
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electron-accepting vitamin B2 ligands. The semiconducting nanocrystals described here offer 

a cheap, nontoxic, and environmentally friendly alternative to inorganic nanocrystals as well 

as a new paradigm for obtaining organic semiconductor materials from commercial 

colorants.* 

 

 

 

 

 

 

 

*- Sytnyk, M.; Głowacki, E. D.; Yakunin, S.; Voss, G.; Schöfberger, W.; Kriegner, D.; 
Stangl, J.; Trotta, R.; Gollner, C.; Tollabimazraehno, S.; Romanazzi, G.; Bozkurt, Z.; 
Havlicek, M.; Sariciftci, N. S.; Heiss, W. Journal of the American Chemical Society 
2014, 136, 16522. 
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5.1 Introduction 

 
Hydrogen-bonded organic pigments are industrially applied in the form of 

microcrystalline powders to colorize textiles, food, cosmetics, plastics, or cars.1 An example 

of such a pigment is natural indigo, which is known since ancient times2 and is still the most 

mass-produced colorant worldwide. Nowadays, indigo is frequently replaced by synthetic, 

blue-colored pigments with better light-fastness and tinctorial strength, such as indanthrenes 

and phthalocyanines (for molecular structures see Figure 5.1a). The latter represents one of 

the most important classes of colorants, produced in amounts >10 000 t per year,3 which is 

applied, for example, as the cyan colored toner for printing. Such toner pigments are stable in 

air and available at low cost. Other examples of organic pigments used widely in toners are 

the hydrogen-bonded (H-bonded) quinacridone, which is commonly used as the magenta 

color, and the yellow colored epindolidione.4 These classes of organic pigments have been 

well-known for their excellent stability and coloration value, but only recently they have been 

found to exhibit promising semiconductor properties. Recently, high-performance ambipolar 

organic field-effect transistors and circuits have been demonstrated, based on indigo,5, 6 

quinacridone,7-9 and epindolidione.9 These transistors exhibit remarkable air-stability, superior 

to that of other organic semiconductors.9 Phthalocyanines are, on the contrary, already well-

established as organic semiconductors for xerography,10, 11 photovoltaics,12, 13 and organic 

field-effect transistors.14, 15  
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Figure 5.1. (a) Molecular structures of the pigments used in this work: indanthrene, epindolidione, 

phthalocyanine, indigo, and quinacridone (QA). (b) The protection–deprotection strategy employed in 

this work to synthesize colloidal pigment nanocrystals is shown for quinacridone, as an example. It 

starts from insoluble pigment powders, makes use of soluble latent pigments as precursors for the 

nanocrystal growth, and provides as a result colloidal nanocrystal dispersions. 

 

All the pigments used in this work (Figure 5.1a) are commercially available materials, 

purchased from industrial sources at a cost of <$1/g. What all the molecules have in common 

is the presence of NH functional groups, which lead to strong intermolecular H-bonding and 

along with π–π stacking interactions are responsible for the low solubility/high stability of 

these materials (2H-phthalocyanine is a slight exception; here the NH groups only participate 

in intramolecular H-bonds, and π–π stacking interactions dominate crystallization). In contrast 

to dyes, organic pigments are highly resistant to being solubilized in organic or aqueous 

solvents.16 Therefore, Zambounis et al. (refs 16 and 17 ) developed a method to convert 

insoluble microcrystalline hydrogen pigment powders into a soluble so-called “latent” 
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pigment. This is obtained by attaching a protection group (t-butoxycarbonyl, t-Boc) to the N-

H moieties of the pigments, which can be thermally cleaved off after homogeneous 

dissolution in the desired carrier medium (Figure 5.1b). This approach has been applied 

successfully for the coloration of plastics, especially foils used as color filters in LCD 

applications.17 Direct solution processing of t-Boc compounds has also been reported for 

organic thin-film electronics,7, 18 however this approach has severe drawbacks because the 

crystallization of the final pigment film is hard to control and also depends strongly on the 

nature of the underlying substrate.19  

It follows that obtaining high-quality crystals prior to deposition of films would be 

advantageous. Methods exist to obtain colloidal organic pigment crystals dispersions by 

methods like laser ablation20-22 or precipitation of a dilute solution in nonsolvents.23-25 These 

approaches lead to colloids with very low concentration of pigment materials. Moreover, 

surfactant-free nanoparticles are prone to aggregation. Overall such dispersions are not 

suitable for solution processing of device-quality thin films. Therefore, in this work, we have 

developed a novel synthesis route toward H-bonded pigment micro- and nanocrystals, which 

makes use of the ligand-mediated syntheses concepts known from the field of inorganic 

nanocrystals26-28 and combines them with latent pigment chemistry.16 The latent pigments, 

acting as highly soluble precursors, are crystallized in solution in the presence of ligand 

molecules by controlled removal of the t-Boc protection groups, achieved here in three ways: 

(i) simply by thermal cleavage,16, 29 (ii) by an acid catalyzed reaction,30 and (iii) by a 

substitutional reaction with amines (Figures 5.1b and 5.2).31 From such syntheses, ligand-

covered organic pigment micro- and nanocrystals of various shapes and sizes are obtained. 

The various colloidal crystals have a wide tunable range of absorption and photoluminescence 

(PL) from the visible to near-infrared range. We prepared example devices where the organic 

colloids are used in place of established inorganic colloidal semiconductors: phthalocyanine 
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colloidal nanowire transistors are demonstrated with good on/off ratios and mobility, 

fabricated simply by drop casting of the colloidal solution on an untreated gate dielectric. 

Furthermore, quinacridone-based photodetectors are presented, deposited on paper substrates 

by paint-brushing. Their responsivity was significantly improved by attachment of an H-

bonding, “smart” (strongly electron accepting) ligand. These examples demonstrate the 

versatility of the ligand-functionalized organic pigment nanocrystals synthesized here for 

applications in (opto)-electronics. 

 
Figure 5.2. Three different routes were applied in this work for deprotection of latent pigments to 

crystallize organic pigment micro-nanocrystals in organic solutions. 
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5.2 From organic pigments to latent pigments 

 
The pigments were solubilized by attachment of t-Boc protection groups.16 The t-

butoxycarbonylation is performed by stirring the pigments in an organic solvent (for details 

see the experimental section) at room temperature together with di(t-butyl)-dicarbamate, using 

N,N′-dimethylaminopyridine as catalyst. An exception here is phthalocyanine, which is first 

lithiated to provide sufficient reactivity to di(t-butyl)-dicarbamate, replacing the necessity to 

apply any catalyst. The replacement of the H atoms of the NH groups by t-Boc removes the 

possibility of intermolecular H-bonding, which inhibits crystallization of the molecules to 

pigments, and thus eliminates any intermolecular coupling of electronic states. As a 

consequence, the absorption spectra of the latent pigments are hypsochromically shifted in 

respect to that of the initial parent pigments (Figure 5.3). Such a behavior has been reported 

before for instance for t-Boc protected quinizarin32 and quinacridone,18 and we observed it for 

all 5 pigments shown in Figure 5.4, where the latent pigment of quinacridone appears yellow, 

due to an absorption onset at 525 nm, whereas the pigment used as starting material exhibit 

colors from red to violet.33 With the exception of bis-t-Boc-indigo, all latent pigments exhibit 

also intense PL (Figure 5.4). Under illumination with an UV lamp the luminescence is 

observed by the bare eye in colors ranging between red, for t-Boc-phthalocyanine, and blue, 

observed for bis-t-Boc-epindolidione (Figure 5.4c). The absence of intense PL in the case of 

bis-t-Boc-indigo is not surprising, because for indigo a radiationless internal conversion 

process has been described to dominate over the radiative recombination, independent of the 

attachment of substitutions.34 Most important is, however, that protecting the insoluble parent 

pigments by t-Boc groups improves their solubility in organic solvents by approximately 5 
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orders of magnitude.16 This high solubility makes the latent pigments ideal precursors for the 

following syntheses of colloidal micro- and nanocrystals. 

 

 

Figure 5.3. Optical properties of latent pigments versus pigment micro-nanocrystals. Absorbance 

spectra of organic pigments dissolved in DMSO and the corresponding micro- nanocrystals (NCs) 

dispersed in chloroform (QA=quinacridone, ED=epindolidione, IN=indigo). 
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Figure 5.4. Optical properties of latent pigments. (a) Absorbance and luminescence spectra of all used 

latent pigment precursors. (b) Photo of the latent pigments as observed under ambient light due to 

scattering and (c) under ultraviolet illumination due to their PL (QA = quinacridone, ED = 

epindolidione, IN = indigo, PC = phthalocyanine, IT = indanthrene). 
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5.3 Nanocrystal syntheses by thermal cleavage 

of the t-Boc protection groups 

 
Heating is a convenient method used to remove the t-Boc protection groups from the 

latent pigments, as the t-Boc groups decompose irreversibly into gaseous CO2 and isobutene. 

Following t-Boc group decomposition, the deprotected pigment-forming molecules start to 

crystallize due to the strong intermolecular interactions, including H-bonding and π-stacking. 

Thus, the synthesis of organic pigment micro- and nanocrystals is reminiscent to the 

traditional “hot-injection” syntheses, which are extremely successful in the case of various 

inorganic nanocrystals.28, 35-37 As in the case of inorganic nanocrystals, here also organic 

ligand molecules are added to the reaction mixtures to control nucleation and growth and to 

provide colloidal stability, solubility, and functionality to the final nanocrystals. As an 

example, quinacridone nanocrystals were synthesized in a mixture of oleic acid, used as 

coordinating solvent, and ligand molecules such as oleyl chloride or myristoyl chloride. After 

degassing and purification steps, the solution was heated to 280 °C under inert Ar-

atmosphere, and a warm solution of bis-t-Boc-quinacridone dissolved in 1,2,4-

trichlorobenzene was injected. After a growth time of 1 s the reaction flask was cooled to 

room temperature, and platelet shaped nanocrystals were collected after an appropriate 

washing step. These platelets are of submicron dimensions in lateral direction and have 

thicknesses in the order of 100 nm (Figures 5.5a, 5.6, 5.7a). Here the effect of the ligand 

attachment could be immediately observed, because such micronanocrystals can be dispersed 

in chloroform with concentrations up to 20 mg/mL, which is about 500 times higher 

concentration than was obtained so far in dispersions of quinacridone pigment 

micronanocrystals.20, 24, 38 An advantage of this hot-injection synthesis in comparison to the 
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previous syntheses of quinacridone nanoparticles is also that temperature and growth time 

provide a convenient parameter to control the final nanocrystal properties. Increasing the 

injection temperature to 325 °C, for instance, results in increased nanocrystal sizes (Figure 

5.7b), whereas, reducing the injection temperature to 150 °C and increasing the growth time 

provide rod-shaped nanocrystals, because of a changed reactivity of the oleoyl-myristoyl 

chloride and decomposition speed of bis-t-Boc-quinacridone(Figure 5.7c). This synthesis 

route is also very versatile, because changes of the ligand concentrations results in further 

uniform shapes (Figure 5.7d,e). Analogous recipes have been used here for the syntheses of 

ligand functionalized indigo-, indanthrene, and epindolidione micronanocrystals (Figure 5.5). 

Also in these cases by the growth conditions sizes and shapes of the nano/microcrystals can 

be controlled (differently sized and platelet shaped indigo nanocrystals are shown for instance 

in Figure 5.8). In all of these cases the final product we found to be superior to those obtained 

by the classical precipitation method,23  for which not only large size distributions are 

observed but also substantial admixtures of amorphous materials are found (see Figure 5.9). 
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Figure 5.5. Organic pigment colloidal nanocrystals synthesized by thermal cleavage of the t-Boc 

protection groups from the latent pigment precursors. (a) Electron micrographs of the 

micronanocrystals on a Si substrate. (b) Photo of the colloidal dispersions. (c) Absorbance spectra of 

the latent pigment precursors and the resulting organic pigment micronanostructures. (QA = 

quinacridone, ED = epindolidione, IN = indigo, IT = indanthrene). 

` 

Figure 5.6. Nanoplatelet thicknesses. Cross sectional scanning electron images of quinacridone 

nano-platelets with typically thicknesses below 100 nm. The cross sections are prepared by focused 

ion beam preparation of the nano-platelets covered by a conductive carbon film. 
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Figure 5.7. Size and shape controlled quinacridone nanocrystals. (a),(b) By increasing the 

injection temperature from 280°C to 325 °C the averaged dimensions of the platelet shaped micro-

nanocrystals are increased. (c) Quinacridone micro-nanocrystals with the shape of rods or 

needles, synthesized at an injection temperature of 150°C and a growth time of 2 min. (d),(e) 

Changing the solvent/ligand mixture to pure myristoyl chloride results at growth temperature of 

220°C in irregular structures, whereas the addition of LiCl as catalyst provides regular, star shaped 3-

dimensional structure. 
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Figure 5.8. Size controlled platelet shaped indigo micro-nanocrystals. The size and shape of indigo 

micro-nanocrystals depends sensitively on synthetic conditions (Scale bar 5 µm). 

 

 

Figure 5.9. Nanoparticles obtained by the classical precipitation approach. The synthesis was done 

according to the recipe given by Nakanishi et al. (Novel process for producing pigment 

nanoparticle).39 
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The solutions of the four different organic pigment nanocrystal species synthesized 

here by the hot injection approach exhibit various colors (Figure 5.5b), which are clearly 

changed with respect to those observed for the corresponding latent pigments. In all cases a 

significant red-shift between the absorbance features of the organic pigment 

micronanocrystals and the corresponding latent pigments was observed (Figure 5.5c), which 

is theoretically predicted to originate from the interplay between structural deformation, 

electrostatic potential, and intermolecular interaction.40 The balance between these three 

contributions is affected by the organic pigments crystal structure, enabling the adjustment of 

pigment colors by controlling their polymorphism. The concept of crystal engineering to 

achieve tunable pigmentary properties is highly developed in the pigment industry.41, 42 In our 

approach, the color of quinacridone colloidal solutions can be tuned by the injection 

temperature, between red and violet. The brightest color shade is observed for sample QA I, 

synthesized at the lowest temperature, resulting in the α2-phase where the molecules form a 

criss-cross pattern,33 as is verified by synchrotron X-ray diffraction measurements (Figure 

5.10). By the hot injection syntheses, darker colloidal solutions (QA II, QA III, Figure 5.10a) 

are obtained, and the onsets of their absorption spectra are red-shifted by up to 33 nm with 

respect to that of QA I. These samples are predominantly β-phase, where the molecules 

arrange in linear H-bonded chains,33 with small admixtures of α2-phase (Figure 5.10b). 
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Figure 5.10. Controlling polymorphism in quinacridone micronanocrystals. (a) Absorbance spectra 

(b) and corresponding X-ray diffraction patterns for quinacridone micronanocrystal synthesized at 

various temperatures (QAI at 25 °C; QAII at 280 °C; QAIII at 340 °C). (c) Molecular arrangements of 

the observed α2 and β polymorphs, exhibiting a criss-cross H-bonding pattern and linear-chain H-

bonding, respectively. 
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While the parent pigment powders used here as starting materials for the nanocrystal 

syntheses exhibit either weak or no luminescence, their conversion to colloidal nanocrystals 

improved their luminescence quantum yield by at least a factor of 10. Indeed, for all organic 

pigment nanocrystal species luminescence spectra can be measured, covering the visible and 

near-infrared spectral region up to 1300 nm (Figure 5.11a). The nanocrystal luminescence 

spectra also strongly differ from that of thin films fabricated by vacuum deposition as well as 

from the parent pigment powders or from nanomaterials prepared by the classical 

precipitation method. For quinacridone thin films, for instance, broadband spectra are 

observed, covering the wavelength region from 600 nm up to 800 nm,8 due to emission from 

dissociative states such as excimer and charge-transfer states.43 In contrast, the quinacridone 

nanocrystals exhibit a relatively narrow luminescence peak, with a line width (fwhm) of the 

excitonic transition fwhm = 44 nm and a Stokes shift SS = 33 nm (Figure 5.11b), which could 

be attributed to the rather monocrystalline and defect-free nature of the nanocrystals. This 

observed fwhm/SS ratio fits well to existing theoretical models, developed for high-quality 

semiconductor heterostructures,44 qualifying the quinacridone nanocrystals as a high-quality 

semiconducting material. By confocal micro-PL spectroscopy, performed on a single 

nanocrystal deposited on sapphire substrate, only a slightly smaller fwhm as those measured 

in the ensemble of a concentrated solution is measured (Figure 5.12), suggesting that all NCs 

in solution emit homogeneously at the same wavelengths. 

  

 
119 

 

http://pubs.acs.org/doi/full/10.1021/ja5073965%23notes-1


 

Figure 5.11. PL of organic pigment micronanocrystals. (a) Normalized PL spectra of various organic 

pigment micronanocrystals. The inset shows a photo of two cuvettes under ultraviolet illumination. (b) 

Absorbance and emission spectra of quinacridone nanocrystals in solution and of the single 

nanocrystal (NC) shown by the electron micrograph in the inset. (c) Stability test of an epindolidione 

nanocrystal film in acidic environment, compared to that of standard CdSe/ZnS core/shell 

nanocrystals. 
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Figure 5.12. Size independent photoluminescence. (a) Microluminescence spectra of individual, and 

bunches of a few quinacridone micro-nanocrystals. (b) Electron micrographs of the very same 

nanocrystals providing the photoluminescence spectra shown in (a). 

 

An important consideration for eventual practical use of these materials, e.g., for 

applications at the interface to biochemistry or in epidermal electronics,45, 46 is the stability of 

the organic nanocrystals in aqueous environments. Stability was tested for epindolidione 

nanocrystal films deposited on glass substrates, which were completely immersed in aqueous 

solutions with an acidic pH value, as an extreme model substance mimicking human 

sweat.47 In Figure 5.11c, a 12% decrease of the PL intensity within 120 min is shown. In 

comparison, a film of standard inorganic nanocrystals emitting at the same wavelength as 

epindolidione, namely CdSe/ZnS core/shell nanocrystals, exhibits a 6-fold larger drop of PL 

intensity within the same time span. Thus, the high optical quality of the fabricated organic 

pigment nanocrystals together with their superior stability holds strong promise for their 
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exploitation in future photonic applications as a replacement to inorganic nanocrystals, which 

usually contain toxic heavy metals. 

Of considerable interest is the mechanism of ligand attachment to the surfaces of the 

micronanocrystals. The high solubility of the quinacridone nanocrystals in chloroform can be 

quoted as an indirect proof for the attachment of ligand molecules on the nanocrystals 

surfaces. A direct proof for this attachment was obtained for the quinacridone nanoplatelets 

stabilized by oleyl chloride, shown in Figure 5.5a, by solution nuclear magnetic resonance 

(NMR) spectroscopy (Figures 5.13–16). Due to the missing of appropriate reference spectra 

in literature, as a starting point of discussion first the NMR spectra of quinacridone molecules 

(solutions in DMSO) were studied. With the help of H,H and C,H correlation spectroscopy 

(Figures 5.14) all NMR peaks could be assigned to the corresponding atoms. On the basis of 

these assignments, also all peaks in the one-dimensional proton spectrum of quinacridone 

micronanocrystals covered by oleate ligands could be identified, for the aliphatic region 

(around 2 ppm) as well as for the aromatic part (around 8 ppm) of the quinacridone surface 

molecules (Figure 5.15). By nuclear Overhauser enhancement spectroscopy (NOESY, Figure 

5.13a) homonuclear correlations are found between the protons 6 or 13 and 4 or 11 of the 

quinacridone molecules to the proton 3′ of the oleate ligands (sketch in Figure 5.13a). 

Additionally, in the two-dimensional heteronuclear multiple bond (HMBC) correlation map 

the correlation spot from proton H2′ at 2.1 ppm to the amide carbon C1′ at 170.5 ppm (Figure 

5.13b) appeared to be shifted with respect to the corresponding spot measured for pure oleic 

acid (Figure 5.13c). Such a shift toward lower frequencies in both the C and the H NMR 

spectra indicates a direct bond between the carboxy group to the amine nitrogen (a similar 

shift is reported for the well-known system N,N′-ethylene-bis-oleamide, as is shown in Figure 

5.16). Thus, both results, the NOESY and HMBC, evidence that the oleate headgroup 

(carbonyl atom C1′) is bound to the nitrogen atoms 5,12 on the quinacridone nanocrystals 
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surfaces (as sketched in Figure13a), which is a direct proof for the covalent attachment of 

ligands to the organic pigment micronanocrystal surfaces. 

 

 

Figure 5.13. Evidence for ligand attachment on the organic pigment nanocrystal surfaces. (a) 

Homonuclear H–H NOESY reveals correlations between protons of the quinacridone and the oleate 

ligands as evidence for ligand attachment. (b) HMBC map of quinacridone with oleate ligands and (c) 

of oleic acid exhibit shifted signatures for the H2–C1 bond. The numeration of the atoms is shown in 

the inset of (a). 
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Figure 5.14. Identification of molecular structure. (a) Solution NMR C-spectrum, obtained for 

quinacridone monomers dissolved in dimethylsulfoxid (DMSO), assigned to the corresponding 

atoms. The assignment was enabled by (b), Homonuclear 1H-1H Correlation SpectroscopY (COSY) 

and (c) Heteronuclear Single Quantum Coherence (1H-1 3C HSQC) NMR spectroscopy data. 
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Figure 5.15. Identification of NMR H-Spectrum. With the help of Figure 5.14 and data from literature 

all peaks in the H-spectrum can be assigned to the corresponding atoms of quinacridone or the oleate 

group of the ligand. In addition residuals of some used solvents are identified. 

 

 

Figure 5.16. Evidence for ligand attachment. The different positions in the 1 3C NMR spectra 

and 1H NMR spectra of oleic acid and N,N´-Ethylene-bis-oleamide observed for the C1 and H2 

peaks are characteristic for free oleic acid and oleic acid bound to nitrogen nuclei. The same 

characteristic peak shifts are observed in the 1H-1 3C HMBC spectra of quinacridone micro-

nanocrystals as compared to  that of free oleic acid (Figure 5.14b,c), confirming the ligand attachment. 
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5.4 Phthalocyanine nanocrystal syntheses by 

acid catalyzed deprotection 

 
While the thermal cleavage of the t-Boc protection groups to induce crystallization in 

a liquid matrix was successful for four out of the five species of H-bonded organic pigments 

studied in this work, phthalocyanine represents an exception. The bis-t-Boc-phthalocyanine 

shows the tendency to become deprotected and to crystallize already at room temperature. 

Mixing t-Boc-phthalocyanine kept after column chromatography in toluene/ethyl acetate 

(19:1) into acetone (1:1), for instance, results within 3 days in rectangular shaped microbars, 

whose mean dimensions can be roughly controlled by the concentration of the precursor in the 

solution (Figures 5.17a and 5.18a). These nanobars are luminescent (Figure 5.17b), similarly 

as the micronanocrystals grown by thermal cleavage shown in Figure 5.5, however there are 

no ligands attached to the surfaces to obtain a stable colloidal solution. Therefore, for 

colloidal phthalocyanine we have developed a slightly changed synthetic protocol, which is 

based on a more controlled way to remove the t-Boc protection moieties from the latent 

pigment precursor as the self-deprotection observed when t-Boc-phthalocyanine is stored at 

room temperature. 

  

 
126 

 

http://pubs.acs.org/doi/full/10.1021/ja5073965%23notes-1
http://pubs.acs.org/doi/full/10.1021/ja5073965%23notes-1


 

Figure 5.17. Phthalocyanine micro- nanocrystals by self-decomposition of t-BOC-PC. (a) 

Increasing the concentration of t-Boc-phthalocyanine results in smaller lateral dimensions of the 

rectangular shaped nanocrystals (scale bar: 2 µm). (b) Such micro-nanocrystals provide 

luminescence in the near-infrared spectral region. 

 

 

Figure 5.18. Phthalocyanine micronanocrystals (a) upon self-deprotection in the absence of any 

ligands, rectangular shaped microcrystals are obtained. When trifluoroacetic acid is used, dependent 

on the added ligand, (b) nanowires or (c) monodisperse nanospheres (with the addition of acetic 

anhydride) were achieved.  

  

 
127 

 



All pigment molecules used in this work contain two secondary amine groups which 

are t-Boc protected during their conversion into latent pigments. Besides thermal treatment, 

the most common methods to deprotect t-Boc-protected amines are to treat them either by a 

large quantity of an acid such as trifluoroacetic acid or by a relatively smaller quantity of a 

stronger mineral acid such as hydrochloric acid.30 By using trifluoroacetic acid, we were 

successful to obtain a controlled slow deprotection of the latent pigments and thus a 

kinetically controlled crystallization of the deprotected pigment molecules in solution. This 

attempt we applied to the t-Boc-phthalocyanine, which was treated in an acetone/toluene 

mixture with trifluoroacetic acid.48 The latter not only catalyzes the deprotection of the latent 

pigment but also its carboxylic groups might attach to the phthalocyanine nanomicrocrystal 

surfaces to provide the required ligands, for shape control and dispersibility improvement. As 

a result, after a growth time of 4 min, rather uniform phthalocyanine nanowires were 

obtained, with diameters in between 80 and 100 nm and lengths between 5 and 20 μm (Figure 

5.18b). Similar nanowire shapes are often observed for phthalocyanines, even when they are 

crystallized by high-vacuum sublimation methods,49-53 due to the preferential stacking of the 

phthalocyanine molecules into their π–π direction ([001] direction of the monoclinic crystal). 

In comparison to the vacuum deposition methods, however, the chemical synthesis presented 

here offers an additional control of final micronanocrystal shape, by the choice and 

attachment of ligands. While the synthesis of phthalocyanine nanowires in trifluoroacetic acid 

appeared to be easily reproducible, by addition of a further ligand, namely acetic anhydride, 

completely different results were obtained. In the latter case, instead of the wire shape 

commonly found for phthalocyanines, spherical nanocrystals were obtained with a mean 

diameter of 38 nm and a narrow size distribution of ±10% (Figures 5.18c and 5.19). 
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Figure 5.19. Size dispersion of spherical phthalocyanine nanocrystals. The size dispersion of the 0D 

nanospheres given in Figure 5.18(c) of the main text was evaluated from electron microscopy 

images. 
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5.5 Phthalocyanine nanowire FET 

 
In order to test the electrical transport in phthalocyanine nanocrystals, we fabricated 

field-effect transistor (FET) devices. The phthalocyanine micronanowires offer an obvious 

advantage over other nanocrystal shapes with respect to lateral charge transport. We were able 

to observe promising performance in FETs prepared by drop-casting of a phthalocyanine 

nanowire colloidal solution (Figure 5.18b). Highly doped Si was used as the gate electrode, 

with a 230 nm layer of SiO2functioning as the gate dielectric. The nanowires were drop-cast 

from chloroform colloidal solution between two interdigitated gold electrodes with a 10 μm 

spacing, giving a FET structure as shown in Figure 5.20a. SEM examination of the drop cast 

films shows that the nanowires had a length of approximately 10–20 μm and width of tens of 

nanometers and formed a random network between the source and drain electrodes as shown 

in Figure 5.20b. Despite the disordered nature of the nanowires and inhomogeneous surface 

coverage, p-type field-effect current modulation was observed, with on/off ratios of 104, as 

shown in Figure 5.20c. The transfer characteristic as shown in this Figure 5.20c represents 

linear mode operation, which was found to be highly reversible over tens of cycles and 1 

week of measurements. Application of source–drain voltages higher than 4 V was found to 

provide saturation behavior with currents in the microamp range, however this led to rapid 

breakdown of the device. This observation suggests that the current may be carried by only a 

limited amount of nanowires spanning the source and drain electrodes. This makes a 

determination of the intrinsic mobility of these nanowires difficult. Using a very conservative 

estimation assuming the full geometric width between electrodes to constitute an active 

channel (W = 2 mm) we calculate from the transconductance at linear regime a mobility of  
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~1 × 10–3cm2/(V s). In reality, the mobility could be significantly higher. The best results for 

vacuum-evaporated films of metal-free phthalocyanine are also in the 1 × 10–3 cm2/(V s) 

range, while the best results for other phthalocyanine derivatives rarely exceed the 0.1 cm2/(V 

s) range. The record mobility for this materials class is for titanyl phthalocyanine, with 

mobility >1 cm2/(V s).54, 55 As is well-known from organic FET literature, bare SiO2 is 

considered a problematic dielectric layer giving inferior performance, due to surface states 

acting as traps and the hydrophilic surface leading to growth of small crystalline 

semiconductor domains. To overcome this, surface modification layers such as alkyl silanes 

are used to passivate traps and make the surface hydrophobic. We carried out a typical 

silanization procedure using n-octyl trimethoxysilane, according to published methods.56, 57 

We found no difference between treated and untreated samples in terms of transistor behavior. 

This suggests that since the crystals are already formed colloidally, with passivating ligands, 

before deposition, the semiconducting properties of the material are less sensitive to the 

dielectric surface properties. We found that other nanocrystal modifications of phthalocyanine 

(blocks, spheres, etc.) showed almost no measurable gate modulation, only the long 

nanowires showed promising FET performance. This represents an interesting potential 

approach to solution-processed organic FET devices. 
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Figure 5.20. Phthalocyanine Nanowires FET. (a) Schematic drawing of the FET structure, (b) A SEM 

image showing the drop-cast nanowires between the gold source–drain electrodes (c) Transfer 

characteristics of a phthalocyanine nanowire transistor. 
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5.6 Phthalocyanine nanocrystal humidity 

sensors 

 
As a second device application of phthalocyanine nanocrystals we fabricated 

humidity sensors on food wrap composites (Figure 5.21a). Into the composite, which 

consists of layers of paper, metallization, and adhesive polymers, we cut by laser ablation 

inter-digital electrodes with a gap distance of 15 µm.  The device fabrication was finished 

by drop-casting phthalocyanine NCs with approximately cylindrical shape (either rods or 

wires with lengths up to 45 µm) on top of the electrodes. Such devices exhibit high 

sensitivity to humidity. Measured in ambient conditions at a temperature of 25°C and a 

relative air humidity of 40%, a current below 1 nA is measured at electric fields up to 70 

kV/cm (Figure 5.21b). When the relative humidity is increased to 80 %, a current increase 

by four orders of magnitude is observed. The humidity response is also fast, and the 

response on a pulse of humid air, shown in the inset of Figure 5.21c, exhibits a recovery 

time on the order of 130 ms. Under constant bias, the device current exhibits on a 

double logarithmic scale a quadratic increase with increasing humidity. The total current 

increase between 1 and 100 % humidity amounts seven orders of magnitude (Figure 

5.21d), which is 5 orders of magnitude higher as the humidity sensitivity obtained in thin 

film phthalocyanine gas sensors, prepared by high vacuum evaporation deposition.58, 59 This 

ultra-high sensitivity of the nanocrystal devices is obviously caused  by a strikingly 

different mechanism as in the  case of phthalocyanine thin  film gas sensors. While in the 

latter a decrease of currents in the presence of humidity is observed due to an electron 

transfer from the adsorbed layer to the p-type conducting phthalocyanine film,58 in the case 
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of  the  phthalocyanine nanocrystal devices  the  charge  transport  is  dominated  by  the  

inter-particle  junction resistance. Similar to the case of ceramic humidity sensors,60 the 

increase of conductivity upon adsorption of water is caused by proton transport within the 

adsorbed H2O layer, bridging the insulating gaps in between the nanocrystals. This 

explains also the increased sensitivity with increasing humidity, which is known from 

porous Al2O3 humidity sensors,60 and is observed also for devices fabricated from 

indanthrene and indigo micronanocrystals (Figure 5.22). The by orders of magnitudes 

higher sensitivity of the phthalocyanine nanocrystal devices as compared to that of 

conventional porous Al2O3 sensors we ascribe to (i), the proton donating property of 

phthalocyanine, which has a smaller pK value than water61 and thus significantly 

contributes to the proton transport in the device, and (ii), to the smaller dimensions of the 

phthalocyanine nanostructures as compared to that of porous Al2O3.  
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Figure 5.21. Ultra-fast Phthalocyanine Nanocrystals humidity sensors. (a) Devices are fabricated on 

food wrap composites taken from hazelnut cream wafer packages. The active region is formed by 

phthalocyanine nanocrystals in between the finger electrodes which are cut by laser ablation.  (b) 

The current-voltage characteristics of the paper-composite device measured at two humidity values 

of 40% and 80% (c) The response of this device on a humid air pulse. (d) Under constant bias, as 

relative humidity is varied between 1 and 100 %, the device current increases by 7 orders of 

magnitude. 
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Figure 5.22. Humidity sensitivity of indanthrene and indigo nanocrystal films. With both kinds of 

nanocrystals humidity sensitivity is observed. Below 30% relative humidity a constant current is 

observed due to the sensitivity limit of the setup. The used IDT is displayed in the inset. 

 

In fact the sensitivity scales with the sizes of the used phthalocyanine nanocrystals, 

in that it strongly increases with decreasing size. This is shown in Figure 5.23a, where the 

ratio between device currents measured at 45 % relative humidity (I45%) to that measured at 

1 % humidity (I1%) is shown on logarithmic scale as function of the inverse phthalocyanine 

nanocrystal surface (1/A). While for the biggest nanocrystals (Figure 5.23b left) a value of 

100 is found, similar as for conventional sensors, log(I45%/I1%) quadratically increases with 

1/A up to I45%/I1% = 6x104 for the smallest nanocrystal size (sample 4 in Figure 5.23b). 

This size dependence demonstrates the importance of size control in H-bonded organic 

pigment nanocrystals. 
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Figure 5.23. Ultra-sensitive phthalocyanine nanocrystal humidity sensors. (a) The sensitivity, given 

by the ratio between the currents measured at relative humidity of 45% and 1%, of the 

phthalocyanine nanocrystal humidity sensors scales with 1/S, where S is a nanocrystal surface area.  

(b) The electron micrographs show samples 1 and 4 on the same scale.  
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5.7 The quinacridone nanocrystal syntheses by 

amine induced t-Boc deprotection: anisotropic 

hierarchical growth 

 
To get a highly controlled nanocrystal synthesis, we have developed a third synthetic 

route towards t-Boc deprotection. This rout is based on the migration ability of the t-Boc 

group between amine groups.31 The reaction occurs at room temperature and can continue 

from half an hour till a week. Primary amines with long aliphatic chains were found to 

interact slowly with t-Boc quinacridone, resulting in reactions lasting up to dozens of days. A 

beautiful aspect of this reaction is that it can be easily monitored by optical absorbance 

spectroscopy, and from this the concentration c of the constituents can be extracted via Beer-

Lambert law (α=lεc), where α is the absorbance coefficient, l is the length of the optical path, 

and ε is the extinction coefficient.  To monitor the dynamics of the reaction we performed an 

in-situ time dependent experiment, unravelling all processes after starting the deprotection 

reaction by adding a high excess of methylamine. 

The in-situ UV-Vis absorbance experiments in (Figure 5.24a) reveals three different 

temporal stages. Each stage can be linked to a chemical state of the quinacridone molecules 

(Figure 5.24b): At the beginning of the reaction (stage 1) the quinacridone is double-protected 

by t-Boc, in stage 2 it is mono-t-Boc protected and in stage 3 it is completely unprotected, 

thus it is in its monomolecular state. 
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Figure 5.24. Kinetics of deprotection reaction. (a) In-situ absorbance spectra allow monitoring the 

dynamics of the deprotection reaction. The evolution can be roughly sub-divided into 3 stages, 

corresponding to double protected (1), mono-protected (2) and unprotected (3) quinacridone. 

 

These stages are signified by the position of the absorbance maximum. The di-

protected quinacridone shows an absorbance peak at 420 nm, the monoprotected at 470 nm 

and the unprotected at 520 nm. After the stage 2 there is almost no signal from bis-t-Boc-

quinacridone (Figure 5.24a), and we assume that after a reaction time of 140 min the majority 

of it is converted into monomeric quinacridone. The concomitant increase of the monomeric 

quinacridone concentration is directly monitored by the absorbance peak at 510 nm (Figure 

5.24a, 5.25). To deduce the transient decrease of the bis-t-Boc-quinacridone, a de-convolution 

of the spectra is required, due to the spectral overlap of the absorbance features of all 3 

quinacredone stages at the wavelengths of the corresponding bis-t-Boc-quinacridone 
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absorption peak (~425 nm). To simplify the de-convolution, we have analysed the absorbance 

date at 406.8 nm where the absorption of the monomeric quinacridone shows a minimum. In 

particular we subtract from the experimental transient absorption measured at 406.8 nm a 

weighted transient absorbance of the monomeric quinacridone (at 510 nm). The weighting 

factor (w) we obtain from the absorbance values at 510 nm and 406.8 nm (Figure 5.25a), of 

the spectrum at 140 min reaction time, for which the absorbance is dominated by monomeric 

quinacridone (w=A1/A2=8,9). This provides the transient absorbance due to the bis-t-Boc 

quinacridone, shown in Figure 5.25b on linear scale and on Figure 5.26 on a logarithmic 

scale. 
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Figure 5.25. Time dependence absorbance. (a) Absorbance spectra at t=0 and t= 140 min. From the 

140 min spectrum a weighting factor (A1/A2) is deduced to de-convolute the concentration transients 

of the bis-t-Boc quinacridone and monomeric quinacridone at 406.8. (b) Transient absorbance of 

monomeric quinacridone (510 nm), experimental transient absorbance at 406.8 nm, and de-convoluted 

transient absorbance due to bis-t-Boc quinacridone.   
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Interestingly, the absorbance (concentration) dependence of the bis-t-Boc-

quinacridone (Figure 5.26) exhibits a monoexponential decay, which can be fitted by c=c0e-kt, 

with a rate constant of k=8.4*10-4 s-1. 

 

 

Figure 5.26. Dynamics of the bis-t-Boc-quinacridone deprotection reaction. The experimental data 

(concentration of bis-t-Boc-quinacridone) can be well fitted by a mono-exponential decay, 

representing a pseudo-first order reaction. 
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Experimentally it was also found, that the reaction dynamics changes with the length 

of the rest groups attached to the primary amines, used to react with the t-Boc quinacridone. 

When short rest-groups are attached to the primary amine, the reaction is much faster as 

described above with long rest groups, and the deprotection reaction can be finished after a 

few tens of minutes. The difference in reaction rate between long and short aliphatic amines 

reflects simply the different concentration of the –NH2 moiety in the reaction solution 

(CRNH2). Similarly, the reaction rate was observed to scale with the concentration of the bis-t-

Boc-quinacridone concentration (CBoc_Q). Thus, in principle the deprotection induced by the 

presence of primary amines represents a second order reaction (rate R), which is described the 

by the following rate equation:62 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑅𝑅 = 𝑘𝑘𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵_𝑄𝑄 ∗ 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅2    (5.1). 

The experimentally observed monoexponential decay of the bis-t-Boc-quinacridone 

observed in Figure 5.26, however, points to a pseudo-first order reaction. This pseudo-first 

order reaction regime is achieved in our experiments simply, because the concentration of the  

primary amine (𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅2) was chosen several orders of magnitude higher than that of the t-Boc-

quinacridone (𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵_𝑄𝑄)63. In this case (𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅2>>𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵_𝑄𝑄)  the amine concentration can be 

considered to be hardly affected throughout the whole reaction time (𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅2 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ) and 

the corresponding rate equation can be approximated by that of first order reaction 

𝑅𝑅 = 𝑘𝑘𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵_𝑄𝑄 ∗ 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅2 = 𝑘𝑘′𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵_𝑄𝑄  (5.2) 

providing as solution the observed monoexponential decay of the bis-t-Boc-quinacridone 

concentration. Nevertheless, the reaction itself is of second order, otherwise the dependence 

of the reaction speed on the primary amine concentration could not be observed. Hence the 

chemical reaction describing the deprotection reactions involves an equimolar interaction of 
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the bis-t-Boc-quinacridone and the primary amine, as sketched in Figure 5.27. 

 

 

Figure 5.27. Chemical equation describing the bis-t-Boc-quinacridone deprotection reaction. 

    

Thus by this reaction as a side product Boc-methylamide is generated which reacts in 

the presence of methylamine into dimethylurea, via the reaction described in Figure 5.28. 

 

 

Figure 5.28. Possible reaction of Boc-methylamide in the presence of methylamine. 

 

That this reaction is indeed taking place during deprotection of bis-t-Boc-quinacridone 

is evidenced by NMR-spectroscopy, performed on a compound extracted and crystalized from 

the supernatant, collected after the t-Boc-quinacridone deprotection reaction. The NMR 

carbon and proton spectra exhibit the characteristic peaks, known from literature64 to originate 

from dimethylurea (Figure 5.29). 
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Figure 5.29. Identification of the reaction-side product. 1H(a) and 13C(b) NMR spectra, measured for 

the extracted side product, obtained after bis-t-Boc-quinacridone deprotection. The signal peaks 

marked with red boxes are produced by atoms, marked by red colour in the structure formula.   The 

peak positions are in agreement with literature data for dimethylurea.64 The presence of the latter 

confirms the chemical reaction suggested in Figure 5.27.  
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In short, the amine induced deprotection of bis-t-Boc-quinacridone involves chemical 

migration of a Boc-group, via a second order chemical reaction. This is significantly different 

as in the previously discussed cases of acidic and thermal deprotection, because in these two 

cases the deprotection is accompanied by the decomposition of the Boc- groups. The benefit 

of amine induced deprotection leis in a room temperature condition which opens a way to use 

hydrogen bonded ligands or not stable at high temperature biologically active ligands. And a 

second advantage is a flexible control of the reaction kinetics by the concentration of amine or 

bis-t-Boc-Quinacridone and thus crystallization and growth control of nanocrystals. 

The controlled deprotection of bis-t-Boc-quinancridone to generate monomeric 

precursors was combined in the following with the ligand-based synthesis of 

micronanocrystals. This combination unravels the power of the amine induced deprotection 

reaction, in that unique hierarchical nanomicroarchitectures were demonstrated. 

Nanoflowers,65, 66 and dendritic nanocstructures from inorganic materials67-70 have been 

found to be advantageous for various applications due to their high surface-to-volume 

ratios. Here we have obtained analogous hierarchically-grown nanoarchitectures. 

The effects of ligand control were even more pronounced in this case. When 

synthesized at room temperature, 3D hierarchical structures with the shape of hedgehogs, 

consisting of self-assembled nanorods with diameters smaller than 50 nm (Figure 5.30a, 

Figure 5.31) were obtained. While  such  complex  structures  are  relatively  hard  to  

synthesize  even  in  the  case  of inorganic materials,67-70  here we obtained them with narrow 

size dispersion in the range of ±10% (Figure 5.30a, Figure 5.31). The size of the hedgehog 

shaped QA is tuned between 3.5 and 18 µm, by increasing the deprotection reaction rate and 

formation of monomeric quinacridone molecules. The latter is controlled by concentration 

and by the polarity of the solvent used in the reaction mixture.  
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Figure 5.30. Quinacridone hierarchical nanoarchitectures with bio-inspired shapes. (a) Size controlled 

hedgehogs with narrow size dispersions. (b) Nanoarchitectures with shapes of various plants, given 

on the photos. The scale bars on the electron micrographs are all 4 µm. 
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Figure 5.31. Hedgehog shaped QA nanoarchitectures. The electron micrographs evidence the 

uniformity- and tunability of the QA nanoarchitectures with (a) 3.5, (b) 10, and (c), 18 µm diameters 

(10 µm scale bar in all cases). All particles were covered with 15 nm of Pt to avoid charging effects. 
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Changing the ligand species results in additional bio-inspired shapes of the final 

nano- architectures. While oleylamine provides hedgehogs, methylamine gives a shape 

similar to that of “coral fungi” consisting of dendritic, branched nanocrystals (Figure 

5.30b, Figure 5.32). Mixtures of butylamine and di-methylaminopyridine give 2D nano-

platelets arranging to nanoflower architectures, whose shapes are reminiscent of 

“houseleeks”. Pure butylamine as ligand results in “agave” shaped nanoarchitectures with 

approximately the same dimensions as the other presented nanoarchitectures. All these 

structures we found to be very robust and stable in solution for several months, even after 

harsh treatments by ultrasonication. By x-ray diffraction it was proven, that all these QA 

nanoarchitectures consisting of differently sized and shaped nano-units exhibit the same 

crystal structure (Figure 5.33), even though quinacridone pigments are known to crystallize 

with 4 polymorphic structures (α1, α2, β, γ).33 
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Figure 5.32. “Coral fungi” shaped QA nanoarchitectures. Series of electron micrographs evidencing 

the nano/microarchitectures size uniformity (10 µm scale bar). 

 

Figure 5.33. X-ray diffraction of quinacridone nanoarchitectures. All quinacridone nanoarchitectures 

with different sizes and various bio-inspired shapes exhibit the same crystal structure (γ-type). 

  

 
150 

 



5.8 Nanocrystal-based photodetection 

 
An important field of applications for semiconductor nanocrystals with band gap 

energies in the visible and near-infrared is their use for photon-harvesting in solar cells.71-73 

For such applications it is necessary to optimize the photoconducting properties of these 

materials. From the H-bonded organic pigments reported here, quinacridone, phthalocyanines, 

and epindolidione, have been recognized to be of potential interest for applications in 

photovoltaics in literature.8, 9, 13, 18,74-77 For quinacridone thin films, prepared by vacuum 

sublimation, for instance, photoconductivity spectra were measured by us, however, the 

maximum responsivity we obtained was smaller than 1 mA/W (Figure 5.34). For the solution-

processed micronanocrystals, in contrast, better values were found, because they could be 

processed in the form of bulk-heterojunctions. For that purpose the micronanocrystals were 

mixed with an electron acceptor and transporter, the fullerene derivative phenyl-C61-butyric 

acid methyl ester (PCBM),78, 79 known from conventional organic solar cells. The response of 

such a quinacridone nanocrystal/PCBM heterojunction, fabricated simply by drop casting of a 

blend with a 1/1 mass ratio on an interdigitated electrode structure with 20 μm spacing, 

reached up to 10 mA/W under a bias of 1 kV/cm (Figure 5.34). These values are on-par with 

those measured in the best binary blends of conjugated polymers and PCBM, which are used 

as photosensitive layers in state-of-the-art, solution-processed organic solar cells.80 We have 

obtained here substantial improvements by replacing the nanocrystal-electron acceptor blend 

in the photoconducting film by direct attachment of the electron accepting species as a ligand 

to the nanocrystal surface. As an electron-accepting moiety we chose riboflavin, better known 

as vitamin B2. The riboflavin molecule offers several sites for possible H-bonds to the 

surfaces of the pigment molecules and micronanocrystals. Riboflavin is known from 
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biochemistry as an electron acceptor in various biochemical reaction pathways.81 We 

therefore decided to use riboflavin as a ligand with two roles: to bind to the crystallite 

surfaces via H-bonding and to provide a strong electron acceptor. First we tested the electron-

accepting properties of soluble derivatives of riboflavin (riboflavin myristate and flavin 

mononucleotide, Figure 5.35a) with respect to the organic pigment nanocrystals. Evidence for 

photoinduced charge transfer was found in oleate ligand-covered quinacridone nanocrystals 

blended with riboflavin myristate. The observation of both luminescence quenching (Figure 

5.36a) and a photoinduced electron resonance signal (Figure 5.36b) is a strong 

indication82 that photoinduced charge transfer occurs from the quinacridone crystal to the 

riboflavin moiety, as shown schematically in Figure 5.36c. The g-value of the photoinduced 

signal is 2.002 and is likely an overlay of contributions from the Flavin radical anion and the 

radical cation in quinacridone. Due to the very similar g-value of organic radicals, we could 

not discriminate between both signals. In addition to blends of quinacridone, both 

epindolidione and phthalocyanine also showed promising photoconductivity when mixed with 

flavine mononucleotide. In all cases, the photoconductivity spectra correspond to the 

absorbance spectra of the organic pigments (Figure 5.35b). All these experiments confirm that 

riboflavin is an appropriate molecule to act as electron acceptor to enhance photoconductivity 

of H-bonded organic pigment nanocrystals. 
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Figure 5.34. Photoresponse of quinacridone based devices. The response of bulk- heterojunction 

hybrid blends of quinacridone micro-nanocrystals with PCBM is superior to that of thermally 

evaporated films. 
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Figure 5.35. Electron accepting flavin ligands and flavin containing salts. (a) The riboflavin myristate 

consists of 3 moieties, indicated by coloured frames. Hydrogen bonding to the quinacridone surfaces 

is possible at several sites of the three conjugated rings, marked in blue. The electron accepting 

properties of flavin enable also photoconductivity in blends of flavin mononucletotide (FMN) sodium 

salt with various organic pigment micro-nanocrystals (see (b) ED=epindolidione, QA=quinacridone, 

PC=phthalocyanine). 
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Figure 5.36. Evidence for charge transfer between quinacridone nanocrystals and riboflavin. (a) PL of 

a pure QA nanocrystal film and a QA-riboflavin myristate (Rf) blend. (b) Light-induced electron 

paramagnetic resonance of a blend containing quinacridone nanocrystals and Rf. The experiments in 

(a) and (b) evidence a light induced charge transfer. (c) Sketch of the electron-transfer process after 

photoexcitation of an electron–hole pair. 

 

To synthesize organic pigment micronanocrystals coated by riboflavin based ligands 

from quinacridone, the thermal and acidic decomposition synthetic routes presented above are 

not suitable, because of the instability of the riboflavin at high temperatures and because of 

the solubility of quinacridone in strong acids. Thus, here we applied an amine induced 

deprotection. In this synthesis, oleylamine was used as coordinating solvent and as 
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deprotection reagent. Under argon atmosphere the latent pigment was injected in chloroform 

solution to an oleylamine mixture containing also riboflavin myristate. This synthesis was 

performed at a temperature of 45 °C, and after a growth time of 105 min the rod-shaped 

quinacredone nanocrystals shown in Figure 5.37 were collected. In contrast to the high-

temperature syntheses of quinacridone, this synthesis provides a single crystalline phase (α2), 

which should be beneficial also for the optical properties of these nanocrystals. 

 

 

Figure 5.37. Photoconductivity in films of quinacridone micronanocrystals with riboflavin myristate 

ligands. (a) Device structure obtained by paint brushing on paper. (b) Photoresponsivity spectrum 

measured on the device shown in (a). The inset shows the used micronanocrystals (scale bar is 200 

nm). (c) Absorbance and photoconductivity spectra of a device prepared on glass substrate. The inset 

compares the responsivity value obtained with the riboflavin (B2) ligands with those obtained by 

vacuum sublimation and in a hybrid blend with PCBM. 
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For demonstration of the high potential of these riboflavin coated nanocrystals first a 

very simple device architecture, applicable for “paper electronics”, was chosen.83 A 

photodetector was fabricated simply by painting of riboflavin (vitamin B2) functionalized 

quinacridone nanocrystals on paper, by using a paint brush, to obtain a homogeneous 

nanocrystal film. On top of this film, four gold contacts were sputtered through a shadow 

mask to obtain electrodes with a distance of 0.2 mm to each other. As shown in Figure 5.37a, 

the paper substrate and thus finally also the sample surface exhibited substantial roughness. 

Nevertheless, on this device a photoconductivity spectrum could easily be measured with 

good signal-to-noise ratio (Figure 5.37b). To determine the responsivity accurately, reference 

samples were fabricated on glass substrates. On the latter the absorbance spectrum was also 

measured, which perfectly fits to the photoconductivity spectrum, exhibiting a cutoff 

wavelength of 600 nm and a peak close to 550 nm (Figure 5.37c). The responsivity at its peak 

is surprisingly high, and the value of roughly 1 A/W corresponds to a product of external 

quantum efficiency times photoconductive gain of 190%, which is more than 1000 times 

better than that obtained from an evaporated solid film. The riboflavin-coated quinacridone 

device exhibits not only a high responsivity but also a high dark resistance of 100 GΩ, 

resulting (by assuming a Johnson noise-limited performance) in a high specific detectivity of 

3 × 1013 Jones. 
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5.9 Conclusion 

 
The demonstrated syntheses routes toward colloidal H-bonded organic pigment 

micronanocrystals via deprotection of latent pigment precursors can be applied to various 

materials and is likely not limited to the five archetypical organic pigments presented above. 

Depending on the stability of the latent pigment precursors and ligands in various media, three 

different deprotection routes have been applied to initialize controlled crystal growth in 

solution. While thermal deprotection via a hot-injection type of synthesis results within a few 

minutes growth time in nucleation and growth of micronanocrystals for the majority of 

pigments investigated here, for phthalocyanine altered protection and deprotection recipes 

have to be used. In this case, the deprotection catalyzed by an acid resulted either in uniform 

nanowires or in monodisperse nanospheres. The amine induced deprotection provides even 

higher degree of crystallization control which enables anisotropic growth of 3D hierarchical 

micronanostructures. The size of the hierarchical micronanostructures can be controlled by 

reaction kinetics whereas the shape is given by the chosen ligand. In all cases the choice of 

ligands is of prime importance, because they provide not only the high solubility of the 

micronanocrystals in solutions but also regulate their shape and eventually provide additional 

functionality. Ligand attachment was directly proven by NMR spectroscopy for the case of 

oleate on quinacridone. On the latter also functional, biological ligands were attached via H-

bonding, which allowed demonstration of photoconductors with responsivities outperforming 

those of vacuum-deposited reference layers by more than 3 orders of magnitude. Also the 

nano-dimensions and concomitant large surface to volume ratios of the pigment NCs are 

important attributes to improve device performances, as is demonstrated by ultra-high 

sensitive phthalocyanine humidity sensors with a dynamic range of 7 orders of magnitude. 
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This demonstrates the great potential of the H-bonded organic micronanocrystals for 

applications in (opto-) electronics, which is of special interest also because of the low 

toxicity84 and low cost of the used materials as well as the simplicity of device fabrication. 

The latter is underlined by the phthalocyanine nanowire transistors and humidity sensors 

which were reproducibly fabricated simply by drop casting on prepatterned electrodes and 

reliably operated in all cases. Thus, the organic pigment micronanocrystals might pave the 

way toward a new generation of solution processed organic electronics, benefiting from the 

high robustness of these materials, their optical and semiconducting properties, and their 

facile preparation via the protection/deprotection route presented here. 
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Chapter 6 
 

Syntheses of Materials, and Experimental 

Methods 

 
The chapter 6 discusses synthetical and technical procedures used for preparation of starting 

materials, synthesis of nanocrystals, fabrication of devices, and measurements performed 

within this dissertation. This chapter is divided into two parts corresponding to the inorganic 

and organic chemistry activities described in the thesis. The first part is correlated to the 

cation and galvanic exchange experiments, the second part describes procedures used for the 

hydrogen bonded pigment micronanocrystal preparation. Both parts contain detailed 

characterization sections with full descriptions of the conducted experiments. Following these 

descriptions should allow to reproduce the results described in the thesis. 
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6.1 Ion exchange 

 
The ion exchange procedure was applied to different metal oxide and metals colloidal 

nanocrystals. Hence the first step requires the synthesis of nanocrystal materials.  A part of the 

synthetic methods of the starting materials is published1-4 and was repeated without any 

modifications.  Then, the transformation of the nanocrystals by ion-exchange treatments are 

described. The characterization methods with specific details inherent to the individual 

systems are described at the end of this chapter. 

 

6.1.1 Synthesis of starting materials 

 

Iron oxide nanocrystals: The Fe3O4 NCs were synthesized by thermal 

decomposition of iron oleate at 315°C.1 Iron oleate was prepared from FeCl3, NaOH and oleic 

acid in methanol. For the synthesis, 2.3 mmol of iron oleate, 1.15 mmol of oleic acid and 15 

mL of octadecene were loaded into a flask and dried under vacuum for 30 min at 120°C. After 

that the reaction mixture was heated to the refluxing temperature of the mixture (315°C) with 

a heating rate of 3.3°C/min. The growth time of the Fe3O4 NCs was 20 min at 315°C. After 

cooling to room temperature, the NCs were isolated by adding a hexane/ethanol mixture. The 

washing step was repeated two times. Finally the NCs were stored in hexane. 
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Gold/iron oxide core/shell nanocrystals: The Au NCs, acting as cores, were 

synthesized according to Ref.2 Dodecanethiol was used as capping ligand during preparation 

and as digestive ripening agent in order to narrow the size distribution of the Au NCs. After 

ripening, the Au NCs were precipitate with ethanol, centrifugated and redispersed in toluene. 

For the growth of the shell, approximately 7 mg of the Au NCs and 0.1 mL of oleic acid were 

added to 20 mL octadecene in a flask. The solution was kept at 80°C under vacuum for 30 

min. After heating to 180°C, 0.1 mL of Fe(CO)5 was injected into the solution. The growth 

time of the Au/Fe3O4 NCs was 30 min. After the growth, air was passed through the solution 

for 6 min at180°C and further during cooling down of the solution to room temperature. The 

Au/Fe3O4 NCs were washed with a toluene/ethanol mixture.3 

 

Wüstite/metal ferrite nanocrystals: The FexO/CoFe2O4 nanocrystals were 

synthesized by thermal decomposition of iron- and cobalt-oleates at 318°C.4 A Fe(3+)Co(2+)-

oleate mixture was prepared from FeCl3 and CoCl2 in the presence of sodium oleate and oleic 

acid in methanol. In the synthesis of FexO/CoFe2O4 nanocrystals, a solution of Fe(3+)Co(2+)-

oleates in octadecene with a concentration of 0.2mol/kg was used. 15 mL of this solution was 

mixed with 0.42 mL oleic acid (oleate:oleic acid molar ratio ~2:1) and dried under vacuum 

for 60 min at 110°C. Then the reaction mixture was heated up under Argon to 318°C at a 

constant rate of 2°C/min. Afterwards, the solution was kept at this temperature for 10 min and 

cooled down to room temperature. The nanocrystals were isolated by adding a 

chloroform/acetone mixture. The washing step was repeated 2 times. Finally, nanocrystals 

were redispersed in solvents such as chloroform, hexane, and toluene. 
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Metallic tin nanocrystals: In a typical experiment 20 g of oleylamine were loaded 

into a three neck flask and heated under vacuum for drying and purification (20 min@125◦C). 

Subsequently, the reaction flask was vented with argon and the temperature was increased to 

170oC. Meanwhile, two solutions were prepared and loaded into syringes inside a glove box. 

The first solution contained octadecene (3 ml), 0.1 ml of Sn-HMDS, and 0.434 g of Li-

HMDS, whereas the second solution was a mixture of 0.5 ml 1.0 M Li[Et3BH] in 

tetrahydrofuran together with 0.6 ml of oleylamine. Solution number one was rapidly injected 

to the hot oleylamine in the reactor- flask. After the temperature was stabilized at 165oC, also 

the second solution was injected into the reaction mixture. The reaction steps are illustrated in 

Figure 3.1. During the second injection, the color of the solution rapidly changed to dark-

brown, indicating the formation of tin nanocrystals. After 10 seconds of reaction at 165oC, the 

growth was interrupted by cooling of the flask by a cold water bath. To the crude solution of 

nanocrystals, 10 ml of toluene and 40 ml ethanol were added and the mixture was centrifuged 

at 6000 pm for 5 min. After the supernatant was removed all precipitates were dissolved in 7 

ml of toluene and 30 droplets of oleic acid were added to improve the colloidal stability. 25 

ml of ethanol were added again to the solution and a further centrifugation and redispersion in 

toluene was performed. All these washing cycles were repeated 3 times. Finally the 

nanocrystals were dissolved in toluene without additional oleic acid, to obtain a clear, black-

colored colloidal solution. 

  

 
170 

 



6.1.2 Ion-exchange treatment of colloidal nanomaterials 

 

The Fe2+ to Co2+ cation exchange in Fe3O4 nanocrystals. To perform the Fe2+ to 

Co2+ cation exchange the nanocrystals, stabilized by oleic acid (OA), are treated by the 

following procedure: 1.2 g of CoCl2 are dispersed in 28 ml oleylamine. This mixture is 

degassed under vacuum and heated to 120°C for 20 min to completely dissolve the CoCl2. 

After cooling the solution down to room temperature in an argon atmosphere, 20 mg of 

nanocrystals dispersed in 0.5 ml chloroform are added to the mixture, which is then degassed 

under vacuum again and heated for 20 min to 100°C to remove the chloroform, before 1.5 ml 

trioctylphosphine (TOP) are injected under Ar atmosphere. The reaction is taking place at 

temperatures between 200°C and 220°C, and the Co content in the final nanocrystals can be 

controlled by both, reaction temperature and time, which was varied between 5 min and 80 

min. The reaction is quenched by cooling down the nanocrystal solution with cold water bath. 

Few milliliters of Chloroform were added to the solution and the nanocrystals were 

aggregated by ethanol together with acetone and centrifuged at 6000 rpm for 5 minutes. As a 

next step the supernatant was decanted. The precipitant was dissolved in few ml of 

chloroform together with few drops of OA which are added to improve the colloidal stability 

in the chloroform solvent. The whole washing procedure is repeated 6 times for complete 

removal of CoCl2 from the nanocrystal solution. 
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Sn to Ag4Sn galvanic exchange. Towards Silver nanocrystals: 0.12 g of silver 

trifluoroacetate were added in a three neck flask to 20 ml of oleylamine.  The reaction mixture 

was evacuated and under vigorous stirring heated for 20 min to 90oC. After venting the flask 

by argon, 20 mg of tin nanocrystals in 2 ml of chloroform were injected.  The solution was 

kept for certain treatment times tt (specified in the text when referring to specific samples) at 

the reaction temperature and afterwards cooled with a cold water bath. Immediately after 

cooling the crude solution was diluted 4 times by ethanol and centrifuged for 5 min at 6000 

rpm. To remove all remaining precursors, which could influence the elemental analysis, 5 to 7 

washing cycles were applied. Treatments by Platinum:  The galvanic exchange was attempted 

in analogy to that of Ag, by replacing the 0.12 g of silver trifluoroacetate by 0.132 g of 

platinum acetylacetonate. For the in-situ experiments the reaction solutions were filled into 

Kapton capillaries with 1 mm diameter by a syringe. First Sn nanocrystals solved in 

hexadecylamine (HDA), kept at a temperature slightly above its melting point of ∼ 45 – 50oC, 

were introduced into the capillaries to half-fill them. In a second step, after freezing of the Sn 

nanocrystal solution, the capillaries were topped up by silver trifluoroacetate which was also 

solved in HDA. The nanocrystal-HDA solution was prepared by adding 1 g of HDA to a 1.5 

ml chloroform solution of tin nanocrystals (concentration of 30 mg/ml). The chloroform was 

than evaporated at 45oC under vigorous stirring. The silver precursor mixture was prepared by 

dissolving 0.5 g of silver trifluoroacetate in 2 g of HDA at 50oC. 
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6.1.3 Characterization methods 

 

SQUID magnetometry: The magnetic properties were measured using a Quantum 

Design MPMS-2 SQUID magnetometer. The samples were prepared by placing 0.5 to 2 mg 

of powdered nanocrystals into gelatin capsules. The exact weight of the total amount of Co 

and Fe present in the samples was determined by AAS. For that purpose the samples were 

dissolved completely in sulfuric acid. The AAS ensures that the weight of ligand molecules or 

other organic residuals, which are present in the NC solutions, do not affect the weight 

determination of the magnetic materials. The zero field cooled magnetization experiments 

were measured under an applied field of 100 Oe. To measure the exchange bias effect, the 

samples were cooled down from 350 K under an applied field of 1 T. The hysteresis loops 

were performed after reversing the field direction two times and after applying waiting times 

up to 20 min before the measurements were started. At each temperature the field reversal and 

waiting steps were repeated. 

 

Fluxgate magnetorelaxometry: A home built fluxgate magnetorelaxometer was used 

to measure the magnetic moments of the nanocrystals after aligning them by a magnetization 

pulse of 2 s lengths and 2 mT magnitude. After abruptly switching off the magnetization field, 

the decay of the net magnetic moment of the samples is measured utilizing a differential 

fluxgate sensor setup.5 The nanocrystals were immobilized on a substrate so that the 

relaxation signal reflects the internal Néel relaxation with a relaxation time constant which is 

given by 𝜏𝜏𝑁𝑁 = 𝜏𝜏0𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐾𝐾𝐾𝐾
𝑘𝑘𝐵𝐵𝑇𝑇

�.  The time 𝜏𝜏0 is generally assumed to be about 10-9 s, K is the 
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anisotropy constant, V the NC volume, and kBT the thermal energy. Thus, different Néel time 

constants directly reflect different anisotropy energies. 

 

Atomic absorption spectroscopy: All reagents used for the composition analysis 

performed by atomic absorption spectrometry were of analytical grade. The nanocrystal 

samples were dissolved in sulfuric acid (Merck, Germany) and diluted with deionized water 

in a 100 ml volumetric flask. Standard solutions for analysis were produced by diluting stock 

solutions of iron (1000 mg/l) and cobalt (1000 mg/l) salts in deionized water containing 

sulfuric acid with deionized water. Also a blank solution was used during experiments, 

prepared by diluting proper amounts of sulfuric acid with deionized water. The experiments 

were performed in a HITACHI Z-8230 Polarized Zeeman Atomic Absorption 

Spectrophotometer with background correction, equipped with digital data acquisition and 

processing. The atomization of the solutions was realized by an Air-Acetylene flame (15.0 

l/min air, 2.1 l/min acetylene), and the wavelengths were 248.3 nm for iron and 240.7 nm for 

cobalt. The calibration was carried out by measuring blank and standard solutions and the 

obtained calibration curves were fitted by linear regression. 

 

Rutherford Backscattering spectrometry was performed employing the 5 MeV 

Tandem accelerator at Uppsala University. 8 MeV 12C3+ ions were used as primary particles. 

This specific energy-projectile combination was chosen since it permits an excellent 

separation of the signals obtained from Fe and Co while featuring sufficiently high scattering 

cross sections in order to get good statistics. A solid state detector situated in a backscattering 

angle Θ of 170° was used to detect scattered projectile ions. Beam currents were kept around 

1 – 3 nA to ensure a destruction free analysis. In consequence no alteration of spectra due to 
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ion beam induced damage was observed during the runs. The experimental data were 

analyzed using the SIMNRA simulation package.6 By fitting the two distinct peaks obtained 

from backscattering from Fe and Co using appropriate potentials it is straightforward possible 

to obtain the respective concentrations. 

 

X-ray diffraction. Synchrotron x-ray powder diffraction measurements were 

performed at the high resolution powder diffraction beamline P02.1 at Petra III/Hasylab 

Hamburg. The measurements were performed using 60 keV synchrotron radiation. Data 

collection was done with a Perkin Elmer XRD1621 (400×400 mm2) two dimensional detector 

at a distance of 541mm (iron oxide cation exchange) and a distance of 1000 mm (Sn to Ag 

galvanic exchange). For the measurements, performed in transmission geometry, the 

nanocrystals were transferred onto an adhesive tape. The 2 dimensional detector images show 

X-ray diffraction powder rings. For data analysis, however, line scans from these were used, 

as obtained by angular integration integration performed by xrayutilities.7. The obtained line 

scans are plotted versus the momentum transfer Q defined as 4π/λ sin(2ϴ/2) with the angle 

2ϴ measured between the scattered and primary beam. The lattice parameters were quantified 

using the Rietveld method via the MAUD software package.8 The cubic Wüstite-like phase of 

FeCoO was used as a core and the cubic Spinel structure of CoFe2O4 as shell. Core and shell 

were assumed to be independent for the fitting. 

The galvanic exchange reaction was monitored by periodically taking 2D powder 

diffraction patterns, which in one shot allow the collection of all necessary data. This allowed 

us to resolve the process described in the main text with respect to time.   
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TEM analysis: High-resolution TEM microscopy was carried out using a JEOL 

2200FS microscope operated at 200 kV with a point resolution of 0.23 nm. The scanning 

transmission electron microscopy (STEM) investigations were performed on the aberration-

corrected HD-2700CS (Hitachi; cold-field emitter), operated at an acceleration potential of 

200 kV. A probe corrector (CEOS) is incorporated in the microscope column between the 

condenser lens and the probe-forming objective lens providing excellent high-resolution 

capability (the beam diameter is approximately 0.1 nm in the ultra-high resolution mode). 

Different detectors have been chosen for imaging in bright field (BF) and dark field mode 

((high-angle) annular dark field ((HA)ADF)). The variation of the collection angles in bright 

field mode allows one to record images either with a high contribution of the direct beam (so-

called wide angle mode (WAM); mainly mass-thickness contrast) or with diffracted beams 

included in such a way that an almost pure phase contrast is obtained (phase contrast mode 

(PCM); interference pattern). Furthermore, a secondary electron (SE) detector is used inside 

the column of the HD-2700CS microscope above the sample allowing the study of the sample 

morphology as well. The images (1024 x 1024 pixels) were recorded with frame times of 20 

s. 
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Energy-dispersive X-ray spectroscopy and STEM investigations of Sn and Ag4Sn 

nanocrystals: The STEM images and the quantitative energy dispersive X-ray spectroscopy 

(EDXS) line- profiles were recorded with an FEI TITAN3 80-300 electron microscope at 300 

kV. The instrument is equipped with a 30 mm2 EDAX detector. The EDXS line-scans were 

recorded drift corrected with the FEI TIA software. The recorded spectra were noise filtered 

by principal component analysis.9, 10 The profiles were analyzed by the TIA software using 

the standardless k-factor method to quantify the O, Ag, Sn and also the C-content. 

Background correction was carried out semi-manually and automatic peak-fitting of the TIA 

software was used. The O-concentration had to be corrected for the O-concentration which is 

already present in the C-carrier film. The O-profile was adjusted by subtracting the constant 

O- content, which was determined from the C/O-ratio measured on the grid in the vicinity of 

the nanocrystal. Then the sum of the corrected O, Ag, and Sn-profiles was again normalized 

to 100%. The resulting element profiles show the averaged measured composition along the 

electron-beam path through the shell and the core of the nanocrystal. Average shell 

contributions were subtracted weighted (ratio of the electron-beam path-length through the 

shell/core) for the inner parts of the nanocrystal to separate the shell and the core 

contributions  

 
177 

 



6.2 Hydrogen-bonded organic 

micronanocrystals 

 
This part provides chemical and technical descriptions for transformations of 

commercial pigments into functional device prototypes like field effect transistors, photo-

resistors, and humidity sensors. On a first step commercial pigments were solubilized by 

Zambounis11 method in the form of latent pigments. Phthalocyanine was an exception, for 

which an additional solubilization method was developed. Colloidal chemistry was applied to 

synthesis micronanocrystals. These micronanocrystals served as a platform for the 

development of device prototypes which were fabricated on paper and glass substrates by 

simple paint brushing or drop casting techniques.     
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6.2.1 Materials 

 

The commercially available pigments were obtained from Kremer Pigmente or from 

TCI, whereas epindolidione was synthesized in-house. For this purpose we followed the 

synthetic approach reported by Jaffe and Matrick.12 Although the suggestions of Kemp et 

al.13 proposed for the preparation of the first three intermediates were taken into account. 

Before use, phthalocyanine was purified by temperature gradient high-vacuum sublimation 

due to a very large fraction of impurities in commercial samples. The other pigments were 

used as-received. All other chemicals were obtained from Sigma-Aldrich and used without 

additional purification. 

 

6.2.2 Converting pigments to latent pigments 

 

N,N-Bis(tert-butyloxycarbonyl)-quinacridone (Bis-t-Boc-QA) and N,N-bis(tert-

butyloxycarbonyl)-indigo (Bis-t-Boc-IN) were prepared by mixing quinacridone pigment 

powder (3.75 g, 12 mmol) or indigo pigment powder (3.114 g, 12 mmol) in anhydrous 

dichloromethane (CH2Cl2, 600 mL) kept under nitrogen atmosphere at room temperature with 

di-tert-butyl dicarbonate (t-Boc2O, 12.644 g, 58 mmol for quinacridone and 9.81 g, 45 mmol 

for IN) and 4-dimethylaminopyridine (DMAP, 2.93 g, 24 mmol). These mixtures were stirred 

for 48 h and monitored by thin layer chromatography (TLC). The crude solution was 

evaporated almost to dryness and filtrated in a chromatography column through a 80-fold 

amount of silica gel, with a 19/1 mixture of toluene/ethyl acetate (AcOEt) for quinacridone 

(9/1 was used for indigo) to obtain crystalline products in yields up to 90% for indigo and 
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56% for quinacridone. Before the synthesis of micronanocrystals the samples were 

recrystallized from AcOEt for further purification. N,N-bis(tert-butyloxycarbonyl)-

epindolidione (Bis-t-Boc-ED) and (mono-t-Boc-ED) as well as mixtures of N,N-bis(tert-

butyloxycarbonyl)-indanthrene (Bis-t-Boc-IDT) and mono-t-Boc-IDT were prepared in 

analogy to the two compounds above, however, in tetrahydrofuran (THF) as solvent instead of 

dichloromethane. In detail the following reaction parameters were applied: t-Boc-ED: the 

mixture contained 100 mg (0.38 mmol) epindolidione, 414 mg (1.95 mmol) t-Boc2O, 93 mg 

(0.76 mmol) DMAP, and 30 mL dry THF, stirring time was 52 h, filtration through 30 g silica 

gel with toluene/AcOEt (9:1) yielded 19% of bis-t-Boc-EP in the nonpolar fractions; mixture 

of mono- and bis-t-Boc-IDT: the mixture contained 270 mg (0.6 mmol) indanthrene, 1.33 g 

(6.1 mmol) t-BOC2O, 146 mg (1.2 mmol) DMAP, and 200 mL dry THF, stirring time was 96 

h, filtration through 30 g silica gel with toluene/AcOEt (9:1) provided 180 mg of solid 

material. Solubilization of phthalocyanine required an additional step before thetert-

butyloxycarbonylation could be performed. First, the free base PC was purified by 

temperature gradient sublimation in vacuum. The t-Boc-PC was then prepared in a cooled 

(−30 °C, methanol bath cooled with liquid nitrogen) suspension of 102 mg phthalocyanine 

(0.2 mmol) in 12 mL of dry THF, by adding 0.8 mL of a 2 M n-butyllithium cyclohexane 

solution, which was stirred for 30 min (at a temperature below −10 °C). After this step, 475 

mg of t-Boc2O (2 mmol, 0.5 mL) were added and stirred for 20 h at a temperature below −10 

°C, maintained by a Peltier element. TLC monitoring was performed. The final solution was 

filtrated through 30 g of silica gel with toluene/ethyl acetate (19:1). After filtration, the 

solution was used for nanocrystal synthesis. 

  

 
180 

 



6.2.3 Creation of micronanocrystals from latent pigments 

 

Quinacridone micronanocrystals. In a typical hot injection synthesis of 

quinacredone with the shape of platelets, 10 mL of oleic acid was loaded into a three-neck 

flask and stirred under vacuum at 120 °C for 30 min. The solution was cooled down to room 

temperature and then 2.0 mL (27.6 mmol) of thionyl chloride was injected under stirring. 

Stirring was continued for 1 h at room temperature. Then the mixture was again heated to 120 

°C under vacuum for 30 min and further stirring. This reaction mixture, or instead 4.0 mL 

(14.7 mmol) myristoyl chloride in 6.0 mL oleic acid was also used, was heated to 280 °C 

under vigorous stirring. A warm solution of 50 mg bis-t-Boc-QA in 2 mL of 1,2,4-

trichlorobenzene was injected via syringe, and the reaction mixture was quickly cooled down, 

1 s after injection, by changing the heating mantle to a water bath. Reducing the injection 

temperature to 150 °C and increasing the growth time to 2 min resulted in nanorods. 

Analogous recipes have been used for the syntheses of indigo and indanthrene 

micronanocrystals, however, at a reduced injection temperature of 240 °C. The synthesis of 

quinacredone nanocrystals with riboflavin ligands was required as a first step to prepare a 

soluble derivative of Riboflavin (Rf). For this purpose 10.4 g (74 mmol) of Rf was stirred 

with 10.2 g of anhydrous potassium carbonate in 200 mL of anhydrous THF. Under nitrogen 

atmosphere a solution of 5 mL (18.4 mmol) myristoyl chloride in 45 mL of anhydrous THF 

was dropwise added for 14–16 h. The vigorous stirring was continued for another 3 days. The 

whole solution was filtrated through diatomite, and the solvent was removed in vacuum. The 

dried product was redissolved in chloroform and rinsed 2 times with deionized water. After 

the chloroform was removed in vacuum the Rf-myristate was readily used for the synthesis of 

the quinacridone nanocrystals. In particular, 2.5 g of Rf-myristate was mixed with 5 mL 
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vacuum-dried OLA, kept under argon atmosphere at 45 °C. 100 mg (0.195 mmol) of bis-t-

Boc-QA dissolved in 1 mL warm chloroform was injected, and the growth was performed 

under vigorous stirring for 180 min. Equivalent results are also obtained by using a 

butylamine/toluene 1/1 mixture instead of OLA. In this case the growth temperature is 

decreased to room temperature, and the growth time is halved. In both cases the reaction was 

quenched by adding cyclohexane, and 6–8 washing steps were performed with 

chloroform/cyclohexane. 

 

Anisotropically grown nanoarchitectures. In a typical synthesis of natur-

inspired nanoarchitectures of quinacridone bis-t-Boc-QA was decomposed at room 

temperature in the presence of aliphatic amines. To obtain the smallest hedgehogs shown 

in Figure 5.30a, 20 mg (39 µmol) of bis-t-Boc-QA was dissolved in 1ml chloroform and 

then 1 ml oleylamine (OLA) was added. After 24 h the decomposition was stopped by 

adding 3 ml of cyclohexane, and the nanoparticles were collected after a washing 

procedure, as described in the supporting information section. To increase the size instead 

of chloroform the same amount of pure OLA was used, or dimethylformamide was 

added. By changing OLA to butylamine agave shaped nanoarchitechtures were obtained. 

Butylamine/dimethylaminopyridine resulted in houseleek shape and using 33% 

methylamine/ethanol gave coral fungi shape. 
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Epindolidione micronanocrystals. For the synthesis of 30 mg of mono- and bis-t-

Boc-epindolidione was suspended in 2 mL of anhydrous quinoline under vigorous stirring. 

The mixture was heated with moderate rate to 210 °C. During heating a change of color was 

observed toward deep orange. Two min after the color change 0.4 mL myristoyl chloride was 

injected, and the solution was cooled down to room temperature. In addition, the same recipe 

as is given for the synthesis of quinqcridone hedgehogs was successfully applied to the 

synthesis of epindolidione NCs. The syntheses performed with these two approaches result in 

epindolidione NCs with different colors, observed in emission and absorption. 

 

Phthalocyanine micronanocrystals. Nano-bars were obtained by self-

decomposition of t-Boc-PC. For this purpose a t-Boc-PC solution (toluene/ethylacetate - as 

described in the 6.2.2 section) was mixed 1 to 1 to acetone and kept at 8oC for 3 days, to 

precipitate ligand free nano-bars. Phthalocyanine nano-spheres were  grown by injecting a 

ligand mixture  (0.2 ml of trifluoroacetic acid and 1.5 ml of acetic anhydride) to 8 ml t-

Boc-PC solution, kept under vigorous stirring for 5 min. PC nano-platelets were obtained 

in the same way, by changing the ligand to 0.5 ml of acetic anhydride. For PC nan-wires 

0.4 ml of trifluoroacetic acid was used as ligand. 

Further synthesis details including organic pigment micronanocrystals with smart 

ligands and other materials are given in Table S1. 
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6.2.4 Washing procedures 

 

After synthesis, the organic pigment micronanocrystals were isolated by adding 

cyclohexane in a volume ratio of 3:1 to the crude colloidal solutions, followed by 

centrifugation (relative centrifugal force = 14.100 g, 5 min) and redispersion in chloroform. 

The washing step was repeated four times before the micronanocrystals were stored in 

chloroform or in chlorobenzene. 
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Table S1. Summary of all nanocrystal syntheses (Rt = room temperature) 

Pigm. Ligand Solvent T [oC] Duration Size Shape 

ED Myristoyl chloride Quinoline >200 2-5 min. 300 nm - 1 µm Platelet 

IDT Myristoyl chloride Oleic acid 240 15 sec 10-30 µm long 

50 -250 nm thick 

Wires 

IN Myristoyl chloride Oleic acid 240 1-5 sec 1-3 µm Platelet 

PC None Acetone/ Toluene Rt 1-3 days 2-4 µm long 

50 nm - 1 µm broad 

Bares 

PC Trifluoroacetic 

acid/ Acetic 

anhydride 

Acetone/ Toluene Rt 5 min 30-40 nm Spheres 

PC Trifluoroacetic acid Acetone/ Toluene Rt 4 min 5-20 µm long 

80 -100 nm thick 

Wires 

PC Acetic anhydride Acetone/ Toluene Rt 10 min 100 - 500 nm Platelet 

QA  Oleylamine  Chloroform Rt 24 hours 3 - 4 µm with 50 

nm needles 

Hedgehog 

 

QA  Oleylamine  Oleylamine Rt 24 hours 8- 11 µm with 

50 nm needles 

Hedgehog 

 

QA  Oleylamine  DMF Rt 24 hours 15- 19 µm with 

50 nm needles 

Hedgehog 

 

QA  Butylamine  Chloroform Rt 12 hours 20- 25 µm Agave 

QA  Butylamine/DMAP  Chloroform Rt 12 hours 18- 22 µm Houseleek 

QA Methylamine Ethanol/ 

chloroform 

Rt 12 hours 20- 25 µm Coral fungi 

QA Riboflavin 

myristate 

Oleylamine 45 150 min 100 - 300 nm long 

20 - 40 nm thick 

Rods 

QA Myristoyl chloride Oleic acid 150 2 min 2-4 µm long 

100 - 400 nm thick 

Rods 

QA  Myristoyl chloride/  Oleic acid >260 1-5 sec 300 nm – 2 µm 

20 -250 nm thick 

Platelet 

Oleoyl chloride 
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6.2.5 Micronanocrystal characterization 

 

Electron microscopy images were taken with a JEOL JSM-6400 SEM microscope. 

Absorbance spectra were measured on nanocrystal films on glass substrates and from 

monomers and precursors in solution. The PL was measured in solution. Micro-PL was 

excited at 488 nm with at laser focused down with a microscope objective lens to a spot 

diameter of ~1 μm. The PL signal was analyzed by a spectrometer with 0.75 m focal length 

and detected by a Si charge-coupled device. X-ray diffraction patterns were measured using 

synchrotron radiation at beamlines BM20/ESRF, Grenoble and powder diffraction beamline 

P02 at Hasylab Hamburg with 11.5 and 60 keV X-ray photons, respectively. Room 

temperature 1H and 13C solution NMR spectra were recorded on a Bruker Ascend 700 

spectrometer operating at 700.33 MHz (1H) or at 176.1 MHz (13C). Chemical shifts are given 

in ppm relative to residual solvent (CHCl3, 7.27 ppm) for 1H and to a CDCl3 solution of TMS 

(0 ppm) as external standard for 13C. All 1H–{13C, 15N} cross-polarization magic angle 

spinning (CPMAS) spectra were recorded on a narrow-bore 11.7 T instrument (500 MHz, 1H 

Larmor frequency) with spinning rates of 10.0 kHz at 298 K. 
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6.2.6 Devices fabrication and characterization 

 

All devices were fabricated and tested in ambient air. Interdigital electrodes (15 µm 

electrode distance) were on fabricated paper composites by laser ablation with a focused 

ps-pulsed Nd:YAG laser Duetto (Time Bandwidth) and on glass substrates by thermal 

evaporation through a shadow mask or by applying first a photolithography step. The 

micronanocrystals were deposited on the electrodes by drop-casting from chloroform. 

Photoconductivity spectra were measured with an Acton SpectraPro 150 monochromator 

and a Signal Recover 7265 Lock-in amplifier. A pyrometer from Spectrum Detectors Inc. 

(STEP 49, calibrated by the National Institute of Standards and Technology (NIST)) was 

used to determine the illumination power. For testing the humidity sensitivity the samples 

were kept in a closed chamber, purged by air of controlled humidity. Inside the chamber 

the humidity is measured by a Wavetek Meterman TRH22 relative humidity-

temperature meter.  I-V characteristics of the samples were measured by a Keithley 236 

source meter. 
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Summary 

 
This dissertation is devoted to the development of colloidal nanocrystal materials with 

desired, special properties. Therefore, the tuning of nanocrystal properties by post synthetic 

cation exchange and by post synthetic galvanic exchange was demonstrated. To achieve 

nanocrystals which are more benign to the environment, a cation-exchange promoted 

synthesis was suggested and finally the substitution of inorganic materials by nontoxic 

organic pigments was performed for the colloidal syntheses of nanocrystals. 

The cation exchange was applied to tune the magnetic properties of iron oxide mono- 

and hetero-structured nanocrystals. In these structures in particular Fe2+ ions were partially 

replaced by Co2+, in order to achieve a higher magnetic anisotropy of the material. The 

exchange was performed in a hot oleylamine solution, by treating the iron oxide based 

nanocrystals, which where stabilized with oleic acid, by CoCl2. This Fe2+ to Co2+ replacement 

is successfully shown for different structures, including homogeneous spherical maghemite 

nanocrystals, and two different heterogeneous core/shell structures. The first type of were 

Au/Fe3O4 core shell nanocrystals with combined plasmonic and magnetic properties, and the 

second type were FeO/CoFe2O4 nanocrystals, exhibiting especially magnetic exchange bias 

effects. In all 3 types of materials severe improvements of the magnetic properties are 

achieved, such as increased superparamagnetic blocking temperatures and enhanced 

coercivity fields. The increased magnetic moments of the nanocrystals might be advantageous 

for technical applications of the nanocrystals, for example in magnetic storage devices, or for 

bio-medical applications, such as the magnetic separation of bio-molecules from liquids. 

Furthermore, the here demonstrated cation exchange in magnetic metal-oxides might be also  
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a valuable tool to tune other types of metal-oxide nanoparticles, as the recently demonstrated 

plasmonic metal-oxid materials, finding applications in hyperthermia applications and in 

smart-windows. 

While galvanic exchange processes have been used so far for metal-nanocrystals and 

recently for metal-oxides, here they were applied to metal/metal-oxide core shell materials. In 

particular, Sn/SnO2 core/shell nanocrystals were transformed into Ag-Sn/SnO2 nanocrystals 

with an intermetallic alloys as core material. This calvanic exchange is performed by 

exposing Sn/SnO2 nanocrystals in warm fatty aliphatic amine solutions to Ag+ cations. This 

exchange is of especial interest, because it affects the core material of the nanocrystals 

without changing the composition of the shell. The galvanic exchange is governed by 2 

factors, the permeability of the SnO2 shell for Ag+ and differences in the reduction potentials 

between Sn and Ag. While this exchange operates with Ag+, we found it not to operate with 

Pt+ ions. In fact this is ascribed to the SnO2 shell, which protects the Sn core from 

replacement to Pt. This part of the work highlights the important impact of metal-oxide shells 

on the galvanic exchange reactions in metallic nanocrystals, which is of fundamental interest 

and might also have implications on the operation of devices based on ion intercalation, such 

as batteries with nanocrystal films as electrodes. 

Following the route of replacement chemistry here a novel strategy for the syntheses 

of various transition metal chalcogenide nanocrystals was developed. In particular, a sequence 

of in-situ ion exchange reactions between injected precursors was used to obtain the 

monomers which were required for the nucleation and growth of the nanocrystals. Highly 

reactive amides were generated by injection of lithium bis(trimethylsilyl)amide into a hot 

oleylamine solution of metal salt precursors. The next injection of trioctylphosphine selenium 

precursor initializes the metal chalcogenide nanocrystal nucleation and growth. The usage of 

lithium bis(trimethylsilyl)amide was shown here with some generality to improve and 
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simplify the existing synthetic strategies towards semiconductors nanocrystals. Most 

importantly also novel materials have been achieved by this method, such as silver 

chalcogenide nanocrystals, which showed promising optical properties in the infrared. These 

properties make them potentially interesting as possible replacements for the established 

infrared materials, which usually contain toxic elements such as Pb or Hg. 

A completely new type of semiconducting nanocrystals, based on nontoxic and bio-

compatible organic pigments, has been developed. Organic latent pigments were successfully 

applied instead of inorganic precursors for the synthesis of semiconductor colloidal 

nanocrystals.  In order to mimic the established chemical routes for the preparation of 

inorganic colloidal nanocrystals, first the insoluble pigments were transformed to soluble 

latent pigments, by protection chemistry. Then the latent pigments precursors were 

deprotected inside various solutions, by three different ways, in the presence of stabilizing 

ligands. The ligand attachment not only provides solubility, but also heavily influences the 

crystallization and growth of the pigment nanocrystals, which were obtained in various shapes 

and sizes. The novel synthesis route was applied to a series of pigments, to achieve materials 

whose luminescence covers the complete visible spectral range. The attachment of ligands, 

which was proven here by nuclear magnetic resonance methods, provides another tool to 

provide functionality to the pigment nanocrystals. In particular vitamin B2 attached to 

quinacridone nanocrystals was shown here to improve the sensitivity of photodetectors by 

several orders of magnitude. The latter is of special interest, because the devices were 

fabricated simply by painting nanocrystal solutions on paper. Furthermore, transistors with 

high on/off rations were obtained by drop-casting of phthalocyanine nanowires on Si/SiO2 

substrates, acting as back gate. This shows up the high potential of organic pigment 

nanocrystals for the development of a biocompatible and cheap solution processed 

electronics. 
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Overall, the thesis presents several strategies to control the properties of nanocrystals, 

or to grow novel types of nanocrystals, to achieve solution processes materials with special 

optical, magnetic, or electronic properties. These strategies are not restricted to the materials 

shown in this thesis and might therefore have an impact also on the preparation of a wide 

class of other functional nanocrystals. Especially the here for the first time shown syntheses of 

organic pigment nanocrystals might open the way to a totally new research field and to novel 

applications of nanocrystals, which were so far hampered by the substantial toxicity of 

nanocrystals. 

. 
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I
nterestingperspectivesoncolloidal nano-
crystal quantum dots (NCs) for infrared
applications1,2 were first demonstrated

with PbS- and HgTe-based ultrasensitive
photodetectors3,4 and photodiodes,5 as well
as with CdTe/CdSe core/shell NCs with a
staggered type-II band alignment,6 which
were applied as luminescence labels for
cancer detection.7 While the performance
of NC-based devices are competitive with
those based on epitaxial semiconductor
heterostructures,3,4 the potential for more
environmentally benign alternatives for in-
frared active nanocrystal materials is cur-
rently being explored in order to avoid the
use of the heavy metals Pb, Hg, or Cd. Such
attempts include, for example, the synthesis
of Bi or Sn chalcogenides,8,9 of InAs-based
NCs,10,11 of Cu2Se,

12 and CuInS2
13 com-

pounds, and here we introduce a relatively
unexplored class: silver chalcogenide (Ag2X,
X = S, Se, Te) NCs.
Ag2Xs exhibit different crystal structures,

dependent on growth conditions and tem-
perature. In their low-temperature struc-
ture, referred to here as β-phase, Ag2Xs
represent narrowband gap semiconductors
with fundamental absorption edges at 0.15
eV for Ag2Se, 0.67 eV for Ag2Te, and 0.85 eV
for Ag2S.

14,15 Thus, heterostructures of
Ag2Xs are candidates for applications in
infrared optical devices operating at wave-
lengths covering the telecommunication
spectral regions as well as the technologi-
cally important atmospheric windows in the

mid-infrared region. In addition, slight de-
viations from stoichiometric compositions
in bulk Ag2Te and Ag2Se cause largemagne-
toresistance effects in these materials,16,17

making them applicable also as megagauss
sensors.18 Due to these appealing properties
of bulk Ag2Xs, several attempts to obtain
these materials in the form of colloidal NCs
have been reported.19�26

With respect to the infrared activity of
Ag2Xs, pioneering work has been performed
by the Murray group, who demonstrated an
excitonic absorption peak at about 1.15 μm
wavelength for monodisperse Ag2Te NCs
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ABSTRACT Here, we present a hot injection synthesis of colloidal Ag chalcogenide nanocrystals

(Ag2Se, Ag2Te, and Ag2S) that resulted in exceptionally small nanocrystal sizes in the range between

2 and 4 nm. Ag chalcogenide nanocrystals exhibit band gap energies within the near-infrared

spectral region, making these materials promising as environmentally benign alternatives to

established infrared active nanocrystals containing toxic metals such as Hg, Cd, and Pb. We present

Ag2Se nanocrystals in detail, giving size-tunable luminescence with quantum yields above 1.7%. The

luminescence, with a decay time on the order of 130 ns, was shown to improve due to the growth of

a monolayer thick ZnSe shell. Photoconductivity with a quantum efficiency of 27% was achieved by

blending the Ag2Se nanocrystals with a soluble fullerene derivative. The co-injection of lithium

silylamide was found to be crucial to the synthesis of Ag chalcogenide nanocrystals, which drastically

increased their nucleation rate even at relatively low growth temperatures. Because the same

observation was made for the nucleation of Cd chalcogenide nanocrystals, we conclude that the

addition of lithium silylamide might generally promote wet-chemical synthesis of metal

chalcogenide nanocrystals, including in as-yet unexplored materials.

KEYWORDS: silver chalcogenides . semiconductor colloidal nanocrystals .
photoconductivity . infrared emission . silylamide-promoted synthesis
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with a size of 3 nm.27 In addition, the Alivisatos group
reported on size-tunable photoluminescence in the
wavelength region between 1 and 1.3 μm from Ag2S
nanosegments, periodically embedded in CdS
nanorods.28 In this paper, we report on the demonstra-
tion of the infrared optical response of Ag2Se NCs,
which we believe has never been investigated for
infrared absorption or emission. We show size-tunable
photoluminescence (PL) for exceptionally small Ag2Se
NCs, with quantum yields above 1.7% and a decay time
around 130 ns. While applying a ZnSe shell improves
the emission intensity, blending the Ag2Se NCs with a
fullerene derivative allows the observation of photo-
conductivity with relatively high quantum efficiency.
The described wet-chemical synthesis route greatly
benefits from the addition of lithium silylamide, result-
ing in an increasedNCnucleation. The generality of this
approach is shown by the synthesis of further infrared
active NCs, such as Ag2Te and Ag2S, as well as high-
quality CdTe and CdSe with bright luminescence in the
visible range.

RESULTS AND DISCUSSION

Ag2Se Nanocrystal Synthesis. The published synthetic
strategies regarding Ag2Se-based spherical NCs of
different quality include transformation from CdSe or
ZnS NCs by complete cation exchange,19,20 the treat-
ment of Ag NCs by Se,21 a positive microemulsion
method,22,23 and double jet precipitation.22 Ag2Se na-
nowires have also been demonstrated, synthesized by
template-engaged synthesis strategies.24�26 Although
Ag2Se NCs with orthorhombic crystal structure (low-
temperature β-phase) as well as cubic crystal structure
(high-temperature R-phase) have been obtained, to
date, no infrared optical activity has been reported. We
studied quantities such as photoluminescence quan-
tum yield, luminescence decay time, and quantum
efficiency in photoconductivity as a measure for the
quality of the obtained semiconductor NCs and in
order to test their potential for applications in infrared
optical devices. The latter are of importance because
Ag-based NCs can be expected to cause less environ-
mental impact than the NC materials currently used in
infrared optical devices, which contain toxic heavy
metals.

As a general trend, a decrease of photolumines-
cence intensity with increasing size is observed in all
infrared emitting NCs.29�31 Therefore, to obtain photo-
luminescent Ag2SeNCs, we developed a novel solution
phase synthesis that resulted in especially small NC
sizes. In our preliminary experiments, we followed the
recently suggested concept of a quasi-seeded growth
by cation exchange-mediated nucleation. This concept
was demonstrated for PbSe NCs making use of SnSe
intermediate nuclei.29 In fact, the proposed mechan-
ism was developed following the observed correlation

between final NC size and concentration of the applied
Sn precursor, tin(II) bis[bis(trimethylsilyl)amide],
(Sn[N(SiMe3)2]2). For Ag2Se NCs, we adapted the given
recipe for PbSe NCs by replacing the Pb precursor with
an appropriate Ag precursor, in our case, silver(I)
trifluoroacetate (AgTFA). Oleylamine (OLA) was used
as a coordinating solvent and trioctylphospine sele-
nide (TOPSe) as the Se source. To guarantee that the
obtainedNCs exhibited the orthorhombic crystal struc-
ture (low-temperature modification), we restricted the
nucleation temperature to values below 100 �C. Within
this temperature limit, a direct reaction between
AgTFA and TOPSe showed only a very slow nucleation
after injection, and eventually very large Ag2Se particles
were obtained (Figure S1 in Supporting Information),
likely due to insufficient reactivity of the precursors.
However, the co-injection of Sn[N(SiMe3)2]2, the pre-
cursor used for the formation of SnSe seeds,29 together
with the TOPSe resulted in an instantaneous nuclea-
tion and growth of Ag2Se NCs. These NCs exhibit
photoluminescence with a peak at 1060 nm, which is
red-shifted with respect to the absorption edge found
at 770 nm (Figure S2). Even though the chosen synth-
esis route appears to be successful, in that luminescent
Ag2Se NCs were achieved, the underlying mechanism
seems to differ from that reported for PbSe.29 In
contrast to the case of PbSe, for the Ag2Se NCs, the
amount of Sn[N(SiMe3)2]2 does not influence the final
size of the obtained NCs. The NC size depends neither
on reaction temperature, varied between room tem-
perature and 100 �C, nor on growth time.

In order to cross-check these observations, we
repeated the synthesis by replacing the Sn[N(SiMe3)2]2
with another highly reactive silylamide. Specifically,
with lithium bis(trimethylsilyl)amide (Li[N(SiMe3)2]),
Ag2SeNCswere also obtained, excluding the relevance
of any cation exchange processes from SnSe nuclei for
the present synthesis. Moreover, the Ag2Se NCs ob-
tained by the addition of Li[N(SiMe3)2] outperformed
even those obtained with Sn[N(SiMe3)2]2 with respect
to colloidal stability, photoluminescence quantum ef-
ficiency, and synthesis yield, typically found to range
between 70 and 90%.32 We thus conclude that the
presence of the silylamide [N(SiMe3)2] groups is the
essential factor in speeding up the nucleation rate of
this synthesis process. In particular, we suggest that the
Ag2Se NC synthesis follows a route as sketched in
Scheme 1.

In the first step, a metathesis reaction between the
silver salt (AgTFA) and the lithium silylamide results in
the generation of short-lived silver silylamide com-
plexes, depicted as {Ag[N(SiMe3)2]} in Scheme 1. The

Scheme 1. Proposed mechanism of Ag chalcogenide
nanocrystal formation.
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subsequent decomposition of these silver silylamide
complexes provides active silver centers [Ag0], which
instantly react with TOPSe to form Ag2Se NCs. This
overall scheme takes into account the following con-
siderations: (i) Themetathesis reaction between AgTFA
and Li[N(SiMe3)2] is driven by the higher ionization
potential of silver (I1(Ag) = 731 kJ 3mol�1) as compared
to that of lithium (I1(Li) = 520.2 kJ 3mol�1).33 This
difference in ionization potential results in a more
favorable coordination of silver by N(SiMe3)2 groups
in solution; in other words, the creation of covalent
Ag�N bonds results in less dissociative silver silyla-
mide. In addition, the subsequent decomposition of
the silver silylamide complex ensures the irreversibility
of this process. (ii) The metathesis reaction suggested
above is supported by the similar reaction between
potassium silylamide and silver chloride previously
used to ex situ synthesize silver silylamide as bulk
crystals.34 This ex situ synthesized bulk silver silylamide
has a tetramer crystal structure {Ag[μ-N(SiMe3)2]2}4
and is thermally robust up to its melting point at
approximately 275 �C. However, it cannot be used as
Ag precursor in our synthesis because, surprisingly, it is
insoluble in hydrocarbons.35 (iii) The decomposition of
the silver silylamide to silver in oleylamine environ-
ment is plausible because attempts to solve the bulk
({Ag[μ-N(SiMe3)2]2}4) in hot tetrahydrofuran or pyri-
dine have resulted in its decomposition to silver.35 (iv)
The tendency of silylamides to thermally decompose
has been observed for several other silylamides, and it
has actually been used for the synthesis of elemental
Pb, Bi, and Ge NCs.36�38 (v) The hypothesis that the
reaction between silylamide derivatives and TOP chal-
cogens includes reduction to active metal centers as
intermediate species was originally proposed by Polk-
ing et al., who described the synthesis of GeTe.38 We
proved this hypothesis by performing a synthesis

identical to that of Ag2Se NCs, but without the addition
of Se, resulting in metallic Ag NCs. These are easily
identified by a narrow absorption peak found at
410 nm, due to the well-known plasmon resonance
of Ag NCs at this wavelength39 as well as by energy-
dispersive X-ray spectroscopy (Figure S3 in Supporting
Information). (vi) The reaction of TOPSe with Ag to
Ag2Se NCs is not surprising because the strategy of
treating synthesized Ag NCs by chalcogens in order to
obtain Ag2X NCs has been reported previously.21

In the present synthesis of Ag2Se NCs, the processes
described in Scheme 1 are very fast and result there-
fore in exceptionally small sizes of NCs, in the range
between 2 and 4 nm, as will be shown.

The Ag2Se NCs obtained by the co-injection of
lithium silylamide exhibit excitonic absorption features
in the near-infrared region (Figure 1A), which can be
tuned by size. For 2.0 nm Ag2Se NCs, an excitonic
absorption peak is observed close to 750 nm, while
3.4 nm NCs exhibit a shoulder at 1000 nm and an
absorption onset at 1300 nm. The size of the NCs is
mainly controlled by the Se to Ag ratio while increasing
the growth time even results in a size focusing (Figures
S4 and S5 in Supporting Information). For both sizes of
NCs, luminescence can also be observed, with maxima
at 1030 and 1250 nm, respectively. Thus there is a
considerable Stokes shift on the order of 200 nm for
both NC sizes, indicating the presence of (surface)
defects, which also restrict the quantum yield, mea-
sured at 1.76% for the 2.0 nm Ag2Se NCs. With increas-
ing NC size, the intensity decreases, which is also
observed for all other NC systems with infrared
emission.29�31 The situation can be improved by grow-
ing an inorganic shell around the Ag2Se cores. To
accomplish this, we injected zinc acetate solved in
oleylamine into the as-grown Ag2Se NC solution, con-
taining an excess of Se, to obtain the ZnSe shell. ZnSe

Figure 1. (A) Absorbance and emission spectra for Ag2Se nanocrystals, 2.0 nm (black lines) and 3.4 nm in size (gray lines). (B)
Emission spectra of 2.0 nm Ag2Se (black line) and the same nanocrystals covered with a ZnSe shell (gray line). Time-resolved
photoluminescence (black lines) of (C) 2.0 nm Ag2Se nanocrystals and (D) Ag2Se/ZnSe core/shell nanocrystals, presented
together with exponential fits (gray lines).
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was chosen due to (i) its high band gap energy as
compared to that of Ag2Se, resulting in a type-I band
alignment between core and shell; (ii) its low toxicity;
and (iii) its chemical robustness. Even though there is a
considerable mismatch between the lattices of ZnSe
(zincblende structurewith a lattice constanta=5.668Å)
and Ag2Se (orthorhombic crystal structure with a =
4.337, b = 7.070, c = 7.773 Å),40 applying a ZnSe shell
increases the PL intensity by up to 40% (Figure 1B). The
Ag2Se/ZnSe core/shell structure is also more stable
than the core-only Ag2Se NCs, and after a storing time
of 6 months, the difference between PL intensities
increases to a ratio of 5:1 (Figure S6). Growing a ZnSe
shell results in a small red shift of the luminescence
(Figure 1B), which is associated with the overall in-
crease of the NC size. The PL decay time is only slightly
affected: under 150 fs pulsed excitation, an almost
monoexponential decay is observed with a character-
istic decay time of 131 ns for the Ag2Se core-only NCs
and of 122 ns for the Ag2Se/ZnSe core/shell NCs
(Figure 1C,D). Both decay times are smaller than those
observed with the same setup for the established
infrared active NC materials PbS (2800 ns) and PbSe
(1200 ns). However, the decay time is longer than for
HgTe NCs (70 ns), which are well-known for their high
quantum yields in both PL and photoconductivity ex-
periments. Due to this lifetime, Ag2Se might also be a
promising candidate for photoconducting devices.4,31

The sizes and size distributions of the NCs were
determined fromoverview images taken by transmission

electron microscopy (TEM). Figure 2A shows a typical
image achieved from the smallest Ag2SeNCs. To obtain
size histograms, at least 100 individual NCs were
analyzed. Figure 2B shows size histograms from two
batches with mean sizes of 2.0( 0.6 and 3.4( 0.7 nm,
as determined fromGauss fits. Compared to previously
reported Ag2Se NCs, these obtained NCs are excep-
tionally small. The crystal structure of the NCs is
determined by the indexing of selected area electron
diffraction (SAED) rings (Figure S7 in Supporting
Information), which confirmed that the NCs are Ag2Se
in its low-temperature β-modification (P212121 struc-
ture group). This is also proven by the high-resolution
TEM image in Figure 2C, showing an approximately
2.5 nm large NC oriented in the [012] direction and by
the fact that the deduced lattice constants are in
accordance with those expected for β-type Ag2Se
(a model NC of the same orientation is presented in
Figure S8 of the Supporting Information). Furthermore,
the composition of the Ag2Se and Ag2Se/ZnSe core/
shell NCs is proven by energy-dispersive X-ray spec-
troscopy (Figure S9), confirming the expected 2 to 1
ratio between the Ag and Se, respectively, and a shell
thickness corresponding to approximately 1 mono-
layer of ZnSe around the Ag2Se NCs. The small NC
sizes and their low crystal symmetry inhibit an accurate
determination of their lattice parameters by wide-
angle X-ray scattering (WAXS). The WAXS spectrum
of the Ag2Se NCs shows only a broad peak between 2θ
angles of 30 and 45�, due to the overlap of a number of
size broadened diffraction peaks (Figure S10).

Small-angle X-ray scattering (SAXS) analysis (Figure
S11 in Supporting Information) provides accuratemea-
sures of size distributions of large ensembles of NCs. In
particular, for the smallest Ag2Se NCs, the size distribu-
tion function (see Figure 2D), weighted by particle
volume as computed by generalized indirect Fourier
transformation,41 shows a NC diameter of 2.0 nm and a
standard deviation of 19%. When the same analysis is
applied after the growth of a ZnSe shell, a mean size of
2.2 nm is obtained, directly proving the crystallization
of ZnSe on the Ag2Se NC surface, similar to what has
been reported for CdSe/ZnSe NCs.42 In the distribu-
tion functions shown in Figure 2D, the scattering
length contrast between Ag2Se and ZnSe is not
considered but can be taken into account by fitting
the raw SAXS scattering curves by means of the GIFT-
NG softwarewith a spherical core, or core/shell model.
From the data shown in Figure S11, we derive an
Ag2Se core diameter of 1.92 nm and a shell thickness
of 0.22 nm. This results in a total outer diameter of the
Ag2Se/ZnSe NCs of 2.4 nm and a size distribution of
22%.

Ag2Se Nanocrystals as Sensitizers in Photodetectors. Most
importantly, the obtained NCs are useful in infrared
optical devices, such as photodetectors. To obtain
photoconductivity in NC assemblies, two strategies

Figure 2. (A) TEM overview image of Ag2Se nanocrystals.
(B) Size histograms as deduced from TEM images fitted by
Gauss distributions, for two differently sized nanocrystal
batches, (C) High-resolution TEM image of a single Ag2Se
nanocrystal viewed in the [012] direction. (D) Distribution
function of Ag2Se nanocrystals before (black) and after
(gray) growth of a ZnSe shell, as deduced from SAXS
experiments (Figure S11 in Supporting Information).
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were employed. Photoconductivity can be obtained (i)
by manipulating the NC ligand shell in order to de-
crease the average NC distance in the film and thus
increasing conductivity,3�5,8 or (ii) by forming donor/
acceptor type bulk heterojunctions providing charge
separation within the film as well as sufficient charge
transport channels for electrons and holes.43 The latter
approach has the advantage that the protecting ligand
shell is fully restored, resulting in a higher stability in air,
as compared to the ligand-manipulated NC layers.
Such a donor/acceptor heterojunction is achieved by
blending the Ag2Se NCs with PCBM ([6,6]-phenyl-C61-
butyric acid methyl ester), a soluble derivative of C60.
The PCBM usually acts as efficient electron acceptor,
assuming that the work function of the NCs is smaller
than that of the PCBM (of approximately 4.3 eV).44 The
efficiency of the photoconducting device is also in-
creased by the addition of the PCBM because the
electron mobility in the PCBM is superior to that
typically observed in NC films. To measure the photo-
conductivity, a blend with a weight ratio of 1:4 Ag2Se
NCs/PCBM solved in chlorobenzene is drop-casted
onto interdigitated gold electrodes with a distance of
20 μm and an active area of 13.5 mm2, fabricated on
glass substrates. The photosensitivity of this blend is
evidenced by the current/voltage characteristics,
showing a 7.3 times current increase under 4 mW/cm2

illumination with a broad-band infrared light source
(λ > 850 nm, Figure 3A). That this photosensitivity is
caused by absorption only in the Ag2Se NCs is evi-
denced by the fact that the measured response is
observed at wavelengths well below the absorption
onset of PCBM. The latter is found at a wavelength of
750 nm in absorbance as well as in photoconductivity
(Figure S12 in Supporting Information). Thus the re-
sponsivity spectrum in Figure 3B, starting at a wave-
length of 900 nm, is also caused solely by absorbance
in the Ag2Se NCs. At this wavelength, the responsivity
amounts to 0.2 A/W, corresponding to a quantum
efficiency of 27%. While this value is not as good as
those reported for PbS/PCBM blends measured under
identical conditions,43 further optimizations are possi-
ble. With the Ag2Se NCs/PCBM blends, a photore-
sponse is obtained up to a wavelength of 1300 nm
(Figure 3B). This wavelength is somewhat longer than
the cutoff wavelength of standard photodetectors
based on crystalline silicon, and it is within the spectral
region of minimum absorbance of human tissues and
blood, so that biomedical applications of Ag2Se NC
detectors could be feasible.

Other Ag Chalcogenide Nanocrystals and Generality of the
Silylamide-Promoted Synthesis. As shown in Scheme 1, the
described synthesis route is not necessarily restricted
to selenides but might also be applicable to tellurides
and sulfides. In fact, both Ag2S and Ag2Te could be
obtained by replacing TOPSe with the corresponding
TOPX. The absorption and PL spectrum of 3.1 nm Ag2S

are shown in Figure 4A. The energy band gaps (Eg) of
3.1 and 3.6 nm Ag2S NCs, deduced via the Bardeen or
Tauc equation,45,46 are found at approximately 1.45
and 1.35 eV, respectively. As expected, the band gap
energies are increased with respect to that of bulk
material (0.85 eV),14 in contrast to what has previously
been reported for larger sized Ag2S NCs.45 Ag2Te NCs
are also obtained, and for 3.2 nm large NCs, photo-
luminescence is found to peak at 1300 nmand to reach
up to 1500 nm (Figure 4C). The photoluminescence
from Ag2Te NCs has not been previously reported and

Figure 3. (A) I�V characteristics of a Ag2Se nanocrystal/
PCBMblendunder illumination (black line) and in dark (gray
line). (B) Photoresponsivity spectrum of the same blend.

Figure 4. Absorption and emission spectra for Ag2S nano-
crystals on linear scale (A), andon a scale appropriate for the
application of Bardeen or Tauc equation to deduce the
indirect band gap energy (B). Absorption and emission
spectra of (C) Ag2Te, (D) CdSe, and (E) CdTe nanocrystals,
synthesized via silylamide-promoted synthesis (linear
scale).
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thus represents a novelmaterials systemwith potential
for further applications in infrared devices. EDX spec-
tra show the expected 2:1 Ag/Te ratio for the Ag2Te
NCs, whereas for the Ag2S sample, an excess of Ag is
detected (Figure S13 in Supporting Information). This
might be caused by the low reactivity of TOPS,
resulting in a mixture of Ag and Ag2S NCs in the
sample. The sizes of the Ag2S and Ag2Te NCs shown in
Figure 4 were deduced from the TEM images in
Figures S14 and S15.

Since lithium has very low ionization energy, the
lithium-silylamide-promoted synthesis could serve as
general route toward metal chalcogenide NCs. We
have also obtained good results for CdSe and CdTe
NCs, as shown in Figure 4D,E. Their diameters were
deduced from their optical transition energies by
using an experimentally derived sizing formula re-
ported by Yu et al.47 Furthermore, we performed
successful synthesis with the same scheme for ZnSe,
MnSe, PbSe, and Cu2Se, proving that the in situ synth-
esis of metal silylamides is a powerful strategy for the
one-pot synthesis of a large class of small sized

chalcogenide NCs, including as-yet unexplored
materials.

CONCLUSIONS

We demonstrated a high-yield wet-chemical synth-
esis of 2.0 to 3.4 nm β-type Ag2Se NCs, with a size
control given by the Ag to Se precursor ratio. The
optical absorbance and photoluminescence spectra
in the infrared region reveal strong confinement ef-
fects. While the growth of a ZnSe shell is proven to
enhance the photoluminescence intensity, mixing the
NCs with a fullerene results in photoconductivity sig-
nals up to a wavelength of 1200 nm. Due to the low
toxicity of these materials, the Ag2Se/ZnSe core/shell
NCs might be used as an alternative to the standard
infrared materials containing heavy metals such as Pb,
Cd, and Hg. We found that a key to the synthesis of
such small Ag2Se NCs is the co-injection of a highly
reactive silylamide, and we applied the same synthesis
route to the synthesis of Ag2Te, Ag2S, and other
nanocrystal materials, demonstrating the generality
of this approach.

EXPERIMENTAL SECTION
Materials. Silver(I) trifluoroacetate (AgTFA, 98%), tin(II) bis[bis-

(trimethylsilyl)amide] (Sn[N(SiMe3)2]2), lithium bis(trimethylsilyl-
)amide (Li[N(SiMe3)2], 97%), oleic acid (OA, 90%), sulfur (99.998%),
tellurium (99.99%), zinc acetate (Zn(Ac)2, 99.99%), cadmium(II)
chloride (99.99þ%), lead(II) oxide (99.999%), hexamethyldisi-
lathiane (purum grade), octadecene (90%, techn.), chloroform
(g99.8%), toluene (g99.9%), tetrachloroethylene (g99.9%), hexane
(g97%), ethanol, and methanol were purchased from Sigma-
Aldrich; tri-n-octylphosphine (TOP, 97%) from Strem; selenium
(99.999%) from Alfa Aesar; oleylamine (OLA, 80�90%) from Acros.
All were used without previous purification. The 10% (w/w) solu-
tions of selenium or tellurium in TOP (TOPSe and TOPTe,
respectively) and 5% (w/w) of sulfur (TOPS) were prepared by
dissolving the appropriate amounts of chalcogens in TOP under N2

atmosphere.
Synthesis of Ag2Se Nanocrystals. All syntheses were carried out

under oxygen-free anddry atmosphere using standard Schlenk-
line technique. A recipe to produce the smallest (2.0 nm in size)
Ag2Se NCs is given below.

AgTFA (1 mmol) and OLA (10 mL) were heated up to 70 �C
for dissolving and purification under vacuum for 1 h and then
flushedwith argon for 30min. Li[N(SiMe3)2] (0.4 g)was dissolved
in 10% (w/w) TOPSe (2.5 mL) with sonication and then swiftly
injected. The reaction was continued for 1 h at constant
temperature. After cooling, the NCs were isolated by adding a
chloroform/methanol mixture and by centrifugation. The non-
polar/polar washing procedure was repeated once, and the NCs
were then solved in a common nonpolar solvent.

The average size of the producedNCs can bewell controlled
by the ratio between Se and Ag precursors (Figure S4 in
Supporting Information). The reaction was tested in a tempera-
ture range between room temperature and 100 �C. The time of
reaction is highly temperature dependent and lasts from 2 min
to several days in order to achieve the optimal size dispersivity.
The amount of silylamide does not essentially influence the final
size of the NCs.

Synthesis of Ag2Se/ZnSe Core/Shell Nanocrystals. Zn(Ac)2 (1.5
mmol) was dissolved in dried OLA (5 mL) inside a glovebox by

heating it to 100 �C for 1 h. The obtained zinc precursor was
injected into an Ag2Se NC solution, synthesized at 70 �C
according to the procedure described above, and the tempera-
ture was kept constant for another 1 h. The NCs were cooled to
RT and washed twice with a chloroform/methanol mixture and
centrifugation, and then some amount of OA was added to
improve the colloidal stability. The amount of 0.3 M Zn acetate
solution (in OLA) was calculated to be equimolar to the Se
excess, still remaining after Ag2Se NC synthesis.

Syntheses of Other Materials. The Ag2Te, Ag2S, CdSe, and CdTe
NCs were synthesized similarly to Ag2Se, taking appropriate
TOP chalcogenides and adjusting the reaction temperature.

Characterization of Nanocrystals. Linear absorption spectra were
taken using a JASCO V670 spectrometer operating from 200 to
2700 nm. TEM and HRTEM images and electron diffraction
patterns were obtained using JEOL 2011 FasTEM microscope
operating at an accelerated voltage of 200 kV. EDX elemental
were performed on a JEOL JSM-6400 SEM microscope. X-ray
diffraction patterns were collected with a Siemens D501 pow-
der diffractometer operating in Bragg�Brentano focusing geo-
metry using Cu KR radiation (1.5406 Å) and a graphite
monochromator on the secondary side. Small-angle scattering
(SAXS) data were measured using synchrotron radiation at the
μ-Spot beamline of the BESSY II storage ring (Helmholtz Zen-
trum Berlin fuer Materialien and Energie). Data were recorded
with a 2D detector using the standard SAXS setup48 at an X-ray
energy of 15 keV.

The excitation source for the photoluminescence measure-
ments was a Spectra Physics continuous wave argon ion laser,
model 163A 5216, emitting at a wavelength of 514 nm. The
maximum emission power of 50 mW was utilized for the
experiments. The exciting beam was chopped by a chopper
wheel and focused on the cuvettes containing the NCs in
solution. The photoluminescence was collected by two CaF2
lenses and spectrally resolved by an Acton Research Corpora-
tion Spectra Pro 150monochromator. Themonochromatic light
was detected by a nitrogen-cooled Judson J10-M204-R10 M
InSb photodiode. This signal was amplified with a Judson PA-7
preamplifier and a Stanford Research System SR510 lock-in
amplifier, which used the excitation source chopper frequency
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as a reference. A self-written program running on a personal
computer operated the monochromator over the desired spec-
tral range and evaluated the amplified signals at the different
wavelengths to obtain the photoluminescence spectra. To
quantify the efficiency, the incident and reflected laser power
was measured and the luminescence was focused onto a high
sensitivity pyrometer from Spectrum Detectors Inc. (STEP 49,
calibrated by the National Institute of Standards and Technol-
ogy (NIST)), placed in front of the entrance slit of the grating
spectrometer. Losses at the lenses and the utilized RG 550 long
path filter were taken into account. While the measurement
collected the PL signal within a room angle of 0.236 sr, as given
by the F-number of the collecting lens, the total emitted power
was obtained by integration over a sphere.

Photoconductivity measurements were carried out using
the same optical elements, spectrometer, and lock-in amplifier
aswas used for the PL experiments. The I�V characteristicswere
measured with a Keithley 236 Source Measure Unit, and for
illumination, a 40 W halogen lamp was used. To measure the
illumination power, a high sensitivity pyrometer from Spectrum
Detectors Inc. (STEP 49) was used.

Time-resolved PL measurements were performed by excit-
ing the samples at 774 nmwith a Ti:sapphire laser that provided
150 fs pulses. The PL emission was detected using a spectro-
meter coupled to a Hamamatsu streak camera with a cathode
sensitive to near-IR radiation.
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Figure S1. TEM images of Ag2Se nanocrystals synthesized by a direct reaction between AgTFA and 

TOPSe in (A) and with addition of tin (II) bis[bis(trimethylsilyl)amide] (B). 

 

 

 

Figure S2. Absorbance and PL spectrum for Ag2Se nanocrystals, synthesized with addition of 

tin (II) bis[bis(trimethylsilyl)amide] 
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Figure S3. Absorbance (A), and EDX spectrum (B) of Ag nanocrystals. The vertical lines in B give the 

theoretical positions of the chalcogene lines which are clearly not present in our colloidal solution. 

Inset (A): photo of the Ag NC solution.  

 

Figure S4. Absorption spectra of differently sized Ag2Se nanocrystals. Inset: linear dependence of the 

absorbance peak position in respect to the Ag/Se molar ratio, evidencing a size control by the Ag/Se 

molar ration. 
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Figure S5. PL spectra of samples with different growth times (synthesis at 70 °C), evidencing  

a size focusing with time. 

 

 

Figure S6. PL spectra of Ag2Se (black lines) and Ag2Se/ZnSe core/shell nanocrystals (gray lines), 

measured after synthesis (A) and after 6 months of storing (B). 
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Figure S7. Selected area electron diffraction (SAED) of Ag2Se nanocrystals, suggesting the presence 

of the low-temperature α-Ag2Se crystal structure (solid arcs), and an absence of high-temperature α-

Ag2Se (dashed arcs).
1,2

  

 

Figure S8. Theoretical atom arrangement in β-type (low temperature modification) Ag2Se 

(as simulated for Figure 2C). 
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Element Atom %  Element Atom % 

Ag 66.38  Ag 53.06 
Se 33.62  Se 36.58 

   Zn 10.36 

Total 100  Total 100 

 

Figure S9. EDX spectra of (A) Ag2Se nanocrystals, and (B) Ag2Se/ZnSe core shell nanocrystals with 

quantifications of elemental contents. 

 

         

Figure S10. Wide angle X-ray scattering (WAXS) spectrum of the 2.0 nm Ag2Se nanocrystals 

compared to theoretical spectrum for bulk Ag2Se (low-temperature phase).
1
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Figure S11. SAXS spectra of the 2.0 nm Ag2Se nanocrystals (black dots), and 2.2 nm Ag2Se/ZnSe 

core/shell nanocrystals (gray dots), together with fits (red lines). 

 

 

Figure S12. Absorption spectum of PCBM solution in chlorobenzene (A), and photoresponse of 

PCBM film deposited on interdigitate gold electrodes (B). 
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Element Atom %  Element Atom % 

Ag 73.59  Ag 64.40 
S 26.41  Te 35.60 

Total 100  Total 100 

 

Figure S13. EDX spectra of (A) Ag2S nanocrystals, and (B) Ag2Te nanocrystals with quantifications of 

elemental contents (silicon was used as substrate). 

 

 

Figure S14. TEM images of (A) Ag2S nanocrystals, and (B) Ag2Te nanocrystals synthesized with 

addition of lithium bis(trimethylsilyl)amide. 
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Figure S15. Size histograms for Ag2S (A-B), and Ag2Te nanocrystals (C) taken from TEM images, 

and fitted by Gauss distributions. 
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